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ABSTRACT
Inclusion of real physics based dynamics instead of conventional charts and

maps, while capturing the transient behavior of the overall powertrain is the primary
objective of this research effort. The multi-body model of the longitudinal car is
described in detail, including mathematical models of tyres, suspensions, aerodynamic
behaviour and continuous variable transmission (CVT). The PMSM and PMSG along
with DC/AC, AC/DC are modeled in the d−q frame. A novel frictional torque function,
predicting all mechanical and electrical losses except resistance loss, is proposed. The
results of the proposed frictional torque function compare well with the results obtained
from empirical sources. Average models for AC/DC, DC/AC and DC/DC converters are
used to ensure the simplicity and feasibility of the simulation in acceptable time scale.
Bidirectional converters fed-back the recaptured mechanical energy during regeneration
to the battery. A switching-frequency dependent average model for soft-switching
isolated DC/DC converter is used in this research. A generic dynamic Li-ion battery
model has been chosen which expresses the electrochemical parameters of the battery
directly in terms of electrical parameters of the circuit.

A control oriented, fast and simple 0D model of the turbocharged diesel engine,
combining mean value model and filling and emptying models has been presented in
this work. Inlet manifold and exhaust manifolds are modeled as filling and emptying
model, engine cylinder dynamics with mean value model, engine torque as a three
dimensional map of indicated torque (Teng = f (ωeng,λ )), engine speed ωeng and air-fuel
ratio λ , and flow characteristics of the compressor and turbine are modelled with mean
value model. A novel control mechanism is proposed to control the fuel mass flow rate
and relative air-fuel ratio. Simulation results of the present engine model are validated
against a high-fidelity commercial Ricardo-wave model of the same engine.

A novel DC-link control mechanism is proposed to simulate the transient opera-
tion of the series HEV powertrain during different modes of operation. The supervisory
control is implemented to meet the driver’s demand for the traction power, at the same
time avoiding over-discharging of the battery below certain threshold level, and op-
timizing the drive train efficiency, fuel consumption and emissions. On the basis of
thermostat control and power follower, a novel “load follower” supervisory control
strategy is proposed in the present work. A PI controller based driver model is deve-
loped and performance seems satisfactory while tracking the standard NEDC cycle.
Simulation results are validated by energy balance computations and available transient
and steady state data points for individual components as well as the overall powertrain.
The research has successfully achieved the goal of developing a complete model for a
series hybrid powertrain while capturing the transient performance of the all the com-
ponents involved in the powertrain with module based, control oriented and forward
facing modelling approach.
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CHAPTER

ONE

INTRODUCTION

After the post industrial era, demand for energy is growing at an ever increasing

rate because of increasing use of electrical and mechanical machines. One of the largest

energy consuming sectors is transportation. After the invention of petroleum engines,

motorized vehicles have become an essential part of modern daily life. In modern times,

a large part of the world population use motorized vehicles for personal transportation.

Today, rail transportation is increasingly run on electricity while commercial heavy

duty vehicles and personal vehicles still use IC engines. The stark reality of modern

times is the serious threat posed by environmental pollution which, to a large extent

is produced by CO2 emissions from IC engine based vehicles [1]. In addition to

pollution related disadvantages, fossil based resources are running out. Therefore,

new technologies have to be identified optimizing the use of petroleum products.

Researchers are striving to come up with novel greener energy technologies in the field

of transportation. Despite obvious disadvantages of scarcity and pollution, petroleum

products have many advantages in comparison to non-traditional energy sources. For

example, petroleum products have very high energy density in comparison to batteries,

fuel cells, etc. Also, refueling the fuel tank is very quick, whereas recharging batteries

can takes a few hours. In contrast to a chemical battery, fuel cell generates electric energy

than storing it, and production of energy continues in the fuel cell as long as supply of

the fuel is there. This main difference gives longer driving range for fuel cell based
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vehicle. But to get higher energy density for fuel cells generally highly compressed

hydrogen is used which is costly and dangerous as well [2]. On consideration of

the pros and cons of petroleum and non-petroleum energy sources, researchers have

slowly moved towards hybrid technologies for near term viable solutions. With hybrid

technologies, the main strategy is to optimize the use of petroleum and simultaneously

enhance use of green energy technologies in powering the vehicle.

Engineers have invented and considered completely electrical vehicles running

on chemical batteries, fuel cells and solar cells but these power sources have their

own limitations. At least with the present state of technology, significant limitations

include charging time, durability, performance, supporting infrastructure, etc. [3]. A

middle ground approach has been opted for, where engines downsize with higher

power-output using modern control techniques and powertrains become increasingly

electrified. Generally, the concept of the Hybrid Vehicles suggests presence of multiple

sources of energy to drive the vehicle. Most commonly in Hybrid Vehicles, an internal

combustion engine is used in association with batteries. It has been found by simulation

and experimentally that batteries and internal combustion engines have individually

higher efficiencies when the power demand is lower and higher respectively. Therefore,

this complementary nature of efficiency characteristics of the power sources, lends itself

to the hybridization of the powertrain (for e.g., with IC engine and battery). When the

vehicle is running at low speeds in the city, the battery can provide the required power,

and when the vehicle is running at high speeds on freeways, the IC engine can supply

the power. This is an example of one of many possible combinations resulting from

energy management systems. Regenerative braking is also a very useful feature, which

can provide additional energy savings.

The history of Electric Vehicles dates back to mid 19th century. Until the early

20th century, they performed well, however better inventions in the field of internal

combustion engines revolutionized the market of IC engine based vehicles resulting

in phasing out of EVs. In modern times, with increasing oil prices and environmental
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concerns, research related to EVs and HEVs is becoming quite relevant. In the past, the

biggest drawback of electric vehicles was poor control of electric machines (especially,

the motor) due to lack of sophisticated power electronics. Since slip rings and brushes

used in brushed DC machines were subjected to mechanical wear and sparking so

maintenance was very costly and dangerous as well from the safety point of view.

Modern inventions in the field of power electronics, especially transistors, avoided

above mentioned problems and gave an essential boost to the performance of electric

vehicles.

From 1984 to date, there have been significant improvements in various techno-

logical aspects of electrical propulsion systems such as batteries, electrical machines

and electronic controllers [4]. However, EVs are not yet able to replace IC engine based

vehicles because EVs utilize batteries having very low energy density as the power

source in comparison to IC engines using gasoline having very high energy density.

This energy density limitation poses a very strong challenge on the driving range of EVs.

There are other concerns with the batteries relating to their charging and discharging

capabilities, thermal characteristics and safety. Batteries decay very fast at high load

current and take long time to recharge back to the same level. Recharging also causes

the battery to heat up due to the internal dissipation of power. In comparison, petroleum

fuel is very convenient because refueling is very easy due to existing infrastructure. In

one sense, when refueling petroleum fuel, “recharging” takes place instantaneously.

Therefore, there exists a need for all these critical issues to be addressed before electric

vehicles become a popular market reality. As research and development of electric

vehicles is heavily limited by existing battery technologies, engineers realized that a

middle-ground approach in the form of the hybrid electric vehicle is practical. Success

has already been demonstrated by the commercial HEVs produced by Toyota and Honda

in recent years. New research related to the powertrain structure, energy management

and supervisory control are resulting in improved commercial HEVs and paving the

pathways for complete EVs in the coming decades [2].
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1.1 Objectives

In contrast to already available modelling and simulation approaches, the

present work is unique in its precise dynamic mathematical modelling and simulation

capability for every component of the vehicle. Efficiency maps are replaced by model-

ling loss mechanisms. For example, rather than using efficiency maps to represent the

behavior of generators and motors, novel mathematical models for frictional losses in

these machines are combined with existing electro-mechanical models to predict both

dynamic and steady-state behavior more accurately. The dynamics of the system are

captured not only by empirical relationships but by modelling components based on

fundamental physics. Definitely, there are limitations to what extent everything can be

modeled completely from fundamental physics. Therefore, with the intent of avoiding

extreme mathematical complexity and lengthy simulations, at times a trade-off has been

applied without compromising the capacity to capture important transient behaviors.

Most of the available research tools, described in Section 2.1, are still heavily

dependent on steady-state performance based charts and maps. Analysis based on

the steady-state performance may be appropriate in some cases for overall high level

modelling but lacks the required accuracy for component level modelling and control.

With progressive research in the field of EVs and HEVs, more capable modelling and

simulation tools are required. In the literature, many dynamic models for different

components of the powertrain seem available. However, they all are separately available

for the purpose of analysis and control of the respective standalone components. The

present work combines these discretely available dynamic models from the respective

research areas to a common platform with the purpose of integrating them as one power-

train. Some system level changes are done in the form of input and output definitions to

adjust compatibility of components with each other. There are many physical events

involved in the processes of an HEV operation, such as the combustion of fuel in an IC

engine, which are extremely complex to be included in fast modelling processes. Hence,

the integration of completely transient models from basic fundamentals of physics for
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every component in detail is a nearly impossible task from a modelling standpoint. Not

only will this kind of modelling be complex and computationally expensive, this kind

of cumbersome complexity will not be useful for the very purpose of modelling. So, the

present research tries to fill gaps between steady state modelling and complete dynamic

modelling.

In order to achieve the goal of building generic dynamic models, a mixed level

modelling approach has been adopted. There are mainly three levels of modelling

approaches, namely, the detailed level, average level and linearized or small signal level

modelling. The goal is to simulate the complete powertrain in one model where all the

different kinds of components such as mechanical, electrical and chemical are integrated

together. Since different components involved in the powertrain have different levels of

complexity and dynamics with time scales of different orders of magnitude, the mixed

level modelling approach has been adopted. In the mixed level modelling approach

some components are described in detail with basic fundamental physics, such as the

dynamics of the PMSM and PMSG, whereas some other components are modeled with

average modelling techniques such as the dynamics of the converters and yet some other

components are modeled with linearized models or small signal models such as the field

oriented control (vector control) of electric machines. There are also some components

which are modeled with the inclusion of empirical relationships in combination with

the earlier three approaches already mentioned.

The main objective of the work is to present a module based fast and dynamic

model of the powertrain of series HEVs. The basic platform of the modelling involves all

the components of the HEV drivetrain as separate modules with appropriate independent

controllers. All components are modeled to capture the best possible, mathematically

accurate and required dynamic behavior. Some components are modeled completely

mathematically from first principles rather than using any behavioral charts because

this increases accuracy for wider range of operating conditions and flexibility for

parameterizations later on to conduct design optimization studies. Some components
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involve very fast dynamics such as combustion in IC engines and switchings of IGBT

and MOSFET devices in the converters. These fast dynamics have been ignored but

this does not affect the generality and accuracy of predictions for the intended studies.

This kind of fast dynamics not only increases the complexity of the model but also

slows down the simulation speed without adding any significant information to the

purpose at hand. Such components are modeled with state space averaging techniques

or with relevant empirical relations. Direct use of charts and maps in the form of tabular

data are avoided due to overall control oriented nature of our modelling. Discontinuity

and non-differentiability of charts and maps creates serious problems in interpolated

and extrapolated regions of powertrain operations which are very frequent in transient

simulations. Instead continuous functions fitted to the data are used.

There are mainly two kinds of modelling approaches firstly backward facing

modelling approach and secondly forward facing modelling approach. In backward

facing approach a drive profile is taken as input and then the required power to track that

particular drive profile is calculated. Now this power calculation is carried backward,

component after component, from the wheels to the power sources (IC engine or

battery) in contrast to the tractive power flow direction in the actual vehicle. In forward

facing modelling approach power flow calculation is done from the power sources to the

wheels very similar to the actual vehicle. The forward facing modelling approach gives a

designer lot of flexibility in designing the components due to access of internal variables

of the system. For the development and implementation of control strategies a forward

facing modelling approach is more appropriate than backward facing approach [5].

Most of the simulators available in the literature and software market are backward

facing or at best backward facing with seriously limited forward facing capabilities.

Chapter 2 will give detailed description about these two modelling approaches. Thus

this work contributes to development of a platform for forward facing simulations with

dynamic response analysis capabilities.

Since a hybrid powertrain uses multiple power sources there is need for a
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supervisory controller to optimally split the power contribution between different power

sources. There are many supervisory controllers proposed in the literature with various

levels of complexities. Most of the advanced optimization based supervisory controllers

proposed in the literature are implemented on steady state approximated models of

HEVs powertrains. It will be highly interesting to implement various supervisory

controllers on more accurate models which have real time component controllers

and transient dynamics. These implementations will give more realistic and accurate

predictions on the role of supervisory controllers in affecting performance parameters

of the vehicle.

A driving cycle consists of speed versus time curve which needs to be tracked

by the vehicle to allow an emission and fuel consumption test under reproducible

conditions. There are mainly two categories of drive cycles firstly transient driving

cycle and secondly modal driving cycle. The transient driving cycle involves many

frequent acceleration and deceleration periods which are very typical to most of the

city drive. Whereas modal drive cycle involves gentle accelerations and decelerations

periods along with many constant speed sections [6]. Since present work is making a

case for complex dynamic modelling of the HEV powertrain so at first a modal drive

cycle (e.g. New European Driving Cycle (NEDC)) has been chosen for simulation

and transient drive cycles (e.g. New York City Cycle (NYCC), EPA Highway Fuel

Economy Cycle (HWFET) and Federal Test Procedure(FTP-75)) with present model

will be tested in the future.

1.2 Achievements

The main achievement of the present work lies in the dynamic modelling of

all the components involved in the HEV powertrain. This research work presents a

general methodology for modelling and simulation of various dynamic components

in one powertrain. Although, in this work modelling and simulation of series hybrid
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electric powertrain is presented but this model can be extended to other configurations

as well such as parallel and series-parallel. Since, all the components are modelled as

separate modules so, they can be arranged in any configuration as required with little

changes in the component integration methods and supervisory control architecture.

There are some novel achievements in the present research work which is summarized

below:

• This work focuses on the fast, accurate and dynamic analysis of the complete

HEV along with its components. Inclusion of real physics based dynamics instead

of conventional charts and maps for the components of the HEV is one of the

most novel feature of this work.

• A novel frictional torque function is proposed in this work to model all the losses

except copper loss (which is already known) in the PMSM and PMSG. The

results of the proposed frictional torque function compare well with the empirical

data provided by the manufacturer [7].

• A novel power split control mechanism is proposed in this work to deliver the

required power to the traction motor and simultaneously regulating the DC-

link voltage as well. This control mechanism incorporates dynamic DC-link

equation which is generally ignored by maps and charts based models of the HEV

powertrain [8].

• A control oriented dynamic 0D model for the turbocharged diesel engine is

developed based on the physics of the system. A novel control mechanism for

controlling the fuel amount and relative air-fuel ratio (λ ) with an anti-windup

controller is proposed in this work. Two calibration factors are included in the

engine model to account for all the major possible uncertainties involved in

modelling [9].

• The modelling methodology presented in this work provides the access to the inter-

nal variables of the different components, which precisely lacked by steady-state
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and map based models, and it is required for any component level optimization.

At present only by optimizing the PMSM for it’s operations significant reduction

in the total energy consumption for the complete powertrain is achieved. Similar

component level optimization can be done for all other different components to

further reduce the total energy consumption.

• A novel “load follower” supervisory control strategy has been proposed in this

work to efficiently operate the series hybrid powertrain. Present work provides the

potential for testing more advance and sophisticated supervisory control schemes

on dynamic model of the powertrain.

1.3 The thesis is organized as follows:

Chapter 2 presents literature review regarding current state of the art about tools

and techniques used for modelling and simulation of the Hybrid Electric Vehicle (HEV).

In this chapter, a comparative study regarding individual components of the powertrain

from already published literature is also presented.

Chapter 3 discusses the longitudinal vehicle dynamics model with realistic

description of tyres, aerodynamic resistance, suspension and tyre slip. The level of

detail available in this model allows various kinds of losses from tyre slip, tyre damping,

aerodynamic drag & lift, and suspension to be quantified. The model is validated by

observing its good transient performance and energy balance between energy given

and energy dissipated by the vehicle. The benefits and implementation details of a

continuously variable transmission (CVT) are also described.

Chapter 4 focusses on behavior description of the Permanent Magnet Synchro-

nous Motor (PMSM) and its Drive. Modelling is done in the d− q frame (Direct

and quadrature axis reference frame) along with a novel friction model to calculate

equivalent losses in the motor [7]. A PID controller based driver model is also described
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which takes an NEDC drive cycle as input and generates torque references for the

PMSM to track the drive cycle accurately. A vector control method is employed to

design the speed control strategy of the PMSM. This vector control method generates

d−q phase currents and voltages in the PMSM stator in such a way that the required

torque can be generated in the PMSM. The DC/AC converter (inverter), which drives

the PMSM, is described by the standard average modelling technique in the continuous

conduction mode. An average efficiency factor is used to quantify the losses in the

DC/AC converter. Simulation results are generated for the PMSM driving a longitudinal

car while tracking the standard NEDC cycle.

Chapter 5 describes the modelling of the Permanent Magnet Synchronous

Generator (PMSG) in d− q frame along with a similar loss model as described for

the PMSM. A simple PI controller based engine model is used in this stage to test the

standalone PMSG model. This PI controller applies the required mechanical torque to

the PMSG to maintain the speed of the rotor. The PMSG output voltage is common

to a DC-link which is desired to be maintained at a constant voltage throughout the

operation. A control strategy via the PMSG drive based on vector control method is

designed for maintaining the constant DC-link voltage. Once again, average modelling

is used for modelling the three phase AC/DC converter (Rectifier) with inclusion of

average efficiency factor. Simulation results are presented for standalone operation of

the PMSG with AC/DC converter maintaining constant DC-link voltage while constant

current is drawn from the PMSG drive.

Chapter 6 presents the control oriented dynamic 0D model for a turbocharged

diesel engine, which is based on the fundamental physics and processes of the system.

Inlet manifold and exhaust manifolds are described according to filling and emptying

model, engine cylinder dynamics with a mean value model, engine torque as a three

dimensional map of indicated torque, rotational speed of engine shaft and relative

air-fuel ratio and flow characteristics of the compressor and turbine according to a mean

value model. A Ricardo-Wave model of the same engine is used to validate the steady
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state results of this engine.

Chapter 7 presents a generic model of the Li-ion battery which expresses the

relationship between chemical parameters and electrical parameters of the equivalent

circuit. This generic model is also included in the simulink library. A frequency

dependent state space averaged model of the bi-directional DC/DC converter, which

connects the battery to the DC-link, is also described in this chapter.

Chapter 8 contains discussions on the integration of discrete components of

the powertrain with implementation of supervisory control. The main function of the

supervisory controller is to facilitate optimal utilization of available resources in the

powertrain, thereby minimizing fuel consumption over a given driving schedule. On the

basis of thermostat control and power follower, a “load follower” supervisory control

strategy is proposed in the present work.

Chapter 9 elaborates on the simulation results obtained for the complete Hybrid

Electric Vehicle. Two supervisory control strategies, namely, “thermostat” and “load

follower” are implemented successfully to test the efficacy of the HEV powertrain.

Various kinds of comparative analysis are also performed to understand facts behind

better performance of the HEV powertrain installed with the CVT.

Chapter 10 summarizes the achievements of the present work. This chapter

also gives concluding remarks about novel ideas which helped this work to evolve as

contribution in the field of HEV research. Finally, directions and possibilities of future

research are discussed.
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CHAPTER

TWO

LITERATURE REVIEW

2.1 Background

There are various software tools available in the market and academic area

for the simulation and analysis of HEVs. One of the most widely used software tools

is ADVISOR [10], developed by NREL (National Renewable Energy Laboratory)

in USA in 1992. ADVISOR uses MATLAB/SIMULINK as the operating platform.

ADVISOR’s simulations are mainly backward facing with very limited capacity for

forward facing designing. Moreover, ADVISOR is mainly an analysis tool, not a design

tool. Backward facing implies that the speed profile that a vehicle desires to follow is

provided as input and the required torque, speed and power for the various components

are obtained as outputs. The biggest drawback of this tool is its inability to capture

transients behavior of the powertrain because all components of the powertrain are either

modeled by empirical relationships or quasi-static data, collected during steady-state

operations [11].

The backward facing modelling works on the assumption that required demands

for torques, voltages and currents are supplied by the respective components, so there

is no need to describe the dynamics of the component. Since, most of components

are modelled by steady sate maps and charts in backward facing modelling approach,

therefore energy consumption and performance of different components (engine) during
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transient periods of the drive are not calculated correctly. Further more backward facing

modelling approach also lack access to the internal variables of the system, so ideally

no component level controller can be designed in this approach [10].

Backward facing approaches have two serious limitations:

1. The output (required power or load profile) is known and the input (available

power) has to be calculated. This approach works on the principle determination

of “how each component in the drive train must perform” with an assumption

that the requested power has been delivered by the power source. This approach

leads to calculation from load (requested power) to source (available power)

and sometimes the requested power does not match up with power supplied

resulting in a non-convergent solution. One more drawback of this approach is

that sometimes the feasible solution includes a component size beyond physical

possibility.

2. It uses quasi-static models of all the components, therefore, it lacks the capability

for analyzing the dynamic behavior of components locally and of the complete

vehicle in general. It is therefore unable to predict phenomena inherent in the

components such as mechanical vibrations, oscillating currents and voltages, and

other similar crucial dynamic behavior.

The current work uses forward facing modelling, which is free from the above

mentioned limitations. In forward facing models, energy flows from source to sink

and it is known beforehand as an input. It is tracked downstream through various

stages with known parameters starting from the battery or the engine to the electronic

switches and finally to the wheels. In the forward facing approach, required demands

for torque, voltages and currents are compared with actual variables of the system

and with the help of controllers, these errors between them are minimized to achieve

desirable performance [10]. The forward facing approach, having access to the internal

variables of the system, is very much suitable for hardware development and detailed
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simulation. Forward facing approach allows more accurate representation of the system

dynamics and control strategy, which is an important consideration in complex power

system and energy storage system interactions [10].

Argonne National Laboratory - USA has developed the Powertrain System

Analysis Toolkit (PSAT) under the direction of Ford, General Motors and Daimler

Chrysler [12]. This forward-looking model simulates vehicle fuel economy, emissions

and performance. PSAT can simulate an unrivalled number of predefined configura-

tions (conventional, electric, fuel cell, series hybrid, parallel hybrid and power split

hybrid) [13]. Like most other HEV simulation tools, PSAT also uses MATLAB/SI-

MULINK as a fundamental platform for conducting module based development of the

powertrain. PSAT is very user friendly and very good for performing fast and simple

simulations useful in comparing many powertrain structures. The best advantage of

PSAT is that it offers multiple models for single components depending on the level

of sophistication desired. With continuous development by dedicated developers, this

tool is now integrated with high fidelity models for certain components such as cou-

pled thermal-electrochemical battery models and crank-angle resolved diesel engine

models [13]. This tool is ranked among the 100 best newly available technological

products for the industry.

Software SimPowerSystems and Simscape (Simulink toolbox for Physical

Modeling) work together with Simulink to model electrical, mechanical, and control

systems. SimPowerSystems has good models of electric machines. PMSM motor,

three-phase inverter, and three-phase diode rectifier models are provided with the

SimPowerSystems library. The speed controller, braking chopper, and vector controller

models are specifically designed to operate different motor drives [14].

Simscape extends the Simulink product line with tools for modelling and

simulating multi-domain physical systems, such as those with mechanical, hydraulic,

and electrical components. Unlike other Simulink blocks, which represent mathematical

operations or operate on signals, Simscape blocks represent physical components or

44



relationships directly. With Simscape blocks, one builds a system model just as one

would assemble a physical system. This approach lets one describe the physical

structure of a system rather than the underlying mathematics. From a model which

closely resembles a schematic, Simscape technology automatically constructs equations

that characterize the behavior of the system. These equations are integrated with the

rest of the Simulink model [14]. Simscape serves as the platform for the following

vertical products of the Physical Modelling family:

1. SimHydraulics, for modelling and simulating hydraulic systems

2. SimDriveline, for modelling and simulating powertrain systems

3. SimMechanics, for modelling and simulating general mechanical systems

4. SimElectronics, for modelling and simulating electromechanical and electronic

systems

Components available in SimDriveline provide engine models that use programmed

relationships between torque and speed, modulated by the throttle signal. At best these

models represent steady-state relations of parameters.

Modelica is an object oriented language for physical system modelling, freely

available and developed by Modelica Association. It is used for modelling complex

dynamic behaviour of mechanical, electrical, fluid, hydraulic and thermal systems.

Standard differential, algebraic and discrete equations are used to describe the system

dynamics under modelling. Different components used for modelling are presented in

the form of objects (icons) and connections between different objects represent actual

physical coupling such as flow of fluid, heat and electricity. Modelica contains library

of vast number of components for analog electric and electronics, digital electronics,

electrical machines, vehicle dynamics, and control blocks etc. Modelica is designed

such that specialized algorithms can be utilized to enable efficient handling of large

models having more than one hundred thousand equations. Modelica is suited and used
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for hardware-in-the-loop simulations and for embedded control systems [15]. This tool

also have some limitations such as there are no provisions for solving partial differential

equations (such as no FEM (finite element method) and no CFD (computational fluid

dynamics)). There is a very limited support for external functions, only external C

functions with scalar inputs and outputs are supported [16]. Inspite of some limitations

this tool is very good to be used in industry due to its flexibility, dynamic simulation

capability and free availability. There are many commercially available tools which

include Modelica as base language such as CATIA Systems, Dymola, LMS Imagine

and Lab AMESim, MapleSim, MathModelica and SimulationX. Dymola is perhaps

the most representative Modelica-based language at this moment, which utilizes all

the above mentioned capabilities of Modelica and simultaneously integrates its unique

features and powerful graphical user interface to it [17, 18].

AVL’s CRUISE [19] is a forward facing commercial powertrain simulation soft-

ware developed by company named AVL in association with BMW, VW, and Daimler.

An object oriented modelling approach has been adopted for CRUISE, as evidenced by

the use of Simscape, to reflect physical counterparts of a vehicle in a powertrain model.

It has advanced features for engine modelling and data management. The combustion

engine is modeled by means of characteristic curves and maps. CRUISE can be easily

linked to other simulation tools such as AVL BOOST (engine thermodynamics, exhaust

aftertreatment), AVL DRIVE (drivability assessment), MATLAB/SIMULINK (control

systems), FLOWMASTER (fluid cycle simulation), KULI (fluid cycle simulation),

AVL InMotion (HiL system, testbed integration, vehicle dynamics, handling) and IPG

CarMaker (HiL system, vehicle dynamics, handling). Out of many described above,

one of the most important tools is AVL BOOST. AVL BOOST is an advanced and

fully integrated “Virtual Engine Simulation Tool” with advanced models for accurately

predicting engine performance, acoustics, and the effectiveness of exhaust gas after

treatment devices. Most of the electrical and mechanical components such as the motor,

generator, battery and engine are modeled by using characteristic maps and charts.
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There are separate characteristic maps for each mode of operations. The basic model

of a battery in CRUISE consists of a voltage source and an ohmic resistance. Internal

resistance is defined either as a constant value or as a temperature dependent function.

The interface of MATLAB/SIMULINK is used for the integration of controllers and/or

mechanical elements into the computational model of CRUISE which can call models

created and parameterized under SIMULINK. However, although AVL-CRUISE has

advanced features for engine modelling, it lacks the capability of transient response and

accurate dynamics for the overall system.

Most of the simulators summarized above are based on the MATLAB/SIMU-

LINK platform in their implementation. The main aim for these simulators is to help

identify design parameters for a vehicle which can satisfy certain standards of perfor-

mance in terms of emission limits set by the government, fuel economy and so on.

Simulations are made user friendly and computationally fast due to the use of charts

and maps. Interpolation and extrapolation of charts are very common throughout the

simulations. At many places, simple empirical relationships are used to further simplify

the modelling and simulation. For design optimization, efficiency maps are used very

heavily. Design parameters for every component are based on the power balance in

quasi-static operation. With increasing demands for simulators by the automotive

industry, some of the above mentioned tools are now evolving and becoming more

sophisticated, transient and realistic. The research work presented in this thesis is an

attempt to further extend this trend in the same positive direction with some novel

contributions.

The powertrain is an important part of any motorized vehicle. It is a group

of different components which together generate and deliver power to the wheels to

move the vehicle at the desired speed. Mainly there are two categories of powertrain

structures, namely, series hybrid and parallel hybrid powertrain configurations [20].

To get the benefit of both series and parallel hybrid powertrains, a third category of

powertrain, namely, series-parallel or split hybrid powertrain has been devised. The
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next section describes the details of all three powertrain structures.

2.2 Types of Hybrid Powertrain

IC engine based vehicles have a very high energy density power source, which

can be refueled with liquid fuel in a short time. However, in these vehicles, the engine

often operates very inefficiently (especially during low torque and low speed) wasting

significant amount of energy in the form of different kinds of unavoidable losses and

dangerous emissions. EVs have very little loss while operating in any range of speed

and torque (except during hard acceleration when current drawn from the battery is

very high) but use a low energy density power source, the battery, which further takes

a long time to recharge. Therefore both types of vehicle have some advantages and

disadvantages. In an HEV, by inclusion of both an IC engine and battery in the same

powertrain, the advantages are integrated and the disadvantages are compensated with

mutual help.

The three categories of powertrain structures in the HEVs are described next.

2.2.1 Series hybrid powertrain

In the series hybrid powertrain, power flowing from power sources (i.e., IC-

engine and battery) to the wheels follows a series path. Figure 2.1 presents a schematic

diagram of the series hybrid powertrain architecture. There is a powerful traction motor

which is directly connected to the transmission and it receives power from the DC-link,

which is fed by one of the two power sources, generator or battery. The generator

is powered by a relatively small IC-engine. The components of the powertrain have

their own individual controllers to operate in the desired ways. PWM based AC/DC,

DC/AC and DC/DC converters are typically used to control the motor supply. When

required, the engine-generator set can also recharge the battery. When the vehicle is
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What is a Hybrid System?
Fusion between an internal combustion engine and electric motor—achieving different functions through different power combinations

Automobile hybrid systems combine two motive power sources, such as an internal combustion engine and an electric
motor, to take advantage of the benefits provided by these power sources while compensating for each other’s shortcomings,
resulting in highly efficient driving performance. Although hybrid systems use an electric motor, they do not require external
charging, as do electric vehicles.

3 types of Hybrid Systems

The following three major types of hybrid
systems are being used in the hybrid vehicles
currently on the market:

1) SERIES HYBRID SYSTEM

The engine drives a generator, and an electric
motor uses this generated electricity to drive the
wheels. This is called a series hybrid system
because the power flows to the wheels in series,
i.e., the engine power and the motor power are in
series. A series hybrid system can run a small-
output engine in the efficient operating region
relatively steadily, generate and supply electricity
to the electric motor and efficiently charge the
battery. It has two motors—a generator (which has
the same structure as an electric motor) and an
electric motor. This system is being used in the
Coaster Hybrid.

2) PARALLEL HYBRID SYSTEM

In a parallel hybrid system, both the engine
and the electric motor drive the wheels, and the
drive power from these two sources can be utilized
according to the prevailing conditions. This is called
a parallel hybrid system because the power flows
to the wheels in parallel. In this system, the battery
is charged by switching the electric motor to act as
a generator, and the electricity from the battery is
used to drive the wheels. Although it has a simple
structure, the parallel hybrid system cannot drive
the wheels f rom the electr ic motor whi le
simultaneously charging the battery since the
system has only one motor.

3) SERIES/PARALLEL HYBRID SYSTEM

This system combines the series hybrid
system with the parallel hybrid system in order to
maximize the benefits of both systems. It has two
motors, and depending on the driving conditions,
uses only the electric motor or the driving power
from both the electric motor and the engine, in order
to achieve the highest efficiency level. Furthermore,
when necessary, the system drives the wheels while
simultaneously generating electricity using a
generator. This is the system used in the Prius and
the Estima Hybrid.
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Figure 2.1: Schematic diagram of the Series Hybrid Electric Vehicle [21]

idle or moving at low speeds, the traction motor is powered by the battery and at higher

speeds, it is powered by the generator. This can decrease the overall fuel consumption.

In series powertrain, a clutch is not needed because the motor shaft can be attached to

the wheels via fixed ratio gears or CVT transmission.

2.2.2 Parallel hybrid powertrain

In the parallel hybrid powertrain, both the IC-engine and the motor are attached

to the transmission. In this architecture, the wheels can be powered by the motor and

the IC-engine simultaneously [22]. The overall power flow, from the power sources

(IC-engine and battery) to the wheels, follows a parallel path. The benefit of this

architecture is that the size of the motor can be reduced [23] and there is no need to

use a generator to run the vehicle. However, the main drawback of this architecture is

that the battery can only be charged by regenerative braking with motor operating as

the generator. Potentially, this structure can be very economical in terms of powertrain

weight and size. However, in this structure, clutches and gears are needed to engage
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What is a Hybrid System?
Fusion between an internal combustion engine and electric motor—achieving different functions through different power combinations

Automobile hybrid systems combine two motive power sources, such as an internal combustion engine and an electric
motor, to take advantage of the benefits provided by these power sources while compensating for each other’s shortcomings,
resulting in highly efficient driving performance. Although hybrid systems use an electric motor, they do not require external
charging, as do electric vehicles.

3 types of Hybrid Systems

The following three major types of hybrid
systems are being used in the hybrid vehicles
currently on the market:

1) SERIES HYBRID SYSTEM

The engine drives a generator, and an electric
motor uses this generated electricity to drive the
wheels. This is called a series hybrid system
because the power flows to the wheels in series,
i.e., the engine power and the motor power are in
series. A series hybrid system can run a small-
output engine in the efficient operating region
relatively steadily, generate and supply electricity
to the electric motor and efficiently charge the
battery. It has two motors—a generator (which has
the same structure as an electric motor) and an
electric motor. This system is being used in the
Coaster Hybrid.

2) PARALLEL HYBRID SYSTEM

In a parallel hybrid system, both the engine
and the electric motor drive the wheels, and the
drive power from these two sources can be utilized
according to the prevailing conditions. This is called
a parallel hybrid system because the power flows
to the wheels in parallel. In this system, the battery
is charged by switching the electric motor to act as
a generator, and the electricity from the battery is
used to drive the wheels. Although it has a simple
structure, the parallel hybrid system cannot drive
the wheels f rom the electr ic motor whi le
simultaneously charging the battery since the
system has only one motor.

3) SERIES/PARALLEL HYBRID SYSTEM

This system combines the series hybrid
system with the parallel hybrid system in order to
maximize the benefits of both systems. It has two
motors, and depending on the driving conditions,
uses only the electric motor or the driving power
from both the electric motor and the engine, in order
to achieve the highest efficiency level. Furthermore,
when necessary, the system drives the wheels while
simultaneously generating electricity using a
generator. This is the system used in the Prius and
the Estima Hybrid.
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Figure 2.2: Schematic diagram of the Parallel Hybrid Electric Vehicle [21]

and disengage the engine from the wheels. Figure 2.2 presents a schematic architecture

of the parallel hybrid powertrain.

2.2.3 Series-parallel hybrid powertrain

Series and parallel hybrid powertrains have advantages and disadvantages as

described above, the series-parallel hybrid powertrain combines the benefits of both

these architectures. In the series-parallel architecture, powertrain has two electric

machines, where one acts as a motor to drive the wheels and the other acts as a

generator to charge the battery and start the engine. There is a power splitting device

which decides the optimal power distribution for all the power sources so that the

efficiency is highest at all times. Figure 2.3 presents a schematic architecture of the

series-parallel hybrid powertrain also known as power-split hybrid powertrain.
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What is a Hybrid System?
Fusion between an internal combustion engine and electric motor—achieving different functions through different power combinations

Automobile hybrid systems combine two motive power sources, such as an internal combustion engine and an electric
motor, to take advantage of the benefits provided by these power sources while compensating for each other’s shortcomings,
resulting in highly efficient driving performance. Although hybrid systems use an electric motor, they do not require external
charging, as do electric vehicles.

3 types of Hybrid Systems

The following three major types of hybrid
systems are being used in the hybrid vehicles
currently on the market:

1) SERIES HYBRID SYSTEM

The engine drives a generator, and an electric
motor uses this generated electricity to drive the
wheels. This is called a series hybrid system
because the power flows to the wheels in series,
i.e., the engine power and the motor power are in
series. A series hybrid system can run a small-
output engine in the efficient operating region
relatively steadily, generate and supply electricity
to the electric motor and efficiently charge the
battery. It has two motors—a generator (which has
the same structure as an electric motor) and an
electric motor. This system is being used in the
Coaster Hybrid.

2) PARALLEL HYBRID SYSTEM

In a parallel hybrid system, both the engine
and the electric motor drive the wheels, and the
drive power from these two sources can be utilized
according to the prevailing conditions. This is called
a parallel hybrid system because the power flows
to the wheels in parallel. In this system, the battery
is charged by switching the electric motor to act as
a generator, and the electricity from the battery is
used to drive the wheels. Although it has a simple
structure, the parallel hybrid system cannot drive
the wheels f rom the electr ic motor whi le
simultaneously charging the battery since the
system has only one motor.

3) SERIES/PARALLEL HYBRID SYSTEM

This system combines the series hybrid
system with the parallel hybrid system in order to
maximize the benefits of both systems. It has two
motors, and depending on the driving conditions,
uses only the electric motor or the driving power
from both the electric motor and the engine, in order
to achieve the highest efficiency level. Furthermore,
when necessary, the system drives the wheels while
simultaneously generating electricity using a
generator. This is the system used in the Prius and
the Estima Hybrid.
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Figure 2.3: Schematic diagram of the Series-Parallel Hybrid Electric Vehicle [21]

2.3 Advantages and disadvantages of using se-

ries hybrid powertrain

In a series hybrid vehicle, the following advantages are apparent. The en-

gine is not mechanically connected to the wheels, but instead it is connected to the

PMSG. Therefore, the engine is not directly facing the heavy transients during driving.

Emissions and fuel consumption during transient driving conditions are very high in

comparison to normal steady state conditions [24]. In a series hybrid powertrain, the

engine can safely run in the most optimal operating region all the time according to

the need of the driving conditions and demands. Emissions can further be reduced by

designing suitable control architecture for engine operation in a very narrow zone due

to decoupling from the transmission. Since the traction motor is driving the wheels,

the transmission is greatly simplified given the absence of clutches and complicated

multi-gear systems. As the motor can start both, itself and the vehicle, from zero speed

due to the ideal torque-speed curve, driving is very efficient at lower speeds with the
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help of traction motor [2].

The series configuration has disadvantages during highway driving (long range

driving at high speeds on freeways) because of multiple energy conversion stages (i.e.,

from chemical to mechanical to electrical and then again to mechanical). However,

it is effective for city driving because most of the time the vehicle can run in pure

electric mode and can be powered by the engine only during cruising and higher power

demands. The series architecture can be further advantageous if the efficiencies of the

components are improved such that the conversion losses are minimized [25].

The series hybrid architecture can be further divided in two categories depen-

ding on the capacity of the energy storage elements involved in the powertrain. If the

energy storage element is of lower energy capacity such as the ultra-capacitor, then the

IC-engine will be the prime mover and energy storage elements will only supply deficit

energy during transient operation. Such architecture results in mild hybridization. If

the energy storage element has high energy capacity like a battery, then most of the

low-speed driving can be done in electric mode and the IC engine will work only as

a range extender [25]. The main aim of the present work is to capture the dynamic

response of all the components involved in the powertrain of the HEV. The modelling

methodology presented in this work is general enough to be applied on any kind of po-

wertrain structure and series hybrid structure is chosen just to demonstrate its modelling

and simulating capabilities.

2.4 Components of the HEV Powertrain

The present work is mainly concerned with dynamic modelling of the overall

powertrain by integrating dynamic models of all the components. Analysis of energy

losses, fuel consumption, efficiency and performance with steady state models has

already been published in the literature, so the present work will present similar kinds of

analysis using dynamic modelling in coming chapters. The aim is to model the transient
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response of the system while preserving the simplicity and feasibility of simulation in

an acceptable time domain. Figure 2.4 illustrates the high level architecture of a typical

series hybrid powertrain.

A series hybrid powertrain presented in this work has the following components:

1. Car model

(a) Vehicle dynamics

(b) Aerodynamic behavior

(c) Tyres

(d) Suspension

(e) Powertrain transmission

2. Motor

3. Generator

4. Engine

5. Battery

6. Regenerative braking

7. Supervisory control

8. Driver model

Thin lines in Figure 2.4 represent electrical coupling or electrical energy or electrical

data flow, whereas thick lines represent mechanical coupling or mechanical energy flow.

Details of each and every component with their respective control mechanisms in this

powertrain will be given in the following chapters of this thesis.
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Figure 2.4: Complete structure of series hybrid vehicle powertrain

2.4.1 Car model

Vehicle dynamics plays an important role in determining the performance of

the vehicle. Most of the time, vehicle dynamics is modeled using simple estimation of

tractive power against predefined conditions [26]. This tractive power is calculated as the

sum of power, required to overcome rolling resistance, aerodynamic drag, compensating

weight component while climbing slopes and vehicular acceleration. These kind of

vehicular dynamic based models are single body and mostly without involvement of

components such as tyres and suspension. Tractive force (can be calculated in the form

of torque as well) works as load for the traction motor, so essentially there is no real

model of the vehicle [25, 27, 28].

A detailed multibody model of the longitudinal car can be used to capture all

kinds of losses such as lift, drag, tyre damping, tyre slip, etc. A detailed description

of longitudinal car dynamics has been given in [29, 30] by using multibody modelling

software called VehicleSim®, formerly called AutoSim [31]. The main body of the car

is included as the parent body and all other constituent bodies such as the front hub

54



career and rear hub career are directly attached to it at respective common points with

one degree of freedom in the vertical direction. Spinning wheels are attached to their

hub careers with equivalent inertias. The model described in [29, 30, 32] is built for

general purpose motion, but this general model can be simplified for only longitudinal

motion as desired by the standard drive cycles such as the NEDC. Traction forces are

friction forces between the tyre and ground and they are described by standard magic

formulae [33] in this work. The magic formulae used in this work is not a solution to any

kind of dynamic equation of motion rather its just a convenient fitting of mathematical

functions to empirical data. It allows one to compute forces involved in interaction of

a tyre and rough surface at a higher precision. Aerodynamic lift and drag forces are

further calculated to describe vehicle dynamics and respective losses in driving.

2.4.2 Motor / Generator & power converters

In the series hybrid electric vehicle, wheels are directly driven by the powerful

traction motor and power is supplied by the IC engine or battery. There are many kinds

of motors available in the industry designed specifically for different purposes. Motors

required for EVs and HEVs face different kind of challenges than the ones used in other

industries (for example, to run heavy rolling machines in the manufacturing industries

which mostly operate in steady state). Motors used in the HEV powertrain have to go

through sudden start on-off, heavy acceleration and deceleration, very wide operating

speed, and torque range. DC motors are simple in construction and easy to control but

suffer from high maintenance costs due to existence of mechanical commutators. With

advancing technology, commutator-less motors are becoming more and more accepted

in the industry.

The induction motor is one such electrical machine with cheaper production

cost coupled with robust and maintenance free operation [34]. There are several serious

suggestions where an induction motor can be used in the powertrain of HEVs [35–39].

However, the biggest problem with the induction motors comes from the requirement
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of complicated control techniques due to their non-linear time variable system response.

Control techniques such as variable-voltage variable-frequency dependent on slip speed

does not provide the desired performance. Although field oriented control (FOC)

[40–42] and direct torque control [43–45] techniques are proposed, they also suffer

from poor transient response and sensitivity to the system parameter variations and

insensitivity to the variations in the reference values respectively [34, 46]. There

are several commercial automobiles in the market with induction motors such as the

Renault/Kangoo, Chevrolet/Silverado and DaimlerChrysler/Durango etc. However,

now industry has largely adopted permanent magnet synchronous motors having all the

benefits of DC machines and induction machines but no drawbacks of either of these in

terms of dynamics and control. PMSM machines require expensive sensors for direct

rotor position detection (or some indirect way to estimate rotor position). But, there are

many other high performance drives which utilize position feedback, so this can not be

necessarily considered as a disadvantage [47]. High speed operation creates problems

to both induction machines and PMSMs because the control of induction machines

becomes very difficult at higher speeds and the generation of large eddy currents in

the PMSM is a serious problem. Continuous operation of PMSM machines in the

field weakening region can demagnetize the permanent magnets. Another problem for

PMSMs is cogging torque, which is produced due to the interaction of rotor magnets

and stator slots and it is undesirable for PMSMs. Cogging torque become seriously

problematic at low speed, but can be minimized either by appropriate design of the

machine or by electronic mitigations [47]. The availability of newer and cheaper

material for making magnets and emergence for betters electronic controllers enhancing

the possibilities for using PMSM machines in HEVs. Growing numbers of commercially

available automobiles using permanent magnet synchronous motors such as Nissan/Tino,

Honda/Insight and Toyota/Prius etc. are boosting the research on PMSM machines [48].

Permanent magnet synchronous machines are the most adequate to be used in

the HEV powertrain due to good dynamic performance, high energy density, low weight
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and low cost of maintenance [23, 49, 50]. Mathematical models for the PMSM and

the PMSG can be described by using the standard d−q frame equations as in [51–54]

and [55,56] respectively. Direct torque control (DTC) [57–59] and field oriented control

(FOC) [60–63] are two most prominent methods used in designing speed control drives

for the PMSM [64]. Field oriented control method (i.e. vector control method) has been

described as the most effective technique for the adjustable speed PMSM drive [65, 66];

the same strategy can be used for the PMSG drive as well.

Electronic controllers play a very important role in the operation of the HEV

powertrain. Basically there are three stages or segments of electronic controller -

sensor, interface circuitry and processor. Sensors are used to measure the physical

state variables of the machine. With the help of interface circuitry, these variables

are amplified and sent to the processor (at this stage signals are conditioned and

processed such pulse-width modulation) so that they can be fed further to the power

converters of the overall drives. The power converters are semiconductor devices

which are responsible for feeding the required voltage and currents to the electrical

machines, so that desired performance can be achieved [2]. According to the series

hybrid architecture, there is a DC-link, which supplies the power to the motor from

the inverter and this DC-link is directly connected to the PMSG through the rectifier

and to the battery through the bidirectional DC/DC converter. Average models for the

AC/DC converter (rectifier) [67, 68] and the bi-directional DC/AC converter (inverter)

are described in the d− q frame for integration with the PMSM and PMSG models,

respectively [69, 70].

2.4.3 Turbocharged diesel engine

In the series hybrid electric vehicle, the internal combustion engine can be

used as a range extender or prime power source. Compression ignition engines have

many advantages over spark ignition engines in terms of overall efficiency and control

[24, 71, 72]. Therefore, a diesel engine is chosen in this work and its modelling as
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appearing in the literature is reviewed in this section.

Most of the hybrid vehicle modelling tools, such as ADVISOR, present the

engine just as an efficiency map without any internal dynamics [73]. Such kind of

efficiency map based engine model cannot give accurate results in transient operating

conditions. For instance, during acceleration of the vehicle, the demanded DC-link

current has heavy transients which get translated into demanded engine torque. If the

engine is not modeled accurately to respond to such transients in torque demand, the

overall prediction of the behavior will not be correct. Also the steady-state models can

not predict many of the internal variables of the engine [74]. Some neural network based

modelling and control techniques are also presented in the literature but they lack any

information of the internal dynamics of the system [75–77]. Moreover, these models

require huge data and time for training the neurons and experimental calibrations

for different engine operating environments. These repeated calibrations are very

expensive, so physics based models are preferable. There are other kind of models such

as combined model of diesel engine in association with generator [78] and polynomial

based non-linear models of the diesel engine [79]. However, these models suffer from

the same limitations described earlier.

Increasingly stringent laws are forcing newer and better control and design of

the engine, such that the fuel consumption and emissions can be reduced. Contrary

to the heavy machinery industry, an engine used in automobiles faces heavy and

sudden transients, where both the emissions and fuel consumptions are critical to

comply with the defined limits. Nowadays, different drive cycles are designed to test

the engine performance, not only for the steady state but transient performance as

well [80]. When the engine is operated in transient conditions, the turbocharger does

not respond adequately to meet the air demand while fuel is injected rapidly to meet

the transient torque demands. Since there is insufficient air to burn all the fuel, such

transient operations come with emissions of soot (also known as PM - Particulate

Matters) [81, 82]. Access to internal variables of the engine is mandatory to understand

58



the real behavior of the engine and implement suitable controls for reducing emissions.

Accurate modelling of the fuel path and air-flow path gives detailed dynamics of the

engine.

There are mainly two approaches towards engine modelling, thermodynamics

analysis based modelling [83] and fluid dynamics analysis based modelling [82, 84, 85].

These modelling approaches are categorized based on the equations and relations

used to develop the complete model. For instance, thermodynamic models and fluid

dynamic models depend on mass and energy conservation, and fluid flow analysis,

respectively [80, 86]. But there are also some other modelling techniques which use

combination of these two methods in different degrees according to specific usage of

the model.

The level of model complexity is an important factor in deciding the approach

to be chosen for modelling. Black box models and map based models are the simplest

ones because output variables are associated with the input using some empirical

relationship [81]. Due to such simple relationships, models are very fast in simulation

environments but these models can not be used for any kind of useful control design.

Models based on fluid dynamics and thermodynamics are divided in several control

volumes based sub-models which leads to distributed modelling. These types of models

are very detailed in nature and computationally expensive. So a mixed modelling

approach has been adopted where some of the components are modeled from basic

physics and some are modeled with empirical equations. These empirical equations are

derived from quasi-stationary or mean-value data of the process such as air-flow inside

the turbochargers.

It has been already established that mixed modelling approach is best for a

system which involves many complex processes; a turbocharged diesel engine is an

example of such a system. Map based models lack overall system dynamics, therefore

accounting for transient response is the motivation. While building a detailed control

oriented dynamic model of the turbocharged diesel engine, simplicity and accuracy
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of the predictions must be preserved. A Turbocharged diesel engine involves inlet

manifold, exhaust manifold, engine cylinder, intercooler, EGR and turbocharger as

the main components. Inlet and exhaust manifolds can be modeled with the filling

and emptying method [87], engine cylinder dynamics with the pump model [87], and

flow characteristics of the compressor and turbine with a mean value model [88–91].

Thermodynamics and fluid flow equations are used to describe state variables of the

system, such as pressure, temperature and mass flow inside the control volumes [84].

Inclusion of inertia of the engine and turbo-shaft along with other differential equations

in the model helps to capture realistic transient performance of the turbocharged diesel

engine. Usually, calibration factors are necessary to compensate all the uncertainties

involved in the experimental measurement of system parameters such as engine inertia,

manifold volumes and EGR data [87].

There are various kinds of control objectives depending on the modes of

operation and types of engine. SI engines operate with almost fixed air-fuel ratio (λ ),

whereas, in a diesel engine torque and speed vary with the amount of fuel burned. To

design the control for a diesel engine, there are two control variables, the amount of fuel

to be burned and the timings of fuel injections [92]. Generally in a mean value model,

the fuel injection (amount of fuel to be burned) control strategy is employed to control

the speed and torque generation of the diesel engine. General theories for different

components of the turbocharged diesel engine model are already well established in the

existing literature [72,88,89,93–98]. These theories can be utilized to design an overall

control oriented diesel engine model which can be directly used in the Matlab/Simulink

based HEV powertrain simulation.

2.4.4 Battery & DC/DC converter

Limitations of battery power is one of the most critical factors for the complete

electric vehicle. Due to the very low power density of the battery, an IC engine or some

other power sources are used in conjunction for on-board driving as a range extender or

60



prime power source in HEVs. The invention of the rechargeable lead-acid battery goes

back to 1859 [99] and from that time, many different materials have been tried but no

significant breakthrough achieved. Among many materials, the Li-ion based batteries

have the highest energy density, and therefore research is underway to make batteries

of this technology more competitive with the IC engine in terms of energy density.

In the literature reviewed, numerous battery models are proposed with different

degrees of complexity and details to capture real-time behavior of the battery. Often

these models do not represent the complete dynamics of the battery which is very

common in mathematical modelling of electrochemical systems. In general terms,

battery models can be categorized as electrochemical [100,101], equivalent circuit [102,

103], fractional discharge [104], dynamic lumped parameter [105, 106], hydrodynamic

and finite element [107] models, etc. Most of the models either exclusively follow

one of the above mentioned categories or a combination of more than two of these

modelling approaches.

All the proposed battery models to be used in HEVs are broadly categorized

in three categories namely, electrochemical dynamics based models, experimental

data based models and electrical circuits based models [108]. The electrochemical

model proposed by Smith in [106] solves six coupled partial differential equations

related to concentration of charge and species, overpotential and terminal potential.

These differential equations are formed by using the Butler-Volmer kinetic equation,

which is the basis of many electrochemical models. The objective of this model is

to analyze the internal dynamics of the Li-ion based batteries when they are used in

HEVs, where short bursts of current pulses are either drawn from the battery while

accelerating or sent back to the battery while regenerating. Such models are also

known as 1d electrochemical lumped thermal models [109]. In [109] C++ code has

been developed which is general enough to simulate any other lithium battery cell by

solely changing electrochemical parameters used in the battery model. However, this

model was found to be extremely computationally expensive for the Simulink platform
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based simulation in conjunction with other components. Experimental charts (data)

based models are very specific to particular battery types and are seriously limited in

their functional adaptability to general operating conditions other than ones for which

they are experimentally calibrated. Electrical model based circuits have one attractive

characteristic in comparison to all other models - the battery states are presented in terms

of electrical quantities such as terminal voltage, state of charge (SOC) and internal

impedance. Given the above mentioned considerations, the electrical circuit based

battery model was chosen for this research work.

There are mainly four types of electrical circuit based battery models, which

are included in the ADVISOR library as well. All these models are Matlab/Simulink

dependent programs as summarized in [110]. These models are based on the different

arrangement of resistive and parasitic elements in series or in parallel with a constant

DC voltage source such as the RC model and internal resistance model [111]. There are

two more models - the fundamental lead acid and neural network models. Most of these

models work fine as long as the operation of the battery lies in the steady state. But

when the current is subjected to dynamic changes, the results are not very accurate and

sometime unacceptable. The generic dynamic Li-ion model described in [112] has been

chosen and experimented with in this research. This model is included in the Simulink

library as well [113].

Powering the vehicle with batteries has the benefits of recapturing the braking

energy loss along with zero emissions. Recapturing the braking energy requires bidirec-

tional DC/DC converters. Availability of high energy MOSFET and IGBT at higher

frequencies have improved the speed and efficiency of electronic switches. Due to

the involvement of isolation ac current and voltage in the working of isolated DC-DC

converters, simple state space based averaging techniques are difficult to apply. The-

refore, a switching frequency dependent average model is developed for soft switch

DC-DC converters [114,115]. This model is simulated in Simulink and it’s experimental

validation is presented in [116].
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2.4.5 Regenerative Braking

There are three kinds of braking for any rotating electrical machine, namely,

mechanical, dynamic and regenerative. Regenerative braking is a mechanism used in

modern hybrid and electric vehicles to save and store that energy, which will otherwise

get wasted in the form of heat by mechanical braking. In traditional vehicles, when

brakes are applied to stop the vehicle brake pads rub against the rotating wheels. Due to

friction between brake pads and wheels, a counter torque is generated, which eventually

stops the vehicle with significant heat generation [117].

In regenerative brakes, the traction motor reverses its function which acts

as a generator by applying negative torque on the motor shaft. This negative torque

slows down the rotating motor shaft which is connected to the wheels of the vehicle

and recaptures the available kinetic energy of the load by recharging the battery with

regenerated current [117]. Eventually, the vehicle will stop with no or very little

generation of heat along with a recharged battery level.

In the case of dynamic braking, the torque angle is adjusted in such a way that

the direction of electromagnetic torque is reversed but the direction of current is not

reversed. In this case, the PMSM works as a generator by converting the kinetic energy

of the rotating load into electrical energy and simultaneously taking energy from the

DC link to generate negative electromagnetic torque to decelerate the rotating rotor.

Eventually energy flows from both the DC-link and the rotating load to the windings

of the PMSM and there, it is wasted in the form of heat. Sometimes a special and

extra circuit is designed to waste the excess energy in the form of heat. Due to the

involvement of huge energy, the rate of declaration is very high in the case of dynamic

braking. However, due to the generation of a lot of heat in the PMSM windings, this

way of braking is not very safe and it is avoided most of the times. This kind of braking

is used only in the machines where the necessary brake circuit is designed for this

purpose.
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2.4.6 Driver

A Driver Model in forward facing modelling approach simulates the behavior

of a human driver or automatic driving controller. A driver decides whether to brake or

accelerate the vehicle in order to follow the desired drive cycle closely. It is essentially a

tracking controller which takes the drive cycle or speed profile as input and generates the

output in terms of throttle and brake commands to track the trajectory. In the literature,

many types of driver models are investigated, starting from simple PI controllers to

advanced optimal control based models. Different models are motivated by different

objectives such as analyzing interactions of the human driver with the vehicle in

different operating conditions like cornering and rollover [118]. With an increasing

understanding of human psychology, mimicking the human response under different

emotional conditions is also considered [119]. Minimizing chances of accidents and

ensuring good safety measures by assisting the human driver in the decision making

process are some of the prime concerns in such modelling techniques. Such models can

also investigate driver performance under the condition of intoxication and tiredness.

Most of these driver models simulate steering actions in the vehicle with lateral motion

capabilities along with the use of preview information [29].

Since driver models are approximated as an optimal solution for performance

based cost functions [118], it becomes difficult and complex to use them in online

driving conditions where preview of the drive cycle is not available. Moreover, in

the present work, only longitudinal motion of the vehicle is investigated, so a simple

PID controller based model will suffice for the simulation. It has been found during

simulations that tracking results are very good and acceptable in the standard domain

of performance. A standard NEDC cycle [6] is used in this work for validating the

tracking capability of the driver model.
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2.4.7 Supervisory Control

A hybrid powertrain is a complex combination of electrical, mechanical and

electrochemical components in the same drivetrain. Proper operation of all the compo-

nents in a coordinated way requires an overall controller named as supervisory controller.

There are basically two kinds of controllers involved in the operation of HEVs. Every

component in the drivetrain requires an individual controller to function properly and

to get integrated with the rest of the drivetrain. These component controllers receive

control inputs from the supervisory controller to decide their operating regions.

Improvement in the fuel economy and emissions of HEVs strongly depends on

energy management strategies. The supervisory controller regulates the power flow in

the complete drive train from energy sources to energy sinks. Generally, the supervisory

controller takes the input in the form of vehicle operating conditions such as required

speed, present state of charge of the battery (SOC), and required torque to track the

speed profile provided by the driver model. These inputs are processed to generate

instructions in the form of switching the specific components OFF and ON or to modify

their operating regions by commanding the local component controllers. For example,

the IC engine can be commanded to recharge the battery also, while powering the

traction motor for the drive. The main tasks of the control strategies are meeting the

driver’s demand for traction power, avoiding the charging and discharging of the battery

above or below certain threshold levels and optimizing the drive train efficiency, fuel

consumption, emissions, etc.

Supervisory control strategies can be classified in various ways depending on

the parameters chosen. Guzzela [120] has given two different ways on which basis

controllers can be divided. Firstly, based on the their knowledge of future driving

conditions, and secondly based on heuristic, optimal and suboptimal controllers. Any

supervisory controller which requires knowledge of future driving conditions in any

form can be classified further as causal and non-causal. All the heuristic supervisory
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controllers fall in the category of causal controllers whereas optimal supervisory control-

lers fall in the category of non-causal controllers. Suboptimal controllers are mainly

causal but sometimes fall in the non-causal category as well.

Supervisory control strategies aim to solve the problem of power distribution

between different power sources. There are many supervisory control techniques

proposed in the literature and experimented for online implementations. Supervisory

control strategies can be classified in two main categories, rule based supervisory control

and optimization based supervisory control [5, 111, 121–136]. Rule based supervisory

control strategy is further divided into several subcategories such as powertrain state

variable based supervisory control [10, 137–142], power follower supervisory control

[137, 143–148] and fuzzy rule based supervisory control [149].

Rule based supervisory control strategy is also known as thermostat control

strategy. In most of the cases, rule based strategies are used as online supervisory

controllers because they mainly consider the power ratings and higher efficiency regions

for operation of the power components. These heuristics or rule based control strategies

are found to be more robust and computationally efficient than optimization based

power split control strategies [150]. Most of the state of the art supervisory controllers

used in mass production vehicles are heuristic in nature [120]. However, the main

drawback is that these strategies may lead to suboptimal solutions [125].

To get an optimal solution, many optimization based control strategies are

proposed in the literature. Optimization based strategies can be categorized in two

ways - on the basis of the nature of optimization and on the basis of the methods

used in solving the optimization problem. The nature of optimization can be of two

types - instantaneous power split optimization and global power split optimization.

Instantaneous optimization based strategies focus on minimizing an objective based

cost function which optimizes the power split at every instant of time finally giving a

solution closer to global optimum [5, 125, 126, 151–153]. Global optimization based

strategies require “a priori” information of the drive cycle leading to global optimal
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solutions [128, 134–136, 154–158]. Some controllers are combination of optimization

based control and neural network techniques [159]. In essence, in an optimization

based control strategy, an objective function is framed and then that objective function

is solved for optimal solutions. There are many solution strategies proposed in the

literature to solve this objective function [160,161]. Lorenzo Serrao [150] has proposed

four classifications on the basis of the solution approach of an objective function,

described below:

• Numerical methods for global optimization: These methods require “a priori”

knowledge of complete drive cycle and dynamic programming [154, 162, 163],

and genetic algorithms [128, 134–136, 155, 164] are used as numerical methods.

• Numerical methods for local optimization: The previous category of numerical

optimization can only be applied to offline analysis. But in the present category

of optimization, complete knowledge of the future driving cycle is not required.

Rather, a rough estimation of the future driving cycle in the near future will

suffice. This optimization technique can be applied for online analysis. Some of

these methods are known as model predictive control [165–167] and stochastic

dynamic programming [168–170].

• Analytical methods for optimization: In this approach, rather than using numerical

methods to solve the objective function, a closed analytical solution is achieved

which simplifies the overall computation [171, 172].

• Instantaneous minimization methods: As already described, in this technique, the

objective function is solved for minimization at every instant of time rather than

searching for a global optimum [5, 151, 152, 173].

Optimization based control strategies require complicated optimization tech-

niques such as dynamic programming and genetic algorithms. Therefore, they cannot

be used for online implementation but only for offline analysis. Moreover, resulting
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solutions are very particular to a drive cycle, being unrobust and unsuitable for unknown

speed profiles. A novel load follower supervisory control strategy (LFSCS) based on the

power follower supervisory control strategy (PFSCS), with some important changes, is

proposed in the present work. Development of optimization based supervisory control

strategy for dynamic model presented in this work is under preparation [8].

2.4.8 Integration of the components
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Figure 2.5: Interconnection concept among different mechanical and electrical subsys-
tems

Figure 2.5 presents the interconnection rule followed unexceptionally in the

present work for integrating different components of the powertrain. All the components

are modeled in the multiport input and output format. Electrical components have input-

output in the form of voltage and current. Similarly, mechanical components have input-

output in the form of torque and speed (rotational or translational). Components are

integrated together on the basis of exchange of compatible input and output. Electrical

components are modeled on the concept of accepting voltage as input and generating

current output. This current output becomes feedback input for the preceding electrical

component. Voltage is a potential variable and current is a kinetic variable for the

electrical system. Similarly, torque is a kinetic variable and rotational speed is a potential

variable for the mechanical system. As already mentioned, the potential variable is

used as input signal and the kinetic variable is used as feedback signal. However, in

some cases these variables are interchangeable with one other or a combination of
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both. Every component has two more variables, reference signal and control signal.

Reference signals can be the reference driver speed profile, DC-Link voltage for PMSG,

desired rotational speed for the IC engine, etc., as illustrated in Figure 2.5. Every

component has few control signals as well, but they are part of the internal system

dynamics and are not shown in Figure 2.5. Component-wise details of all signals and

their integration will be presented in the following chapters of this thesis.
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CHAPTER

THREE

CAR MODELLING

3.1 Introduction

Early vehicles were designed as a single box supported at the ends, much like

horse driven carriages. Increasing load of the car had adverse effects on the performance

of the vehicle such as beaming (vertical vibration). To get rid of such adverse effects,

there was a need for improved structural designs. With further development of vehicle

technologies, vehicle structure, transmission and powertrain components gradually

evolved and improved. Now a normal car has distributed load between front and rear

axles to compensate the beaming and similar affects [25]. There are many components

involved in the overall design of the vehicle. Some components have translational

motion, some have rotational motion and some have combination of both with respect

to each other and the road. Therefore, to model vehicle response accurately especially

during longitudinal motion, consideration of multibody dynamics is necessary.

3.2 Car

Accurate car response for our purpose requires accurate representation of longi-

tudinal car behavior. The model employed, capable of general motions, describes the

longitudinal car dynamics and is based on the multibody model presented in [29, 32].

The model of a passenger car is presented including sprung mass (its weight and dimen-
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sions), unsprung mass hub-carriers, wheels and transmission. Models for suspension,

tyre slip, aerodynamic drag and lift behavior are included for the purpose of analyzing

transient behavior and various losses. The transmission system model includes the

differential with fixed gear ratios or CVT between the motor and transmission shaft for

different cases. The standard NEDC cycle is chosen for testing vehicle performance

and quantification of different kinds of losses involved.

3.2.1 Vehicle dynamics

The longitudinal vehicle model used in the present work is described in Figure

3.1. Firstly, an inertial reference frame ‘n’ is chosen and a child body ‘S’ is attached to

it with three degrees of freedom. The body ‘S’, shown in Figure 3.1, is the sprung mass

which is the chassis of the longitudinal car with total mass Ms and rotational inertia Isy

around its center of mass.

Inertial Frame

Sprung Mass
S

Figure 3.1: Tree structure of the bodies and contact points included in the modelling of
the longitudinal vehicle in VehicleSim®

All other bodies in the vehicle are considered children bodies of the parent body

‘S’. The constituent masses are introduced in a tree structure with the help of common

points. Masses and inertias, degrees of freedom, and forces between the constituent

bodies and parent bodies are specified. Thus, the main body of the vehicle is allowed

to have forward translation, vertical translation, and pitch rotation. Front and rear

71



hub carriers are attached to the sprung mass of the vehicle body with only vertical

translational motion relative to it. Wheels are attached to the hub carriers with freedom

to rotate around their rotational axis, with the vertical compliance of tyres governed

by spring and damper systems. Only rotational inertias of the wheels are mentioned

because the masses of the wheels are already included in the masses of hub careers.

The rear wheel is connected via a crown wheel and pinion, and a transmission

to the motor shaft. In the present work only single motor is used to supply all the power

to the transmission shaft. The wheel tyres interact with the ground through longitudinal

friction forces and these are directly applied on the front and rear wheels. The tyre

longitudinal force is generated from normal load and longitudinal slip using standard

“magic formulae” [33]. The model employed also includes aerodynamic lift and drag

forces, both proportional to the square of the car speed. In the present vehicle model

rolling resistance is not considered. This is a strong assumption, because during urban

drive cycle losses due to rolling resistance will be higher than drag resistance, but

rolling resistance will be definitely included in this model in the future while upgrading

this work to a more complete level.

A schematic free-body diagram of the car, Figure 3.2, represents different

external forces and braking moments applied on the car. Drag force is applied at the

center of mass of the mass of the car. L is the length between the center of the front and

rear wheels. h is the height of the center of gravity of the car from the ground.

The parameter values used in the model are representative of a contemporary

European family saloon and are taken from [29] and presented here in the form of Table

(3.1).

The car model is written in LISP making use of the multibody modelling code

VehicleSim®, formerly called AutoSim [31]. Already defined bodies with names, joint

coordinates with parent, rotation axes, coordinates of center of mass, mass and inertia

of bodies, line of action for torques and point of action for forces are included in the

code enabling VehicleSim® to derive equations for relationships between the bodies.
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Figure 3.2: Vehicle rigid body diagram showing forces except gravity [174]

Parameter Symbols Value
Chassis
Mass Ms 1355.6Kg
Mass center (xg = L,yg,zg = h) (0.291,0,−0.576)m
Inertia Isy 2152.1Kgm2

Hub carrier
Mass mhc 60Kg
Inertia Ihy 0.1Kgm2

Road wheel (each)
Radius rw 0.3m
Spin inertia Iwheel 0.653Kgm2

Aerodynamics
Drag coefficient Cd 0.35Nkgms2

Lift coefficient Cl f 0.1Nkgms2

Lift coefficient Clr 0.16Nkgms2

Cross-section A 2.0m2

Air density ρ 1.227kgm3

Stiffness
Front suspension k f sus 19480Nm
Rear suspension krsus 16800Nm
Tyre (each) ktyr 180000Nm
Damper coefficients
Front suspension c f sus 1500Nms
Rear suspension crsus 1500Nms
Tyre (each) ctyr 800Nms

Table 3.1: Parameter values of the longitudinal car
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The equations of the motion for connected bodies derived by VehicleSim® are based

on the Kane’s equations [175]. The VehicleSim® model can be configured to generate

C/C++ MEX code that numerically integrates the nonlinear equations of motion. This

code can be compiled into an S-Function for integration with the Simulink model of the

remaining powertrain.

3.2.2 Tyre model

Frictional interactions of the tyre and road generate the forces required for the

longitudinal motion of the vehicle. This longitudinal force is compensated by traction

force supplied by the PMSM installed in the powertrain. When the vehicle moves

forward and the tyre touches the rough ground at the bottom most point, a normal force

is generated between the tyre and ground as a result of this reaction. The generated

normal force is proportional to the total weight of the vehicle. With forward moving

tyres, there are continuous deformations in the contact patch of the tyres. Due to these

deformations, reaction forces provided by the ground get shifted forward and generate

a moment in association with normal forces on the center of the wheel. Calculation of

frictional force (shear force) in the tyre in such a situation by fundamental physics is very

cumbersome and therefore cannot be included in fast vehicle simulations. This difficulty

has encouraged researchers to use empirical formulae for calculating frictional forces

and torques. The well known empirical tyre model, “Magic Formula” [33], features

tyre shear forces and moments represented by a combined-slip model. General form of

“Magic Formula” for longitudinal slip model can be described as follows:

F = Dsin[C arctanBκ−E(Bκ− arctan(Bκ))] (3.1)

Where F is the force in the longitudinal direction. κ is the tyre longitudinal slip ratio. D,

C, B are E are the tyre-force-shaping factors calculated by empirical data provided by the

manufacturer. This “Magic Formula” is further normalized and redefined by Sharp and
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Bettella in [176–178] which has been adopted in this work. In steady state, longitudinal

forces and moments can be expressed as a function of longitudinal slip, lateral slip

conditions, vertical load and camber angle. Prediction of forces and respective torques

are quite accurate in the steady state, representing general running conditions of the

vehicle. The coefficients of the basic formula represent tyre characteristics and are

taken from [32]. Since present work is only considering longitudinal motion of the car

the effects of lateral slip and camber angle are relatively negligible in the tyre model.

Figure 3.3 presents general variation trend in the longitudinal force against longitudinal

slip and applied load in the absence of lateral slip.
250 M. Thommyppillai et al.

Fig. 4 Longitudinal (left) and lateral (right) tyre forces associated with variations in load and longitudinal
or lateral slip ratio respectively, for zero camber angle. Tyre parameters used come directly from [32]

for the appropriate tyre, thereby affecting the tyre force system. Parameter values specifying
the car and tyres in detail represent a typical contemporary European family saloon. Car
parameters are given in Table 1.

Tyre shear forces and moments are represented by a combined-slip model that uses a
combination of the well-known “Magic Formula” [16] and normalization [24, 31, 32]. The
model deals realistically with completely general running conditions. Pure-slip longitudinal
and lateral forces are illustrated in Fig. 4.

The engine torque output, χ , is described by throttle-opening and engine-speed functions
of “Magic Formula” form:

χ = Ds

ω
sin

[
arctan

(
Btdg − Et

(
Btdg − arctan(Btdg)

))]

× sin
[
Cs arctan

(
Bsω − Es

(
Bsω − arctan(Bsω)

))]
(3)

in which Bs , Cs , Ds and Es are engine-speed-shaping and Bt and Et are throttle-opening-
shaping parameters, dg is the throttle opening ratio and ω is the engine speed in rad/s.
Engine torque output is limited to positive values and is shown in Fig. 5 as a function of
speed and throttle opening. If the throttle opening becomes negative, proportional braking
torques are applied to each road wheel in the ratio 58% front, 42% rear. Left and right wheels
are treated equally with respect to braking.

3 Optimal linear preview control theory

In studies of preview steering control already completed, a linear vehicle model is arranged
to include the absolute lateral displacement of its reference point as a state and to have
steering torque or steering displacement as a primary control input. The model is put into
discrete-time form, using a time step of T say. Through each time step, the vehicle travels
V T where V is the specified speed. A roadway lateral profile is defined by discrete points
V T apart longitudinally in the inertial reference system, so that all the road profile points
in front of the vehicle approach it by V T through each time step. In this inertial reference
system, illustrated in Fig. 6, the road dynamics are those of a shift register or delay line and
the equations describing these dynamics are of the same form as the equations of the vehicle.
The two sets of equations are combined to yield a composite system, with its state-vector

Figure 3.3: Longitudinal force as a function of longitudinal slip and load [32]

As already mentioned the general formula also contains lateral behavior of

the tyres which is unnecessary and only complicates the computation for longitudinal

motion of the vehicle. Therefore, a streamlined magic formula is presented in [174]

and used in the present work. This simpler tyre model is validated with a complex

model used in [32]. Details of the Magic Formula are presented in the Appendix. The
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fundamentals of longitudinal force calculations are presented here:

uslip = uground− rwheel ·ωwheel (3.2)

κ =
uslip

uground
(3.3)

where uslip is the longitudinal slip speed, uground is the translational speed of the

vehicle, ωwheel is the rotational speed of the wheel, rwheel is the radius of the wheel and

κ is the tyre longitudinal slip ratio.

Knowing the normal load of the vehicle and tyre slip ratio, the longitudinal

driving force can be calculated with the help of magic formula. In this model this force

can be applied at the wheel contact point or it can be represented as a force acting at the

center of the hub carrier plus a moment acting on the wheel. This moment is given by

Tf riction = rwheel ·Flongitudinal (3.4)

As the longitudinal force for forward motion is provided by friction, Tf riction

will be compensated by the driving torque provided by the transmission with the help

of the PMSM.

3.3 Aerodynamic Behavior

As the speed of the vehicle increases, the aerodynamic analysis starts becomes

more and more critical from a vehicular stability point of view. Any object moving

through air flow is subjected to aerodynamic forces proportional to the square of speed

and the projected area normal to the flow direction. These aerodynamic forces have two

components - one in the direction of flow known as aerodynamic drag and the second

in the perpendicular direction of the flow known as aerodynamic lift. In the present

HEV case, the car model built in VehicleSim®, includes aerodynamic behavior.
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Higher Pressure Zone Lower Pressure Zone

caru

Figure 3.4: Higher and lower pressure zones created around the car due to streamlined
air flow

3.3.1 Aerodynamic drag

dragF

liftF

dragF
caru

Figure 3.5: Overall aerodynamic drag and lift forces applied on the car due to streamli-
ned air flow

Aerodynamic drag is generated as a result of air-flow passing through the surface

of a vehicle. Aerodynamic drag gets maximum contribution form its two important

components, the shape drag and the skin friction. Due to forward motion of the vehicle,

air at the front of the vehicle is compressed and air at rear of the vehicle expands. This

compression and expansion creates higher and lower pressure zones at the front and

rear regions of the vehicle, respectively. Due to this pressure difference, there is an

overall backward force on the vehicle called shape drag. The layer of air closer to the

vehicle surface has the same speed as that of the vehicle but air farther from the vehicle

surface remains at a different speed. This difference of speed between different layers

of air generates net force called the skin friction. Both these forces together are known
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as Fdrag and can be calculated as follows:

Fdrag =Cd ·Au · (ucar + vw)
2 (3.5)

where Fdrag is the total aerodynamic drag, Cd is the drag coefficient, Au is the

projected area normal to the direction of air flow, ucar is the speed of the car and vw is

the speed of the wind parallel to the motion of the vehicle. vw has a negative or positive

sign depending on whether wind flows in the same or in the opposite direction of vehicle

motion. In the present work, vw has been taken to be zero. When the object moves

through a laminar flow and the flow gets divided at the front stagnation point, the flow

remains attached to the vehicle surface and the value of Cd will be very low even after

the stagnation point. But if the air flow gets separated from the vehicle surface after the

stagnation point, it becomes turbulent and Cd increases. The value of Cd depends on the

smoothness and curvature of the surface with respect to the flow. Therefore, the design

of the vehicle and material used for the car body strongly affect the overall drag force.

A reasonable value of Cd is tabulated in Table (3.1). Almost 40% of the total energy

supplied to the vehicle is expended in overcoming the drag force. The total energy lost

in overcoming the drag force depends on the drive cycles (i.e. NEDC) and remains

almost constant for the powertrains having fixed gear ratios ( fdrat = 2,3,4,5,6) and

CVT, as long as the vehicle aerodynamic design is fixed (means having same Cd and Au

in all the cases). In Chapter 8, this fact will be demonstrated clearly.

3.3.2 Aerodynamic lift

When the air passes through the surface of the vehicle, it creates lower or higher

pressure zones. This pressure difference creates an overall force on the vehicle whose

vertical component generates lift force. When the flow of air passes through the front of

the car, it creates very high pressure at front stagnation point and when it passes through

the roof of the car at high speed, it creates a low pressure zone according to Bernoulli’s
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law. The large surface area of the roof of the car generates significant lift force which

can be dangerous at higher speed. Due to this reason, sport cars are designed with

slanted wings so that the generated lift forces push the car in the downward direction to

get balanced and better traction force at higher speed. This lift force can be quantified

as follows:

Ff ,li f t = Cl f ·Au ·ucar
2 (3.6)

Fr,li f t = Clr ·Au ·ucar
2 (3.7)

where Ff ,li f t , Fr,li f t , Cl f and Clr are the front lift force, rear lift force, front lift

coefficient and rear lift coefficient respectively. In simulations it has been found that

total energy lost due to lift forces are very small in comparison to energy lost due to

drag forces.

3.4 Powertrain Transmission

Transmissions are a collection of many mechanical subsystems, which as a unit,

transfer mechanical power from the power source units, such as engine or motor, to

the wheels of the vehicle. Normally, the HEV transmission contains three important

components, namely, gears, differential and driveshaft. There are two kinds of drive

configurations, front-wheel drive and rear-wheel drive. Front wheel-drive is more

compact in design, efficient in assembly due to the absence of driveshaft and has

improved fuel efficiency due to lower weight but suffers from unevenness of weight

and lesser traction force. Rear-wheel drive has even weight distribution, efficient

steering and higher traction force but suffers from a cost point of view because of the

involvement of extra components such as driveshaft, etc. [179]. Manufacturers of the

powerful cars have chosen to go for rear wheel drive mainly because of potential threat

of excessive understeering in front wheel drive. Understeer is the situation when car

turns less than what is expected by the driver. Which drive is better; this debate has gone
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for decades without any conclusive answer. So just for the purpose of demonstrating

modelling methodology, rear-wheel drive is considered in the present work.

Traditional IC engine based vehicles have drivetrain consisting of clutches,

gearbox and differential [180]. Clutches are required to engage and disengage the

engine shaft from the output shaft. Since the engine cannot start itself and the car

simultaneously in motion from initial zero speed, the engine has to shutdown completely

or the engine shaft has to be disengaged from the wheel shaft when the vehicle has

to stop even for a moment. Shutting down the engine immediately is not possible, so

disengaging the engine shaft is the only feasible option. Considering these situations,

the clutch is inevitable in traditional IC engine based vehicles. Clutches are exposed to

very hard friction, so continuous maintenance is required. Since electric motors can

propel both itself and the car from zero speed and can be shutdown in very short time

with faster dynamics, the clutch is not required in an electric motor based drivetrain [26].

Gear boxes are generally used between the driving shaft (engine shaft in the

traditional IC engine based drivetrain and motor shaft in electric or hybrid powertrain)

and the differential. Gears are used in the HEV as a torque multiplier fdrat ·TL (where

fdrat is the final drive ratio and TL is the supplied load torque to the transmission from

the prime mover such as engine or traction motor) at the cost of reducing speed [23].

Since the driving motor has higher efficiency at higher speed relative to the speed of

the driven wheels, single ratio gear can be used to achieve this task. A differential is

required to control the applied torque and rotational speed of the wheels. Differential is

a device which enables a pair of the wheels to rotate at different speeds without slipping

while turning around a corner. The differential is supplied with power from the engine

or the motor through the driveshaft and then this power is distributed to both wheels

in different amounts according to the rotational speeds [181]. In the present work,

the standard differential gear ratio of 3.42 : 1 is used similar to the one in Chevrolet

Corvette Z06.

There are many kinds of transmissions such as manual transmission (MT),
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automatic transmission (AMT) and continuous variable transmission (CVT). Manual

transmission is already in its mature state with the highest possible efficiency of 96%

[182–184]. Automatic transmission is still in a developing state with the highest possible

efficiency of 85.3% [183]. Instead of gear box with discrete number of gears, a CVT

can be used in the vehicle and an infinite number of gear ratios can be attained in

a certain range. The main benefit of using a CVT is that it provides flexibility for

drive sources such as engine or motor to operate in their optimum operating zone

independent of the driven wheels by providing stepless change in gear ratios. Smoother

drive experience, higher drive source efficiency, faster adaptability to varying road

conditions and improved acceleration are a few other advantages of the CVT. The

biggest disadvantages of the CVT are manufacturing cost and frictional losses. With

ongoing research in the field of improved CVT design, better and efficient CVTs are

being produced in the industry with overall average efficiency ranging from 88.4%

to 91%, as described in [182, 183] and 89% to 94%, as described in [25]. There are

many different kinds of CVTs such as rubber belt, metallic belt, toroidal, magnetic,

hydrostatic, ratcheting, cone, and radial roller CVT, etc. These CVTs have different

operating ranges, conditions and efficiencies. The efficiency of the belt CVT is around

88% and for the toroidal CVT, it is 93% [184]. Although the efficiencies of fixed

gears and CVTs change with the applied load torque, in the present work, the average

efficiency of both of these types of transmission has been used in the interest of

simplicity. The advanced XTRONIC CVT produced by NISSAN has significantly

improved the gear ratio range from 6.0 : 1 to 7.3 : 1 and this ratio will be used in the

current work [185]. If the higher gear ratio is taken as 0.427 : 1 and the total gear ratio

range is taken as 7.3 : 1, the lower gear ratio will be 3.117 : 1 [185, 186].

In the present work, the series hybrid powertrain is implemented where a PMSM

is driving the wheels of the car with the help of the transmission. In the overall trans-

mission, two stages of reduction are involved, from motor shaft to differential and

from differential to wheels. The overall reduction from motor shaft to wheels can vary
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continuously between 10.66 : 1− 1.42 : 1 when a CVT is used in the transmission.

The transmission in the present longitudinal vehicle is implemented inside the Vehi-

cleSim® code of the vehicle. The model of the vehicle with the transmission takes

as input the load torque TL provided by the motor (PMSM) and outputs the rotational

wheel speeds ωwheel . The translational speed of the vehicle ucar can be easily calculated.

3.4.1 Implementation of the CVT

The advantage of stepless gear ratios offered by the CVT is that the PMSM can

rotate at its optimum speed while driving the wheels of the car at any speed. This is

achieved by controlling the final drive ratio, fdrat , achieving motor operation in its most

efficient operating region. The power loss model of the PMSM will be described in

Section 4.5 in detail. Here, the knowledge of the PMSM efficiency contours is used to

describe the implementation of the CVT. The power loss model has enabled defining a

relationship between load torque TL and motor speed ωr for which PMSM efficiency

is high. Temperature has significant effect on the overall performance of the CVT

(especially as lower temperature in rubber belt CVT), but in current modelling of the

CVT and PMSM temperature effects are neglected. The following simple relationship

has been chosen given the possibility of practical implementation:

TL = 0.38862ωr. (3.8)

This will be recognized as a straight line on the load-torque vs PMSM-speed

map in Figure 4.15 on page 113, that passes through the middle of the contour of

maximum achievable efficiency of 96%. Since ωr = fdratωwheel , the effective final gear

reduction ratio will be:

fdrat =
TL

0.38862ωwheel
. (3.9)
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Here fdrat is the total gear reduction from motor shaft to the rear wheel of the

car. This includes two stages of reduction, one stage from the CVT, typically in the

range 3.117 : 1−0.427 : 1 [185], and another stage from the differential gear with a

typical value of 3.42 : 1. Consequently, fdrat is allowed to take values anywhere in the

range 10.66 : 1−1.42 : 1.

The dynamic response of the CVT is assumed to be characterized by a first

order lag with a corresponding time constant, τ , and generally, this time constant lies

in the range of a few hundred milliseconds [187]. This time constant includes the

overall average delay of the complete transmission rather than the CVT alone. The

value τ = 200ms is used in the present work. The implementation of the CVT in the

overall model is shown in Figure 3.6.
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Figure 3.6: CVT implementation, k = 0.38862. The subscript ‘m’ corresponds to
‘motor’. Tem is the electromagnetic torque provided by the PMSM and Tf m is the
friction torque inside the PMSM

3.5 Summary

• Detailed multibody dynamic model of the longitudinal vehicle with realistic des-

cription of tyres, aerodynamics resistance, suspension and tyre slip is described in

this chapter. Magic Formula, featuring tyre shear forces and moments represented

by a combined-slip model has been used to describe the tyre model.

• Theory behind the calculations of aerodynamic losses is understood and included

in the loss modelling of the longitudinal vehicle model.
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• Various types of transmission suitable for the HEV powertrain are explored and

implementation of the fix gear ratio and CVT transmission are described in detail.

The VehicleSim® implementation of the longitudinal car dynamics with CVT imple-

mentation is provided in the Appendix.
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CHAPTER

FOUR

PERMANENT MAGNET
SYNCHRONOUS MOTOR
MODELLING

4.1 Introduction

The hybrid powertrain along with the IC engine contains electrical components

such as generator, motor and converters to regulate energy flow. In electrical machines,

a rotating magnetic field transfers energy from the mechanical domain to the electrical

domain and vice versa. A machine which converts electrical energy at the input port

to magnetic energy at the intermediate stage and finally into mechanical energy at the

output port is called a motor. When energy flow is exactly in the reverse direction,

the machine is called a generator. Depending on the direction of the energy flow,

the same machine can be used as both motor and generator. Electrical machines can

be categorized on the basis of their operation and types of input-output energy. The

two main categories are Direct Current (DC) Machines and Alternating Current (AC)

Machines.

DC machines are further categorized as brushed and brushless. DC machines

internally produce only AC signals but with the help of external commutation, produce

DC voltage and current at the output port. In the brushless DC machine back em f

produced due to permanent magnets have trapezoidal shape and stator currents have

conduction of 120◦ duration as shown in Figure 4.1. However, in the brushless AC
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machine rotor magnets are designed in such a way that they produce sinusoidal back em f

with stator currents having conduction duration of 180◦ as shown in Figure 4.1 [25].

AC machines can accept or supply AC currents and voltages directly without any

commutation. AC machines are also divided into two categories, synchronous and

asynchronous. In the synchronous machine, the rotor rotates synchronously with the

oscillating field or current. In the asynchronous machine, the rotor turns slightly slower

than the current frequency such as in the induction machine.

DC machines have very good transient response and therefore implementation of

control is easy. However, use of slip rings and commutators cause severe maintenance

problems, and, the sparking at the brushes presents safety issues. In spite of these

difficulties, the dynamic performance and simple control aspects of the separately

excited DC machine are very attractive. Synchronous machines exhibit all the good

qualities of the separately excited machines such as easy control and good dynamic

response but do not have any of the shortcomings of DC machines such as commutators

and brushes. Asynchronous machines such as induction machines are also free from

the shortcomings of DC machines but the implementation of the control is very difficult

due to slip calculations.

When in the synchronous machine rotor windings are replaced with perma-

nent magnets it is called as a permanent magnet synchronous machine (PMSM). The

PMSM like AC synchronous machines has multiphase stator and speed of the rotor is

directly proportional to the electrical frequency of the stator current. By implementing

appropriate control it can be made to have the input/output characteristics much like

a separately excited brush-type DC machine [47]. The present research work focuses

only on the permanent magnet synchronous motor and generator.
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196 Propulsion systems for hybrid vehicles
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Figure 5.4 Illustration of permanent magnet magnetization orientation

Figure 4.1: Current and voltage in the brushless DC and AC motors [25]

87



4.2 Permanent Magnet Synchronous Motor

Permanent magnet synchronous motors (PMSM) and generators are used in

the present work. In surface mounted permanent magnet synchronous machines, the

permanent magnets are placed on the outer surface of the rotor. These magnets are

used to generate field excitation, so rotor windings are dropped out making the machine

very compact in design. Windings are placed over the stator thereby obviating slip

rings and brushes and making synchronous machines maintenance free. Due to the use

of switch converters to supply the required voltage and current, commutators are also

obviated. The use of magnet reduces the weight and complexity of the whole machine,

and the maintenance cost. PMSMs are easy to build and permanent magnets are easily

magnetized. Permanent magnet synchronous machines are more reliable, efficient and

have longer service life in comparison to DC machines. A cross-sectional structure of

surface mounted PMSM is shown in Figure 4.2 [188].
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� When a three-phase alternating current is passed through the three-phase windings of the stator coil, a
rotational magnetic field is created in the electric motor. By controlling this rotating magnetic field
according to the rotor’s rotational position and speed, the permanent magnets that are provided in the
rotor become attracted by the rotating magnetic field, thus generating torque.
The generated torque is for all practical purposes proportionate to the amount of current, and the
rotational speed is controlled by the frequency of the alternating current.
Furthermore, a high level of torque, all the way to high speeds, can be generated efficiently by properly
controlling the rotating magnetic field and the angles of the rotor magnets.
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� On ’04 Prius, structure of each built-in
permanent magnet inside the rotor of MG2 has
been optimized by redesigning it to V-shaped
structure to improve both power output and
torque of the rotor. By power output, it has been
improved by approximately 50 % more power as
the one of ’03 Prius.

� For MG2 control, a newly developed
over-modulation control system has been
adopted to the medium-speed range, in addition
to the existing low- and high-speed control
methods. By improving the pulse width
modification method, the output in the
medium-speed range has been increased by a
maximum of approximately 30 %.

Figure 3.1: Cross sectional view of a surface mounted PMSM [145]
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Figure 4.2: Cross sectional view of a surface mounted PMSM [188]
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Depending on the field flux direction, PMSMs can be broadly categorized in two

categories [49] as shown in Figures 4.3 and 4.4 :

• Axial Flux PMSM: When the direction of the produced flux is parallel to the axis

of the rotor shaft it is called as Axial Flux PMSM.

• Radial Flux PMSM: When the direction of the produced flux is along the radius

of the rotor shaft it is called as Radius Flux PMSM.

116 Permanent Magnet Synchronous and Brushless DC Motor Drives

fl ux machines or pancake machines [178–184] in industrial circles. Such a machine 

with one stator and one rotor and two stators and one rotor are shown in Figure 1.73a 

and b, respectively. Each of these machines can be considered as a stack and such 

multiple stacks can be cascaded for increasing the power and this was realized in the 

automotive industry in the late 1960s for developing a line of various power trains for 

various models. Such a concept has gained momentum again in the 1990s for naval 

propulsion applications even in the multimegawatt range of power. The construction 

is much simpler in concept than in practice. The stator iron is laminated in the radial 

direction and resembles concentric rings that usually have a constant slot width and 

tapered teeth because the magnets are pie-shaped and its area of cross-section facing 

the air gap grows along the radial direction. Such an arrangement of the slots and 

teeth makes the radial fl ux density in the teeth constant. The axial fl ux machine with 

single rotor and single stator has the disadvantage of having attraction force between 

the stator and magnets and uneven forces due to manufacturing tolerances and they 

are mostly eliminated in the machine having two stators one on each side of the rotor 

and one rotor or vice versa. The machine with a single stator and rotor has back irons 

in both whereas the one with two stators and one rotor has no back iron in the rotor 

but has back irons in the stator. Because of two stators, its power density is higher 

than the other machine with one stator. The key to this machine construction is the 

way the laminations are assembled. It has presented a formidable problem over the 

years but manufacturing solutions have been around to mitigate the complexities of 

manufacturing the laminations and their assembly. Unquestionably, the radial fi eld 

machines are superior in the simplicity of manufacture and assembly and hence their 

overwhelming popularity and presence in the market place. However, the axial fl ux 

machines have some advantages and they are shown via an example covering four 

types of axial fl ux machines with their counterpart radial fl ux machine. All machines 

have trapezoidal-induced emf to work as a PM brushless dc machine. A brief descrip-

tion of the four different types of axial fl ux PM brushless dc machines together with 

the radial fl ux machine for comparison [182] is given in the following:

FIGURE 1.73 Axial fl ux PM machines: (a) one stator and rotor; (b) two stators and one 

rotor.

Rotor assembly Rotor assemblyStator coils

Permanent magnet(a) (b) Permanent magnet

Stator coils Stator coilsStator core Stator core Stator core

© 2010 by Taylor and Francis Group, LLC

Figure 4.3: Axial PMSM (a) one stator and rotor; (b) two stator and one rotor [49]

Different ways of arranging magnets on the surface of the machine rotor creates further

categories of the radial flux PMSM [49] as shown in Figure 4.4:

• Surface-Mounted PMSM: In this arrangement, magnets are directly mounted

on the surface of the machine rotor facing air-gap. This kind of arrangement

provides highest air-gap flux density but this arrangement is less robust at higher

speed due to centrifugal force on magnets.

• Surface-Inset PMSM: In this arrangement, magnets are placed in the grooves on

the outer surface of the machine rotor providing more mechanical strength to the

magnets to stay on the machine rotor during high speed operations.

• Interior PMSM with radial and circumferential orientation: In this arrangement

magnets are buried inside the rotor, rather than on the surface, with radial and
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32 Permanent Magnet Synchronous and Brushless DC Motor Drives

aligned position by 90°, the stator fl ux sees the interpolar area of the rotor contain-

ing only the iron path and the inductance measured in this position is referred to as 

quadrature axis inductance. Inductance is derived from device dimensions, air gap 

length and number of turns as

 

2
ph ph ph ph phT T F T T I T

L
I I I I

φλ= = = = =
ℜ ℜ ℜ  

(1.42)

where

Tph is the number of turns

φ is the fl ux

F is the mmf

I is the current in the coil

ℜ is the reluctance given by

 o r A
ℜ =

μ μ
�

 

(1.43)

FIGURE 1.25 (a) Surface PM (SPM) synchronous machine. (b) Surface inset PM (SIPM) 

synchronous machine. (c) Interior PM (IPM) synchronous machine. (d) Interior PM synchro-

nous machine with circumferential orientation. (From Krishnan, R., Electric Motor Drives, 
Figure 9.5, Prentice Hall, Upper Saddle River, NJ, 2001. With permission.)
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Figure 4.4: Different types of PMSM (a) Surface-Mounted PMSM. (b) Surface-Inset
PMSM. (c) Interior PMSM with radial orientation. (d) Interior PMSM with circumfe-
rential orientation [49]

circumferential orientation respectively. These PMSMs have highest mechanical

robustness during high speed operation and high ratio between the quadrature and

direct axis inductances. Complex manufacturing process is the biggest drawback

of these kinds of PMSMs.

Due to presence of the permanent magnet on the rotor of the PMSM there is

a interaction between rotor magnets and stator teeth. This interaction causes change

in the magnetic energy around the stator teeth which further generates the cogging

torque. This torque in undesirable for the PMSM (sometimes due to improper design

they goes up to 25% of the electromagnetic torque). Cogging torque is mainly affected

by machine design variables such as magnet strength, stator slot width and irregularities

in the manufacturing of the PMSM. The best way to eliminate the cogging torque is to

completely eliminate the stator teeth which practically makes the cogging torque equal
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to zero [189]. Such PMSMs are called as slottless PMSM as shown in Figure 4.5. But

after the elimination of the stator teeth retention of the stator windings on the stator is

far greater manufacturing challenge. Therefore, such slottless PMSMs are generally

used for lower power and speed range operations [49]. There are several other methods

to minimize cogging torque especially for the slotted PMSMs, as proposed in [49], such

as skewing (phase shifting of the stator laminations along the axial direction in radial

flux machines), varying the width of rotor magnets and stator slots, shifting alternate

pair of poles, and notching of teeth etc.

Figure 4.5: Cross-section of slotted and slottless PMSM [189]

The PMSM has many other advantages in the HEV over other machines. For

instance, the use of permanent magnets in the rotor causes constant air-gap flux to be

controlled by magnet strength alone. Although air-gap flux can be further increased

or decreased by manipulating direct-axis current id (air-gap flux increases when id > 0

and decrease when id < 0). Furthermore, the electromagnetic torque can be controlled

separately by controlling the stator current. Both of these characteristics are special

features of separately excited DC machines. For the same output, the PMSM will

operate at a higher power factor with no losses in slip rings and brushes, making it

more efficient overall. The PMSM also has higher torque-to-inertia ratio and power

density when compared to the induction machine or the wound-rotor synchronous

machine, making it most suitable in the weight constrained HEVs. Due to the compact

design, cooling is very easy and efficient in the PMSM as compared to the induction
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machine. Operation of the PMSM in field weakening zone or heavy eddy currents can

demagnetize the permanent magnets [23]. For this reason PMSMs are built and used

for small and medium power application.

4.2.1 PMSM drive

In general, two kinds of PMSM drives are available, with sinusoidal flux distri-

bution and trapezoidal flux distribution. In trapezoidal-flux-distribution machines (also

known as PM brushless DC machines) power density is 15% higher than sinusoidal-flux-

distribution machines. This difference can be attributed to the fact that the ratio of the

rms value to peak value of the flux density in the trapezoidal-flux-distribution machine

is higher than that of the sinusoidal PM machine. In trapezoidal-flux-distribution ma-

chines, the produced torque has ripples due to the high rate of change in currents, which

is unacceptable for dynamic-performance applications [49]. Therefore, trapezoidal-flux-

distribution is inadequate for providing smooth and precise motor control specifically

at lower speeds whereas sinusoidal-flux-distribution machines have smooth dynamic

responses in every operating region. In the present context, PMSM refers to the sine

wave-wound PMSM following the convention used in most of the literature. These

motors are also called non-salient pole synchronous machines because they have equal

inductance in the quadrature and direct axis. In the HEV, the motor drive is used to

enable the motor to track the given speed profile with performance constraints (good

tracking even in the low torque and low speed regions).

To drive the PMSM, the vector control (also known as the field oriented control)

technique [190] is employed to obtain the best performance in the speed tracking. This

technique requires expensive rotor-speed and current sensors. There are also several

sensorless vector techniques proposed in the literature to overcome this problem as

well [69]. However, considering the smooth and dynamic response of the system in

return, this is acceptable. Figure 4.12 gives a high level structure of the PMSM drive

used in the present work. The controller receives the feedback from the car, which is

92



Power 
Processing 

Unit
(VSI)

PMSM 

Controller

Car
(Load)

DC‐Link 
Supply

Control 
Inputs

Feedback Signals as 
current & speed

bV
cV

aV

Control    Signals

loadT

caru

di qi

dcV

,car refu
,d refi

,q refi

s

Figure 4.6: High level design of the PMSM motor drive

driven by the PMSM, and then triggers the power processing unit in such a way that it

generates required voltage and current input for tracking the speed profile. Electrical

power to the overall drive is provided by the DC-Link, which is maintained at constant

voltage by the permanent magnet synchronous generator (PMSG) or the battery as will

be shown in Chapter 8.

4.2.2 Permanent magnet synchronous motor model in the

D-Q frame

With improvements in the production of permanent magnets and high resistivity

rare-earth metals, PMSMs became favourable for usage in HEVs. Since the materials

used for magnets such as NdFeB (Neodymium-iron-boron) have high resistivity, the

induced current in the rotor is negligible at normal operation speeds. Permanent magnets

replace all functionalities of rotor coils with no difference in terms of performance.

In a PMSM, a voltage source inverter supplies sinusoidal voltage to the stator

windings causing the flow of sinusoidal currents. These sinusoidal currents generate

a rotating MMF (magnetomotive force) at current frequency. This rotating MMF

interacts with the overall magnetic field of the permanent magnets. The interaction

forces the rotor to rotate with the same synchronous speed as of the sinusoidal current

frequency [23, 190]. Voltage and current with variable frequency and magnitude
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are supplied to the stator windings to control rotor speed. When the motor model

is presented in the reference frame fixed to the rotating rotor, the equations for the

motor control become independent of the rotor position. This transformation makes

the implementation of control for the PMSM very similar to separately excited DC

machines. Such a rotating reference frame in the literature is known as the d− q

reference frame [51].

a, b and c are the three phase equally 
spaced winding axes

d and q are the mutually 
perpendicular rotating axes
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Figure 4.7: Three phase (abc) and two phase (d−q) representation of the PMSM

The mathematical model of the PMSM can be derived in the same manner as

for the wound-rotor synchronous motor. Pillay and Krishnan [51] made the following

assumptions in order to derive a mathematical model of the PMSM:

1. Saturation is neglected although it can be taken in account by parameter changes.

2. The induced EMF is sinusoidal.

3. Eddy currents and hysteresis losses are negligible.

4. There are no field current dynamics.
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5. There is no cage on the rotor.
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Figure 4.8: Transformation of the PMSM equations from three phase (abc) to two phase
d−q rotating axes

With these assumptions, equations for the PMSM in the rotating rotor reference

frame d−q can be described as [51, 191]:

vq = Riq +
dλq

dt
+ωeλd (4.1)

vd = Rid +
dλd

dt
−ωeλq (4.2)

where

λq = Lqiq (4.3)

and

λd = Ldid +λ f (4.4)

vd , vq, id , iq , Ld , Lq, λd and λq are the stator voltages, stator currents, stator inductances

and stator flux linkages in the direction of d and q axes respectively. R and ωe are the

stator resistance and inverter frequency (speed of the rotating electromagnetic field)

respectively. λ f is the flux linkage due to the other rotor magnets linking the stator.

The electromagnetic torque is given by the following equation [191]:

Te = 3p[λ f iq +(Ld−Lq)idiq]/2 (4.5)
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and the rotor dynamics equation is

Te = TL +Bωr + Jm
dωr

dt
(4.6)

where p is the number of pole pairs, TL is the load torque, B is the damping constant, ωr

is the rotor speed and Jm is the moment of inertia of the rotor. The various motor losses

in the motor such as damping, windage, hysteresis, eddy and frictional are included in

the PMSM loss model by introducing a novel frictional torque Tf . Details about the

modelling of this novel frictional torque are presented in Section 4.5.

The rotor speed and the inverter frequency are related as:

ωe = pωr (4.7)

It can be seen that the model given here is a non-linear coupled system as shown

in Figure 4.8. The state space form of the equations is as follows:

did
dt

= (vd−Rid +ωeLqiq)/Ld (4.8)

diq
dt

= (vq−Riq−ωe(Ldid +λ f ))/Lq (4.9)

dωr

dt
= (Te−Tl−Bωr)/J (4.10)

The d,q voltages are related to the stator windings voltages, va, vb, vc according

to the Park transformation [191]:


vq

vd

vo

=
2
3


cos(θ) cos(θ −2π/3) cos(θ +2π/3)

sin(θ) sin(θ −2π/3) sin(θ +2π/3)

1/2 1/2 1/2




va

vb

vc


Here va, vb, vc are the voltages produced in the windings a, b and c respectively. θ is

the instantaneous position of the rotor with respect to the fixed winding phase a. vo is
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the sum of all the three phase winding voltages and for balanced three phase supply,

generally this value is taken as zero.

The reverse transformation is also possible, i.e., a, b, c variables can be obtained

from d−q variables using the inverse park transform, as follows:


va

vb

vc

=


cos(θ) sin(θ) 1

cos(θ −2π/3) sin(θ −2π/3) 1

cos(θ +2π/3) sin(θ +2π/3) 1




vq

vd

vo


Figure (4.8) represents the transformation of equations of the PMSM from three phase

(a−b− c) reference frame to the two phase rotating reference frame (d−q).

The total power input in the PMSM can be presented as follows [191]:

Pin = va · ia + vb · ib + vc · ic (4.11)

Total output power is

Pout = TLωr (4.12)

Similarly, the power can be calculated in the d−q frame [191]:

Pin =
3
2
(vqiq + vdid) (4.13)

When the overall losses are considered:

Pin = Pout +Ploss (4.14)

Ploss = Pl,c +Pl,e +Pl,h +Pl,b +Pl,w (4.15)

Pl,c =
3
2

R(i2q + i2d) (4.16)

where Pl,c is the copper loss, Pl,e is the eddy current loss, Pl,h is the hysteresis loss,

Pl,b is the bearing loss and Pl,w is the windage loss. Only the expression for copper
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loss evaluation is given here. A novel model accommodating all other losses will be

described in detail in Section 4.5.

4.3 Power Processing Unit

The task of the drive unit is to deliver the required electrical power to the

machine by controlling its voltage or current. When it supplies voltage, it is known as

a voltage source inverter (VSI) and when it supplies current, it is known as a current

source inverter (CSI) [192, 193]. The current source inverter works as an ideal current

source which supplies constant current irrespective of the load. It is designed by adding

a very high impedance (an inductor of high value) in series with a DC voltage source.

The voltage source inverter works as an ideal voltage source applying constant voltage

across the load irrespective of any variation in the load. It is designed by adding a

capacitor in parallel to a constant DC voltage source. The topology of a VSI is more

efficient in comparison to a CSI because it offers higher bandwidth in operation and

eliminates current harmonics [194]. Figure 4.9 shows the circuit of the PMSM, fed by

three phase DC to AC converter.
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Figure 4.9: Three Phase DC to AC Inverter-fed PMSM
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The main objective of the voltage source inverter is to invert the input DC

voltage to three phase AC voltage. There are many ways in which the inverter can

be designed - line commutated inverter, force commutated inverter and switch mode

converter. Line commutated converters have thyristor based topology and are controlled

by the firing angle of the thyristor. These inverters are fully controlled and can be used

for very high power ratings as well. However, these are bulky in design and work well

only with line frequencies in the range of 50− 60 Hz. Therefore, line commutated

inverters are used for high power applications only [194]. Switch mode converters are

designed by gate controlled switches such as BJT, MOSFET, IGBT, etc. These switches

can be turned on and off at very high frequencies. Therefore, these converters are

suitable for speed control drives where the speed of the motor is directly proportional

to the current frequency. The most popular and efficient methods of voltage control in

these converters involve the use of pulse width modulation techniques [195].

There are many modulation techniques available in the literature but the sinusoi-

dal pulse width modulation technique is considered the best one. IGBTs can turn DC

voltage on and off with specific duty cycles and these duty cycles are proportional to

the magnitude of the sinusoidal wave. A reference sine wave with desired frequency

is compared to a high frequency triangular wave generating the pattern for the pulse

width. This pulse width pattern controls the switching duration of IGBTs. Due to this

pulse width modulation, an AC voltage of variable frequency and variable amplitude is

produced at the output of the inverter [195].

In general, there are three levels of modelling approach for converters, detailed

model, small signal model and average model. Detailed modelling of VSI includes

the detailed switching frequency dependent model of IGBT switches. These detailed

switching models are useful in the analysis of switching frequency current ripple,

current harmonics, high frequency spectrum, oscillations of switching currents and

effects of various PWM modulation schemes. The small signal model of any system

can be derived by linearizing the nonlinear model around a stable solution of system
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dynamics. This model is only valid for small perturbations of the system around its

stable operating point (for switches this stable point is around its DC bias) but not very

useful in the cases of large signal dynamics. In average modelling, higher frequency

effects are not considered and variables changing at high frequency are averaged out

over switching periods. These kinds of average models still allow the analysis of

large signal transients while the computational burden of high frequency details is

eliminated [196]. The inverter dynamics is of the order of kHz but in the context of the

present work, the prime interest lies in modelling and investigating the system behavior

in the range of 0.1 to 10 Hz. Therefore, for the present research purposes, an average

switching model can be used without any loss in accuracy.

The simulation results have shown that the average modelling approach is

justified because it allows the simulation speed to be increased substantially without

compromising the accuracy of the results. In AC converters, even at the steady-state, the

system variables have sinusoidal values and therefore, the model cannot be linearized.

However, by transforming the variables into the rotating d−q frame, a linear average

model of the converter can be achieved. Average model of the switches and VSI in the

d−q frame is explained in the next section.

4.3.1 Average model of the three phase DC/AC converter (In-

verter)

Three Phase converters are mainly known as inverter and rectifier depending on

the inversion or rectification of the input signals. Three phase rectifiers and inverters are

used in the present work for delivering the required power from power source to power

sink. With the help of switchings, the inverter supplies variable voltage and variable

current to the PMSM for adjusting the speed drive. In modelling of the physical system,

it is important to recognize the most important and dominant factors of system behavior.

For this purpose, some dynamics are modeled in a detailed way and some dynamics
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are simplified and linearized. Fast and complicated system dynamics are generally

ignored or averaged out to focus more on the important dynamics. While modelling

the three phase converters, knowledge of the relationship between the output variables

(voltage and current) and the input variables (voltage and current) are more important,

so high frequency ripples in these variables can be neglected. Principles of inductor

volt-balance and capacitor charge-balance are used to develop relationships between

the average values of input and output variables of the converter during steady state

operation. By averaging a variable over one time switching period, high frequency

ripples are eliminated and low frequency contents illustrate the behavior trend of that

variable [70]. Since the average value of that variable varies from one switching period

to another, the overall average behavior is preserved and only higher frequency details

are neglected. This averaging technique is called “moving average” and is described in

the form of Equation 4.17.

〈x(t)〉T (s) =
1
Ts

∫ t+Ts

t
x(τ)dτ (4.17)

Suppose x(t) is a pulsating signal to the input terminal of the switch giving

pulsating signal y(t) at the output terminal of the switch.

x(t) =

 Yon, 0 < t < dTs Switch is ON

Yo f f , dTs < t < Ts Switch is OFF
(4.18)

This output signal takes average values Yon during ON period of the switch and

Yo f f during OFF period of the switch with duty period d. The relationship between the

average values of the input and output variables during one switching period Ts will be
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given by:

〈x(t)〉T (s) =
1
Ts
(
∫

0
dTsx(τ)dτ +

∫
dTs

Tsx(τ)dτ) (4.19)

=
1
Ts
(d ·Ts ·Yon +Ts · (1−d) ·Yo f f ) (4.20)

= d ·Yon +(1−d) ·Yo f f (4.21)

Duty period for a signal denotes the ratio of the time duration when the switch

is ON to the total switching period. The longer the time period the switch is ON, the

higher the duty cycle and correspondingly higher the average value of the output signal.

The value of the duty period varies from a maximum of 1 (when the switch is ON over

the complete switching period) to a minimum of 0 (when the switch is OFF over the

complete switching period). If this averaging is done over each switching period of the

input signal, the discrete duty periods become a continuous duty cycle function d(t)

eliminating high frequency ripples but preserving the relationship between the average

values of input and output variables at the terminals [197, 198]. When the duty period d

is represented by a continuous duty cycle function d(t), then the relationship between

the average value of x(t) and y(t) can be described as:

〈x(t)〉= d(t) · 〈y(t)〉 (4.22)

The averaging action is similar to applying a low pass filter to input signals

having high frequency ripple content. This filtering action is naturally brought about by

the parasitic elements used in the input and output network circuitry, and it becomes the

physical basis for average models of PWM switches in a particular switch and in the

converter as a whole. By turning on and off at high frequency switches with variable

duty cycle d(t), the PWM converter regulates voltage and current at the output terminal.

Figure 4.10 presents the canonical switching cell, where the behavior of an ideal switch

is presented. This canonical switch has three terminals namely active (â), passive (p̂)

and common (ĉ). In an ideal switch, switching variable s can instantaneously take
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either of the two values, 0 (ON) or 1 (OFF). The terminal behavior of an ideal switch in

a detailed model can be described by following equations [198]:

iâ = s · iĉ (4.23)

vĉ p̂ = s · vâ p̂ (4.24)

where s can take values either 0 and 1 according to following conditions:

s =

 1, 0 < t < dTs Terminals ĉ and â are connected

0, dTs < t < Ts Terminals ĉ and p̂ are connected
(4.25)

By taking the average over a switching period, the discrete switching variable s can be

replaced with duty period d [198].

〈iâ〉 = d · 〈iĉ〉

〈vĉ p̂〉 = d · 〈vâ p̂〉 (4.26)

The most important step in averaging the switching network is to replace the
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Figure 4.10: Detailed and average models of the PWM switch

converter switches with voltage and current sources as shown in Figure 4.10 [70]. This

averaged switch model can be placed in any of the PWM based converter topologies by
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just replacing all the switching networks with the averaged switch model. It has been

found that all the circuit analysis laws such as KCL and KVL, which are applicable

for the instantaneous values of the voltage and current are also very well applicable to

their average value counterpart in the same circuit. So, averaging all the switches in a

network leads to averaging the whole circuit network, without doing any topological

changes. This average switch model is applied to get the average behavior of the DC/AC

converter in the present work.

An optimal DC to AC converter should output pure AC voltage and current and

should draw pure DC current at unity power factor from the DC-Link. All the elements

involved in the circuit given in Figure 4.9 are linear time invariant (LTI) and all the

switches are bi-directional. The switches operate in continuous conduction mode and

are turned on and off in such a way that the input DC voltage is never shorted. By using

the concept of average modelling of the PWM switching, as given in Equation (4.26)

and described in Figure 4.10, the DC/AC converter can be modeled as [69]:

idc = da · ia +db · ib +dc · ic (4.27)

idc is the DC current drawn though the DC-Link by the inverter to supply three phase

AC currents (ia, ib, ic) and three phase AC voltages (Va, Vb, Vc) to the motor.

va = vdc

(
da−

da +db +dc

3

)
(4.28)

vb = vdc

(
db−

da +db +dc

3

)
(4.29)

vc = vdc

(
dc−

da +db +dc

3

)
(4.30)

where da, db and dc are the bipolar switching functions. Each converter leg has two
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switches and the switching is defined as follows:

d j =


1, S j closed

j = a,b,c.

0, S
′
j open

(4.31)

Equations (4.27)-(4.30) express the relationship between the DC and AC sides under

certain switching pattern. After the transformation from abc to dq0 frame, Equations

(4.27)-(4.30) can be expressed as follows [69, 199]:

idc =
3
2
(dq · iq +dd · id) (4.32)

vd = dd · vdc (4.33)

vq = dq · vdc (4.34)

where dd , dq stand for the switching patterns or duty cycles in the d−q frame.

4.4 Speed Control of the Permanent Magnet Syn-

chronous Motor

The wheels of the car are connected to the motor shaft with the help of the

transmission. The nature of the transmission has already been described in Chapter 3.

At every instant of time, there is a fixed ratio between the rotational speed of the wheels

and motor speed, decided by the transmission. Therefore, the speed of the wheels is

directly proportional to the speed of the motor. To control the speed of the car, a speed

controller for the motor has to be designed. In order to design a speed controller, a

linear model of the motor is required. The vector control technique is commonly used

to linearize the motor model. In order to derive the maximum torque out of the power
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supplied, the direct axis current id needs to be kept parallel to the rotor flux direction.

Since the quadrature axis is perpendicular to the direct axis, only the quadrature axis

current iq will play a role in determining the torque. id contributes only in the increase

and decrease of the net air-gap flux. If id has non-zero positive value (id has the same

direction as the rotor flux), then the net air-gap flux will increase and if id has non-zero

negative value (id has opposite direction to the rotor flux), then the net air-gap flux will

decrease [200]. By forcing id = 0, the following equations can be derived [51,60,62,65]:

λd = λ f (4.35)

Te = 3Pλ f iq/2 (4.36)

From Equation (4.36), it is clear that torque is a linear function of the quadrature

current and by controlling iq alone, the electromagnetic torque produced in the motor

can be controlled. This is the way by which vector control technique linearizes the

PMSM model. Although this control scheme is derived for the linear model of the

PMSM, it is required that it operates over the entire speed range of the PMSM.
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Figure 4.11: Schematic diagram of the control loops of the PMSM with the longitudinal
car. Symbols used in diagram represent conventional variables as described in different
equations of PMSM drive.

The complete strategy for speed control of the PMSM is presented in Figure

4.11 and the simulink implementation block diagram is given in Figures 4.12- 4.14.
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Once the dynamic equations of the PMSM and controllers are obtained in the rotating

d−q reference frame, speed control is a straightforward job. Two PI controllers are

used, one for the quadrature current iq and another for the direct current id . Since

current space vectors in the d− q frame are static, the PI controllers operate on DC

quantities rather than sinusoidal signals. This isolates the controllers from the time

variant winding currents and voltages eliminating the limitation of controller frequency

response and phase shift on the motor torque and speed [190]. Using this vector control

technique, the quality of current control largely remains unaffected by the rotation of

the motor. In Figure 4.11, two control loops are presented and their details are presented

in the next section.

4.4.1 Voltage and current control loop design

First the speed difference is calculated by setting the reference speed ucar,re f

and taking feedback of the actual speed of the car ucar. From this speed difference, the

reference torque Tre f is calculated by using the driver model. The outer speed controller

gives current reference (current reference idq,re f =
Tre f
Kt

, where Kt is just an constant

factor) [191], which gets multiplied with the required power factor and corresponds to

the amplitude of the reference phase currents.

idq,re f =
Tre f

Kt
= (Kp +Ki

∫
dt){ucar,re f −ucar} (4.37)

Optimal performance of the DC/AC converter in terms of power can be achieved

when the converter draws perfect DC current at unity power factor from the DC-link.

So, in order to achieve the unity power factor, sinφ = 0 and cosφ = 1 are taken. The

reference signals should satisfy id,re f = 0. Since sinφ = 0, the converter outputs no
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reactive power. The required terminal voltages are given as follows:

v∗d = k11 + k12

∫
(id,re f − id−actual)

v∗q = k21 + k22

∫
(iq,re f − iq−actual) (4.38)

k11, k12, k21 and k22 are proportional and integral gains for the PI controllers for the

control loops.

v∗d and v∗q in Equation (4.38) are required voltages to be applied at the coil

terminals. Although in reality, the PWM converters are used to generate these voltage

signals, it has been assumed here that these voltages are generated instantaneously by

the average PWM switch model, ignoring the detail dynamics of the PWM switchings.

Since the PWM switching dynamics is very fast in comparison to the longitudinal

dynamics of the powertrain and has insignificant energy loss, it can be neglected. It

can therefore be safely assumed that the required voltages v∗d and v∗q are provided to the

motor by the average model without using PWM in the simulation model [192]. Since

magnitudes of the d−q axes voltages vd and vq depend on the DC-link voltage and can

not be more than that, therefore dynamic saturations are used to limit the desired v∗d and

v∗q as shown in Figure 4.13.

vd = v∗d

vq = v∗q (4.39)

In Equation (4.38), the command signals id,re f and iq,re f are determined in such

a way that the maximum electrical torque can be generated in the PMSM to track

the desired speed profile. In the meantime, vd and vq ensure the actual currents be

equal to id,re f and iq,re f respectively, therefore, both the amplitude and phase can be

controlled. Figure 4.13 represents the Simulink model of both control loops. vd and

vq are supplied to the motor as mentioned in Equations (4.8)-(4.9) generating id and

iq, used as feedback to the current control loop. Since the constant DC-link voltage is
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known beforehand, the duty cycles dd and dq can be determined by Equation (4.34)

dd =
vd

vdc
(4.40)

dq =
vq

vdc
(4.41)

The DC current desired by the motor can be determined by Equation (4.27) as follows:

idc =
3
2
(dq · iq +dd · id) (4.42)

4.4.2 Simulink implementation of the PMSM drive
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Figure 4.12: Simulink block diagram of the PMSM drive

In this section, the simulink block diagram of the PMSM drive is presented.

Figure 4.12 presents the high level view of the PMSM drive, which is driving a longitu-

dinal car. Since all the components in the hybrid powertrain are first tested standalone,

here also the PMSM, which is a prime mover, is tested standalone with the longitudinal

car alongwith its transmission as the driven load. In the complete powertrain, there

will be a PMSG and a battery with their respective converters to feed the DC-link.
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Furthermore the DC-link feeds the inverter to supply the power to the PMSM drive.

For the standalone testing of PMSM, the inverter is supplied with the constant voltage

of vdc = 700V. Figure 4.14 describes the calculation of the load torque TL = Te−Tf

which is applied on the transmission shaft of the longitudinal car, which in turn rotates

the wheels of the car. The rotational speed of the motor shaft and forward speed of

the car are taken as feedbacks for the speed controller of the PMSM and driver model

respectively. The longitudinal car model developed in VehicleSim®, and exported to

simulink as an s-function. This s-function takes the load torque as input and outputs the

motor shaft and vehicle speed. Since load torque TL is applied on the coupled inertia of

the motor and transmission, therefore the inertia Jm of the motor shaft is included in

the transmission of the longitudinal car inside the s-function itself. In this way, the car

model serves as a mechanical load of the PMSM model.

4.5 Power Loss Model of the PMSM

The PMSM parameter values used correspond to the AFM-140 axial flux,

PMSM developed and manufactured by EVO Electric [201] and are shown in Table 4.1.

Table 4.1: Parameter values of the PMSM.
PMSM Parameter Symbols Values
Nominal rated power Pn 75 KW
Maximum speed ωn 5000 RPM
Stator resistance R 0.04 Ω

D axis stator inductance Ld 0.002 mH
Q axis stator inductance Lq 0.002 mH
Rotor magnetic flux λ f 0.1252 Wb
Moment of inertia J 0.05 Kgm2

Number of pole pairs p 6

The dynamic model of the PMSM given by Equations (4.5) to (4.9) involves

only losses due to the resistance of the copper windings. However, there are several

other mechanisms of energy dissipation in the PMSM such as eddy current losses

(Pl,e ∝ ω2
r ), hysteresis losses (Pl,h ∝ ω2

r ), mechanical losses comprising bearing losses
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(Pl,b ∝ ωr) and windage losses (Pl,w ∝ ω5
r ) [202]. In order to obtain a more accurate

prediction of the motor efficiency in comparison to the steady-state experimental

measurements provided by the manufacturer [201], a rotor-speed-dependent friction

torque is included in the model. This friction moment is acting on the rotor and under

equilibrium conditions, it is related to Te and the load torque, TL, according to

Te = TL +Tf . (4.43)

In order to quantify Tf , expressions for Pin, the total power-in (electrical) and

Pout , the total power-out (mechanical), of the PMSM in steady state, are derived. Hence,

Pin =
3
2
(vqiq + vdid) =

3
2

i2qR+Teωr

=
3
2

(
Te

3
2λ f p

)2

R+Teωr, (4.44)

in which it was assumed that id = 0 and Equation (4.36) was used to substitute iq.

Similarly,

Pout = TLωr. (4.45)

Power efficiency is defined as

η =
Pout

Pin
. (4.46)

By substituting Equations (4.43), (4.44) and (4.45) in (4.46) and rearranging, yields

2R
3λ 2

f p2 T 2
L +

(
4RTf

3λ 2
f p2 +ωr−

ωr

η

)
TL +

2RT 2
f

3λ 2
f p2 +ωrTf = 0. (4.47)

This equation can be written as a simple quadratic equation in TL as follows:

aT 2
L +bTL + c = 0, (4.48)

where a =
2R

3λ 2
f p2 , b =

4RTf

3λ 2
f p2 +ωr−

ωr

η
, and c =

2RT 2
f

3λ 2
f p2 +ωrTf .

112



TL is therefore given by

TL(η ,ωr) =
−b±

√
b2−4ac

2a
, (4.49)

which is a function of efficiency and rotor speed. The friction torque is chosen so that

the constant efficiency contours on TL-ωr axes fit the experimental results in [201] at

different efficiencies, as shown in Figure 4.15.
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Figure 4.15: PMSM steady-state power efficiency map for the variations in load torque,
TL, and rotor speed, ωr, for the experimental results in [201] (red dashed line) and for
the PMSM model in Equation (4.49) (blue solid line). The contours correspond to
constant efficiencies in the range 75%-96%.

At first constant torque functions was used but there was no formation of

contours of efficiencies. At next stage a cubic function of ωr was chosen for Tf .

Although this time contours of constant efficiencies were formed but predicted and

experimentally generated contours were not giving good match. Finally after a lot of

tuning a novel function for friction torque is proposed, which gives best matching of

efficiency contours [7] as described in Equation (4.50)

Tf =
2
π

arctan(a1ωr)
[
a2e−a3|ωr|+

(
a4(|ωr|−a5)+a6(|ωr|−a5)

2) (4.50)

·
(

2
π

arctan(a7(|ωr|−a5))+a8

)
+a9

]

and its parameter values are found by trial and error to be a1 = 10, a2 = 6.0, a3 = 0.6,

a4 = 0.03, a5 = 250, a6 =−1.0×10−5, a7 = 0.008, a8 = 0.75 and a9 = 2.1.

113



The variation of Tf with positive rotor speed is illustrated in Figure 4.16. It can
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Figure 4.16: Variation of the PMSM frictional torque, Tf , with rotor speed, ωr.

be seen that at low speed (very near to ωr = 0), the variation involves some familiar

characteristics of mechanical friction, such as static and coulomb friction type behaviors.

Here, it is important to remember that Tf is not a friction force in real sense rather it is

just a conceptual force used in this model to calculate both electrical (eddy and hysteresis

current losses) and mechanical losses (bearing and windage loses), so following a pattern

of real mechanical friction is not necessary for Tf . Finally, this particular shape of the

friction force Tf is achieved by tuning its parameters to get best fit on the experimentally

provided efficiency map as shown in Figure 4.15. The first arctan term in Equation

(4.50) is used to provide correct representation of the torque at negative speeds and also

to smoothen discontinuity of the torque at zero speeds preventing numerical instability

in the simulation. Due to friction and eddy currents temperature of the PMSM increases

and this affect the internal resistance and overall losses in the PMSM but there is no

model included in this work to account for such thermal effects. Inclusion of thermal

model in the PMSM will be a interesting part of the future work.

4.6 Driver Model

A driver model is required in the powertrain to assist the PMSM in tracking any

standard drive cycles. The driver model is essentially a tracking controller designed

to simulate the actions of a human driver. In simple words, the job of a driver is to

accelerate or brake the vehicle while tracking a speed profile. A simple PID controller

based driver model was implemented to simulate the actions of acceleration and braking.
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Actually, the driving action is already involved in the control of the PMSM drive and

that is seen in Equation (4.37). Therefore, the only new thing is that this control action

is defined separately as a driver model in Figure 4.12 for better understanding of the

PMSM drive. In Figure 4.12 driver model is defined as a black box and in this section

its internal dynamics is explained. Figures 4.17 and 4.18 present the schematic diagram

of the driver model and its simulink implementation, respectively.

Drive Cycle

BrakingPedal

PID Controller

Actual Speed

+
refve T refve T

caru
,car refu

Figure 4.17: Schematic diagram of the driver model

At first, the difference between the reference car speed ucar,re f and the actual

car speed ucar is calculated and is fed to the PID controller, which calculates the torque

reference Tre f to be generated for tracking the drive cycle. A positive torque reference

Tre f > 0 signifies acceleration of the vehicle and the action involved is the pushing

down of pedal according to the magnitude Tre f . Similarly, negative torque reference

Tre f < 0 signifies braking of the vehicle and the action involved is to push down the

brake. However, in the present case, no mechanical braking is involved, rather dynamic

braking and regenerative braking techniques are used to brake the vehicle. As already

explained, in the process of regeneration, all the recaptured mechanical energy is sent

back to recharge the battery and in the case of dynamic braking, recaptured mechanical

energy and supplied electrical energy are dissipated as heat in the winding resistance of

the PMSM. Since regeneration is not feasible at very low speeds, dynamic braking is
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used to brake the vehicle. The dynamic braking stops the vehicle in a very short time in

comparison to regenerative braking. The threshold value of speed, when PMSM goes

from regeneration to dynamic braking, depends on the values of parasitic elements of

the PMSM drive and demanded level of deceleration.

The mathematical form of the driver model can be presented as follows:

Tre f = (Kp +Ki

∫
dt +Kd

d
dt
){ucar,re f −ucar} (4.51)

Values for the gain of PID controller (Kp, Ki and Kd) are assigned by trial and error

Tref Sat
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2

u_ref
1

Figure 4.18: Simulink implementation of the driver model

and they are tuned in such a way that tracking error is minimized. Since PID controller

tries to generate very high value of the reference torque Tre f so that it can track give

speed profile immediately but there is always a realistic physical limit for any motor to

support desired torque (Tre f ). Therefore to limit the value desired torque a saturation

has been used as shown in Figure 4.18.

4.7 PMSM Simulation Results

The component models built thus far will be used as part of a final integrated

HEV model but before the integration, each component will be simulated individually

to ensure that they exhibit accurate performance.

The presented PMSM model integrated with the longitudinal car has been used

for tracking the standard NEDC cycle [6]. Different simulation cases can be run for

powertrains having fixed gear ratios and CVT. In present simulation only CVT led
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transmission case has been chosen just to demonstrate the efficacy of the PMSM control

mechanism. At this stage, the powertrain does not have any power source such as

battery or engine-genset. The DC-link voltage is assumed to be constant 700V, which

in the complete model will be supplied by the combined efforts of the engine-generator

and the battery with help of suitable converters. At first, the speed difference of the

NEDC speed profile and the current forward speed of the longitudinal car is calculated.

This speed difference goes to a driver model (PID controller), which calculates the

electrical torque reference which in turn decides the magnitudes of quadrature current

and direct current as described in Section 4.4. Initial values of all the variables of the

PMSM is set to zero (vq(0) = 0, iq(0) = 0, vd(0) = 0, id(0) = 0 and ucar = 0). Figure

4.19 presents the standard NEDC drive cycle supplied to the PMSM drive for the testing

the PMSM model along with the driver model and the longitudinal vehicle model.
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Figure 4.19: Standard NEDC drive cycle for testing of the PMSM drive, along with the
driver model and the longitudinal vehicle
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Figure 4.20: Error between the supplied NEDC speed profile and the actual forward
speed of the longitudinal vehicle

Figure 4.20 presents the tracking error in the NEDC speed profile of the longitu-
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dinal car powered by the PMSM. The electromagnetic torque (caused by the currents

in the stator windings of the PMSM) produced by the motor is shown in Figure 4.21.

The transient response of the PMSM can be clearly observed in the figure. The load

torque supplied to the longitudinal car is calculated by the expression TL = Te−Tf and

is presented in Figure 4.22. As a result of transients, high frequency components can

clearly be seen in all variables of the PMSM.
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Figure 4.21: Electromagnetic torque Te generation in the PMSM
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Figure 4.22: Load torque TL applied at the transmission shaft of the longitudinal car

Figures 4.23 and 4.24 present the d− q axes currents of the motor. Vector

control method linearizes the non-linear model of the PMSM due to which the electro-

magnetic torque is directly proportional to the quadrature current iq. Since there are high

frequency transients in the load torque getting further translated into electromagnetic

torque and subsequently d−q axes currents, according to the control law, the quadrature

current iq during acceleration of the car will have high transient values but constant

non-zero value during steady state. This can be observed in Figure 4.23. Ideally, direct

current id should be zero all the time but id deviates from zero value during transients
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of the car and immediately attains very nominal value such as 0.2A during steady state

conditions. Moreover, even during transients, the maximum deviation of id = 12A is

very small in comparison to iq having values as high as 140A. Therefore, the overall

control mechanism is working significantly in the accepted domain.
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Figure 4.23: Quadrature axis current of the PMSM iq
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Figure 4.24: Direct axis current of the PMSM id
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Figure 4.25: Quadrature axis voltage of the PMSM vq
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Figure 4.26: Direct axis voltage of the PMSM vd

4.8 Summary

• The benefits of using the PMSM for the HEV powertrain, and its modelling are

presented in this chapter. Standard and detailed d− q frame equations based

mathematical model is used to capture the dynamics of the PMSM drive.

• Average modelling technique in the d−q frame is used to describe the dynamics

of the pulse-width modulation (PWM) based DC/AC converter. Vector control

method (field oriented control) is used to linearize the PMSM model. Simple

PI controllers based control strategy is implemented for the speed control of the

PMSM drive.

• A novel friction torque model to calculate the various losses in the PMSM is

presented and validated against experimental data provided by the manufacturer.

• A PID controller based driver model is presented to track the standard NEDC

cycle.

• The longitudinal car, presented in the previous chapter, driven by the PMSM

successfully tracks the NEDC cycle with maximum error in the order of 10−4

m/s.

• The ability to capture the transient dynamics of the PMSM and energy balance

across its input and output ports mark the success of the standalone modelling of

the PMSM drive.
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CHAPTER

FIVE

PERMANENT MAGNET
SYNCHRONOUS GENERATOR
MODELLING

5.1 Introduction

The Permanent Magnet Synchronous Generator (PMSG) has the exact reverse

function of the PMSM. In this work, a series-architecture powertrain has been used.

The engine applies torque to the generator and the generator produces electrical power,

supplied at a constant voltage to motor electronics (including inverter). Finally, the

motor drives the wheels of the vehicle through the transmission. Supervisory control

governs the power splitting mechanism, which decides usage of the generator and the

battery, to manage the power splitting in an optimal way. It is a commonly observed fact

that at higher load, the engine gives higher efficiency and at lower load, the battery gives

higher efficiency, and the supervisory control considers these aspects along with other

principles and constraints. Figure 5.1 gives detailed circuitry diagram of the PMSG

driven AC/DC converter (rectifier), DC/AC converter (inverter) and the PMSM. Details

of the PMSG modelling are given in further sections. Here again, the PWM switching

has been simplified to an average model for faster simulation.
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Figure 5.1: Circuit diagram showing electrical connection of the generator (PMSG),
AC/DC rectifier, DC/AC inverter and motor (PMSM). Symbols v, i, R, L and e represent
phase voltages, currents, resistances, inductances and induced e.m.f’s respectively.
Subscripts a, b and c correspond to the individual phases, and subscripts g and m
correspond to ‘generator’ and ‘motor’ respectively. C0 is the DC-link capacitor, vdc is
the DC-link voltage and ucar is the forward speed of the car. The signals related to the
control of vdc and ucar are also shown.

5.2 Permanent Magnet Synchronous Generator

The PMSG is used in hybrid electric vehicles to transform mechanical energy

produced by the engine into electrical energy. This electrical energy may be accounted

as voltage and current supplied to the motor or to charge the battery. The mechanical

structure of the PMSG is the same as the PMSM. In the PMSG, when the rotor holding

magnets are rotated, back em f is generated in the stator coils. This back em f causes

current to flow in the stator coils. Once this motion and flow of current has started,

the mathematical equations for the generator are the same as for the motor. The only

difference between the PMSG and the PMSM is the direction of current flow and

generated torque. In the case of the motor, current and voltage are applied as inputs

and torque is produced as the output. In case of the generator, torque is applied to the

generator shaft as an input and current and voltage flow-out and appear at the stator

coils as outputs.
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Figure 5.2: Permanent magnet synchronous generator with three phase AC/DC rectifier
with constant DC-link voltage

5.2.1 Permanent magnet synchronous generator model in

the D-Q frame

All electrical and mechanical dynamic equations of the PMSG are the same as

the PMSM. The only difference is that the flow of current and torque are reversed in the

case of the generator as compared to the motor. Some authors present equations with a

few sign changes in order to include flow reversal of current and torque. Any of the

sign conventions can be followed but that should be consistent from beginning to end.

Figure 5.2 presents the circuit diagram of the PMSG with three phase AC/DC

rectifier while maintaining constant DC-link voltage. Three phase terminal voltages va,

vb, vc can be expressed as [68]:

va = E sinθ −Ria−L
dia
dt

(5.1)

vb = E sin(θ − 2π

3
)−Rib−L

dia
dt

(5.2)

vc = E sin(θ +
2π

3
)−Ric−L

dia
dt

(5.3)

where E is the amplitude of the back em f directly proportional to the rotational speed
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of the PMSG (E ∝ ωr). ia, ib and ic are instantaneous three phase stator currents. R and

L are the resistance and inductance of the stator coils. θ = ωt +θ0 is the instantaneous

position of the rotating q phase with respect to the fixed winding phase a.

The three phase equations of the PMSG are transformed into two phase rotating

d − q frame as in the case of the PMSM. By this transformation, three phase AC

variables are transformed into DC variables, where the control design becomes easy.

The transformation of three phase equations to two phase helps eliminate cross coupling

terms between the real and reactive power. Park transformation was illustrated in Figure

4.7, and the transformation can be described by:


fq

fd

fo

=
2
3


cos(θ) cos(θ −2π/3) cos(θ +2π/3)

sin(θ) sin(θ −2π/3) sin(θ +2π/3)

1/2 1/2 1/2




fa

fb

fc


Here fa, fb, fc are variables (currents ia, ib, ic or voltage va, vb, vc) in three phase a, b

and c respectively.

The reverse is also possible. That is, a, b, c variables can be obtained from the

d−q variables using the inverse Park transform, as follows:


fa

fb

fc

=


cos(θ) sin(θ) 1

cos(θ −2π/3) sin(θ −2π/3) 1

cos(θ +2π/3) sin(θ +2π/3) 1




fq

fd

fo


Boldea [56] describes the PMSG d−q frame equations in motor format, i.e,

the machine will be working as a generator only when both iq and id have negative signs.

In the present work, the generator format is employed, according to which the machine

will be working as a generator when both iq and id have positive values. According to

the sign conventions followed in the present work, in the case of the PMSM, positive iq

and id means that the current is flowing-in to the stator coils from the DC-link whereas

in the case of PMSG, positive iq and id means that the current is flowing-out of the
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Figure 5.3: Equations of PMSG in rotating d-q axis reference frame

stator coils. This scheme is followed consistently in the present work.

diq
dt

= (−R · iq−ωeLdid + eq− vq)/Lq (5.4)

did
dt

= (−R · id +ωeLqiq + ed− vd)/Ld (5.5)

ed , eq are the d and q components of the back em f ; vd , vq are the d and q axis

terminal voltages; id , iq are the d and q axis stator currents; Ld , Lq are the d and q axis

inductances. R and ωe are the stator resistance and rectifier frequencies (speed of the

rotating electromagnetic field), respectively.

Since the q-axis counter electric potential eq = ωeλ f and the d-axis counter

electric potential ed = 0, the above equation can be presented as [55, 203]:

diq
dt

= (−R · iq−ωe(Ldid +λ f )− vq)/Lq (5.6)
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λ f is the flux linkage due to other rotor magnets linking the stator.

did
dt

= (−R · id +ωeLqiq− vd)/Ld (5.7)

The electromagnetic torque is calculated by the following equation:

Te = 3p[λ f iq +(Ld−Lq)idiq]/2 (5.8)

and the generator mechanical dynamics equation is

TL−Te = Bωr + Jgd(ωr)/dt (5.9)

where p is the number of pole pairs, TL is the mechanical torque supplied by the IC

engine, B is the damping coefficient, ωr is the rotor speed, and Jg is the moment of

inertia. In addition, the rotor speed and rectifier frequency are related as:

ωe = pωr (5.10)

Total power input into the generator is

Pin = TLωr (5.11)

Total power output from the generator is

Pout = (va · ia + vb · ib + vc · ic) (5.12)

Similarly, power can be calculated in the d−q frame as

Pout =
3
2
(vq · iq + vd · id) (5.13)

Ploss = Pl,c +Pl,e +Pl,h +Pl,b +Pl,w (5.14)
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Pl,c =
3
2

R(i2q + i2d) (5.15)

Once again, Pl,c denotes copper losses, Pl,e denotes eddy current losses, Pl,h denotes

hysteresis losses, Pl,b denotes bearing losses and Pl,w denotes windage losses. Only the

expression for copper loss evaluation is given here. However, in Section 5.5, a novel

model accommodating all other losses will be described in detail.

5.3 Average model of the three phase AC/DC

converter (Rectifier)

The time averaged model for the three phase converter has already been discus-

sed in the previous chapter on the motor. The same modelling technique will be used

here for the three phase AC to DC converter or rectifier. Details for average switching

will not be discussed again, rather the average model of the AC/DC converter will be

presented directly. The reasons to use an average model have been established in the

previous sections.

Optimal AC/DC converter should output pure DC voltage and current and draw

a pure sinusoidal current at unity power factor from the AC lines. It has been assumed

that all the circuit elements given in Figure 5.2 are linear time invariant (LTI) and all

the switches are bi-directional. The switches operate in continuous conduction mode

and are turned on and off, such that the output DC voltage is never shorted. Using

the concept of average modelling of the PWM switching given in Equation (4.26), the

AC/DC converter can be modelled as [69]:

idc = daia +dbib +dcic (5.16)

where idc is DC current drawn from the DC-link by the motor and ia, ib and ic are

respective three phase AC currents flowing from the generator. The DC-link voltage vdc
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can be related to the three phase AC voltages (va, vb, vc) in the following manner [68]:

va = vdc

(
da−

da +db +dc

3

)
(5.17)

vb = vdc

(
db−

da +db +dc

3

)
(5.18)

vc = vdc

(
dc−

da +db +dc

3

)
(5.19)

where da, db and dc are bipolar switching functions. Each converter leg has two switches

and the switching is defined as follows:

d j =


1, S j closed

j = a,b,c.

0, S
′
j open

(5.20)

Equations (5.16)-(5.19) show the relationship between the DC and AC sides of

the converter under certain switching patterns. After the transformation from abc to

d−q frame, equations (5.16)-(5.19) can be expressed as follows [68, 69, 204]:

idc =
3
2
(dq · iq +dd · id) (5.21)

The rectifier input terminal voltages are related to the DC voltage through

switching functions dd and dq, as follows [69, 204]:

vd = dd · vdc (5.22)

vq = dq · vdc (5.23)

where dd , dq stand for switching patterns in the d−q frame.
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Figure 5.4: Schematic diagram of the control loops of the PMSG. Symbols used in
diagram represent conventional variables as described in different equations of PMSG
drive.

5.4 Control Mechanism

It is known that while the rotor is rotating at a constant speed, it is possible to

generate fixed peak voltage at the terminals. The shaft of the generator is mechanically

coupled with the shaft of the IC engine driving the generator at constant angular speed

and providing required torque TL to overcome opposing electrical torque Te. Once the

PMSG is driven at a fixed angular speed, the DC-link voltage regulation will be achieved

by controlling the AC/DC converter. Figure 5.4 illustrates the complete strategy of the

control in a schematic diagram.

The overall DC voltage regulator has three control loops, a speed control loop

and other two loops nested successively to control the DC-link voltage. The speed

control loop controls the speed of the PMSG shaft to ensure sufficient back em f

generation supplying the power demand from the load and also ensure that engine

and generator are operating at an efficient operating condition. In the present chapter,

standalone simulation of the PMSG is presented. Since there is no IC engine to supply

the required torque to the PMSG, a simple PI controller is used instead of the complete

IC engine. The other two control loops are the voltage and current control loops,

described in the next section.

129



The DC-link equation can be written as follows:

Co
dvdc

dt
= igen−dc− iload (5.24)

where vdc is the DC-link voltage, igen−dc = idc is the DC current fed to the DC-link by

the rectifier and iload is the DC-load current drawn by the load on other side of the DC

link. Co is the capacitance of the DC-link capacitor.

5.4.1 Speed control loop design

To implement the speed control loop, the difference between the reference rotor

speed (ωgen−re f ) and the actual rotor speed (ωgen−actual) of the PMSG is calculated first.

Subsequently, this speed difference is passed through a PI controller to generate the

load torque TL. Later in the integrated powertrain, this PI controller will be replaced

by the IC engine along with its fuel controller. Before integrating the engine to the

generator, the PMSG is tested standalone with the help of the PI controller.

TL = (k1 + k2

∫
dt){ωgen,re f −ωgen−actual} (5.25)

5.4.2 Voltage and current control loop design

In the nested control loops, the outer loop is a slower voltage control loop and

the inner loop is a faster current control loop. First of all, a reference voltage will

be given and since the motor needs supply of constant voltage, the DC-link reference

voltage is already known. The difference between the actual DC-link voltage vdc−actual

and the reference DC-link voltage vdc,re f is passed through a PI controller and this

output will be multiplied by sinφ and cosφ to generate the references id,re f and iq,re f ,

respectively. These reference currents in d and q axis will determine the real and

reactive power respectively supplied by the generator. The reference currents id,re f
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and iq,re f are compared with the actual phase currents id and iq. The error is again

passed through a PI controller and the output is the required v∗d and v∗q, respectively.

Since switching is very fast in comparison to longitudinal dynamics of the complete

powertrain, the switching can easily be ignored without any significant loss of accuracy

due to fast simulation and modelling simplicity. Hence, these required terminal voltages

v∗d and v∗q are directly fed to the PMSG as vd and vq after passing through the saturation

blocks.

The outer voltage controller gives the current reference, which gets multiplied

with the required power factor and corresponds to the amplitude of the phase current.

idq,re f = (k1 + k2

∫
dt){vdc,re f − vdc−actual} (5.26)

Optimal performance of AC to DC converter in terms of power can be achieved

when the converter draws perfect sinusoidal current at unity power factor from the

PMSG. In order to achieve unity power factor, sinφ = 0 and cosφ = 1 are taken and

the reference signals should satisfy id,re f = 0. Since sinφ = 0, the converter outputs no

reactive power.

In order to design a voltage controller, a linear model of the generator is required

similar to the PMSM. The vector control technique, as in the case of the PMSM, can

be applied here as well to linearize the PMSG model. To draw maximum power at

unity power factor from the generator, id,re f = 0 has already been chosen. In the case

of the PMSM, id,re f = 0 generates maximum torque whereas in the case of the PMSG,

id,re f = 0 generates maximum power. Hence, the direct axis current id needs to be kept

parallel to the direction of rotor flux. Since the quadrature axis is perpendicular to

the direct axis, only the quadrature axis current iq will play a role in determining the

resultant electromagnetic torque. id contributes only to the increase and decrease of the

net air-gap flux similar to the PMSM. By forcing id = 0, the following equations can be
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derived for the PMSG:

λd = λ f (5.27)

Te = 3pλ f iq/2 (5.28)

From Equation (5.28), it is clear that torque is a linear function of the quadrature

current and by controlling the iq alone, the electromagnetic torque produced in the

generator can be controlled. In the summary, the PMSG model is now linearized by the

application of the vector control technique. Although this control scheme is derived

for the linear model of the PMSG, it is required for operation over the entire operating

range of the PMSG. The required terminal voltages are as follows [68]:

v∗d = k11 + k12

∫
(id,re f − id−actual)

v∗q = k21 + k22

∫
(iq,re f − iq−actual) (5.29)

k11, k12, k21 and k22 are proportional and integral gains for the control loops.

v∗d and v∗q in Equation (5.29) are the required instantaneous voltages provided

by the average model of the PWM converter. In Equation (5.29), the command signals

id,re f and iq,re f are determined by the desirable power factor finally determining the

active power (P) and the reactive power (Q) of the rectifier terminals. In the meantime,

vd and vq ensure that the actual currents are equal to id,re f and iq,re f , respectively, so

both amplitude and phase can be controlled. Figure 5.8 represents both control loops

and Figure 5.9 describes the internal dynamics of the PMSG.

5.4.3 Simulink implementation of the PMSM drive

Figure 5.5 presents simulink block diagram of the high level view of the PMSG drive.

The PMSG in association of the AC/DC converter (rectifier) regulates the DC-link

voltage. Figure 5.6 describes the simulink implementation of the AC/DC converter as

described in Equations (5.21)-(5.23). Simulink implementation of the DC-link Equation
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5.24 is presented in Figure 5.7. Figure 5.8 presents the simulink implementation of

PMSG control. Internal dynamics of the PMSG, as described by Equations (5.6)-(5.9),

is presented in 5.9.
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Figure 5.7: DC-link model in simulink
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Table 5.1: Parameter values of the PMSG.
PMSG Parameter Symbols Values
Nominal rated power Pn 92 KVA
Maximum speed ωn 5000 RPM
Stator resistance R 0.09 Ω

D axis stator inductance Ld 0.0045 mH
Q axis stator inductance Lq 0.0045 mH
Rotor magnetic flux λ f 0.2125 Wb
Moment of inertia J 0.05 Kgm2

Number of pole pairs p 6

5.5 Power Loss Model of the PMSG

The PMSG parameter values used in our model are from the AFG-140 axial flux

PMSG, developed and manufactured by EVO Electric [205], and shown in Table (5.1).

Under steady-state conditions, Te, the driving torque TL, and Tf are related as

follows:

Te = TL−Tf . (5.30)

Pin = TLωr (5.31)

Pout =
3
2
(vqiq + vdid) =−

3
2

i2qR+Teωr (5.32)

= −3
2

(
Te

3
2λ f p

)2

R+Teωr (5.33)

η =
Pout

Pin
(5.34)

η =

−3
2

(
Te

3
2 λ f p

)2

R+Teωr

TLωr
(5.35)

Here ωr = ωgen is the rotational speed of the PMSG.

Using a similar analysis to the one conducted for the PMSM in Section 4.5, it

can be shown that in the case of the PMSG, the following relationship holds true under
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steady-state conditions:

2R
3λ 2

0 p2 T 2
L +

(
−

4RTf

3λ 2
0 p2 −ωr +ηωr

)
TL +

2RT 2
f

3λ 2
0 p2 +ωrTf = 0. (5.36)

The efficiency is given by η = Pout
Pin

= Pout
TLωr

, and by rearranging we following

relationship will be obtained

TL =
Pout

ηωr
. (5.37)

On substituting Equation (5.37) in Equation (5.36), a quadratic equation for Pout

is obtained which can be solved to obtain Pout(η ,ωr). The friction torque is chosen so

that the predicted Pout fits well the experimental data provided by the manufacturer [205]

as η and ωr vary. The proposed friction torque is given in Equation (5.38) very similar

to the PMSM one:

Tf =
2
π

arctan(a1ωr)
[
a2e−a3|ωr|+

(
a4(|ωr|−a5)+a6(|ωr|−a5)

2) (5.38)

·
(

2
π

arctan(a7(|ωr|−a5))+a8

)
+a9

]

The optimal parameter values for the friction expression for the PMSG are found to be

a1 = 10, a2 = 1, a3 = 0.1, a4 =−0.0019, a5 = 0, a6 = 1.38×10−5, a7 = 0.02, a8 = 1

and a9 = 1.2. The variation of friction torque with rotational speed is shown in Figure

5.10 and the accuracy of the power loss model is demonstrated in Figure 5.11. Once

again very similar to PMSM, this particular shape of the friction force Tf in the PMSG

is result of tuning its parameters to get best fit on the experimentally provided efficiency

map as shown in Figure 5.11.

5.6 Simulation Results

Simulation results of the standalone PMSG drive are presented in this section.

The PMSG drive contains the PMSG along with the AC/DC converter and the DC-link.
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Figure 5.10: Variation of the PMSG frictional torque, Tf , with rotor speed, ωr.
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Figure 5.11: PMSG steady-state power efficiency map for variations in output power,
Pout , and rotor speed, ωr, for experimental results in [205] (red dashed line) and for the
PMSG model in Equations (5.36) and (5.37) (blue solid line). The contours correspond
to constant efficiencies in the range 85%−96%.

The aim of this drive is to maintain the 700V at the DC-link, which is connected to the

other end of the AC/DC converter. The AC/DC converter is connected to the PMSG to

transform the input AC power to DC power at the output of the converter. In the present

standalone PMSG drive simulation, a PI controller is used to supply the mechanical load

torque TL at constant PMSG rotor speed to meet the power required at the DC-link. In

the integrated powertrain, this required load torque TL will be supplied by an IC engine

rather than a PI controller and inertias of the engine and the PMSG will be coupled by

a constant gear ratio G. Initial DC-link voltage is taken as vdc(0) = 700V (capacitor is

fully charged) else all other variables have zero as initial value (vq(0) = 0, iq(0) = 0,

vd(0) = 0, id(0) = 0 and ωr = 0). A constant DC current iload = 40A is drawn from the

DC-link as load on the PMSG drive. Figure 5.12 presents the DC-link voltage which

is kept constant at 700V by controlling the stator voltages and currents and constant

rotational speed of the generator. Since, initial winding currents and voltages (iq, id ,
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Figure 5.12: Voltage produced by the PMSG Generator at DC-link

vd and vq) have zero value but load current have nonzero value (iload = 40A) so there

is a deviation in the DC-link voltage at the beginning of the simulation. But once the

PMSG rotor set in to the rotation, voltages and currents in the windings start taking

non-zero values, after passing through the initial transient phase DC-link voltage soon

get regulated at 700V.
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Figure 5.13: Direct axis current of the PMSG id
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Figure 5.14: Quadrature axis current of the PMSG iq

According to the control laws for the currents, the direct axis current id and the

quadrature axis current iq should be zero and non-zero (positive value) respectively.
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It can be observed in Figures 5.13 and 5.14 that the direct axis current (id =−1.93×

10−6A) is approximately zero in the steady state and the quadrature current (iq =

49.75A) is non zero at steady state. Figures 5.15 and 5.16 present the direct axis voltage

and quadrature axis voltage of the PMSG.
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Figure 5.15: Direct axis voltage of the PMSG vd
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Figure 5.16: Quadrature axis voltage of the PMSG vq
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Figure 5.17: Rotational speed of the PMSG rotor shaft

Figure 5.17 shows that the rotational speed is successfully kept constant at 300

rpm as desired. The power input to the PMSG is Pin = TL ·ωr and the power output

from the PMSG drive at the DC-link is Pout = iload · vdc−link. At the input port, rotor

speed ωr is kept constant and at the output port, the DC-link voltage vdc−link is kept

constant. Therefore, the load torque TL varies in response to the variation of demanded
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Figure 5.18: Comparative magnitudes of all three torques, namely, load torque TL =
Tload , electromagnetic torque Te, and frictional torque Tf involved in the PMSG drive

iload . In the present case, since the load current iload = 40A has constant value, the

load torque TL is also constant. Figure 5.18 presents comparative magnitudes of all

the three torques, namely, the load torque TL, the electromagnetic torque Te, and the

frictional torque Tf involved in the PMSG drive. Since the load current iload = 40A

has constant value, the load torque TL and Te are also constant in steady state. Due to

constant rotational speed of the PMSG ωr, the frictional torque Tf is also constant in

steady state. On observing all the simulation results, it can be concluded that all the

control objectives are achieved with reasonable accuracy.

5.7 Summary

• A mathematical model for the PMSG drive is presented in this chapter. Standard

and detailed d−q frame equations are used to capture the dynamics of the PMSG.

• Average modelling technique in the d−q frame is used to describe the dynamics

of the AC/DC converter. Vector control method is used to linearize the PMSG

model and simple PI controllers are used to regulate the DC-link voltage.

• A novel friction torque model to calculate the various losses in the PMSG is

presented and validated against experimental data provided by the manufacturer.

• Achievement of good regulation of the DC-link voltage and ability to capture the

dynamics of the PMSG mark the success of the modelling of the PMSG drive.
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CHAPTER

SIX

MODELLING OF THE DIESEL
ENGINE

6.1 Introduction

An engine is a mechanical device which converts chemical energy sto-

red in the fuel to mechanical energy, generally received at the output end of

the rotating shaft. There are two kinds of engines depending on the place of

combustion - external combustion engine and internal combustion engine [206].
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Figure 6.1: Diesel cycle

The term “Internal Combustion”

itself tells the story that in this case, the

fuel is burned inside the engine cylinder

to generate the required power. Internal

combustion engines are also of two types,

Spark Ignition engine (SI engine, petrol

engine or gasoline engine) and Compres-

sion Ignition engine (CI engine or die-

sel engine). The present work is mainly

concerned with the compression ignition

engine modelling.

Diesel Engine is named after its inventor Rudolf Diesel. It is a compression

ignition engine where the air/fuel mixture is compressed to such an extent where
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self ignition takes place at certain temperature and pressure. Figure 6.1 describes the

idealized diesel cycle for a four stroke CI engine. Excellent fuel efficiency along with

lower emission of CO2 by diesel engines in comparison to similar rated SI engines over

the entire operating range are very attractive features for researchers [24].

There are a few other good reasons to prefer CI engines over SI engines such as:

1. In SI engines, the air-fuel ratio is kept closer to its stoichiometric ratio to achieve

optimum power and less pollution. Therefore, the amount of air and fuel is

varied with the help of the throttle, while operating at different loads. So, the

performance of the SI engine is very sensitive to the air-fuel ratio, whereas CI

engines are less sensitive to air-fuel ratio variations. Having a better operational

capacity at higher torque, temperature and pressure, makes CI engines more

favorable than SI engines [24].

2. The higher compression ratio generally leads to higher thermal efficiency in the

IC engine. But, sometimes due to higher compression ratios SI engines suffer

through problem of knocking because when a fluid is compressed, its temperature

increases and the air/fuel mixture can be compressed only up to a certain limit

before knocking. However in the case of CI engines only by compressing the

air in its cylinder, chances for self ignition is successfully avoided. The diesel

engine thus attains higher thermal efficiency by compressing air only at higher

compression ratio [72, 84]. Now even in a modern SI engine, the problem with

knock has been overcome to a major extent by means of carefully controlled

direct injection.

3. The torque produced by the CI engine depends on the air/fuel mixture burnt. Due

to the capability of operating at a very lean mixture, the throttling of intake air

can be completely avoided. However, in SI engines, throttling taking power from

the engine is necessary even at low loads. Consequently, part-load efficiencies of

CI engines are better than the similar rated SI engines [72].
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4. Most of the CI engines are turbocharged to attain higher power to weight ratio,

having good potential to be downsized while maintaining the same output power

level with the help of higher boost [84]; whereas initially turbocharging in

SI engines were rare [207] but nowadays turbocharging of SI engines, while

downsizing, are becoming very attractive option for improving the fuel economy

[208].

5. Due to less dependence on fuel quality, more flexibility of the fuel type is possible

in CI engines than in SI engines. SI engines are highly sensitive to fuel quality

due to their operation close to stoichiometric ratio and requirement of fuel with

high antiknock quality [84].

In the diesel engine, air is first drawn into the cylinder and then compressed

leading to higher temperature and pressure at the end of the compression cycle. Now

by the appropriate fuel injection mechanism, a jet of cold fuel enters the cylinder where

compressed air is already present. Hot air causes liquid fuel to heat-up and vaporize,

and vaporization of the fuel causes temperature of the air to decrease. But, new hot air

is entrained which again increases the temperature of the air inside the cylinder and this

process continues further. Once the process of ignition starts it generate additional heat

which helps further to vaporize the new fuel entering in to the cylinder [87]. Ignitions

of the fuel increases the temperature and pressure inside the cylinder which, forces

the piston downward for the power stroke as shown in Figure 6.1. Combustion in the

diesel engine is very complex, transient, non-uniform, unsteady and heterogeneous in

nature [84].

In a diesel engine, the overall torque produced by combustion completely

depends on the fuel burned. If somehow more air can be compressed in the engine

cylinder increasing the density of the injected air, more fuel can be burned and more

power can be extracted from the same cylinder volume. Superchargers and turbochargers

are the mechanisms used for compressing the air before the inlet manifold and engine

cylinder. A supercharger takes power from the engine shaft itself to compress the inlet
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Figure 6.2: Schematic diagram of the diesel engine with turbocharger and EGR

air, and acts only on the inlet air, independent of the exhaust port. A turbocharger

is a dynamic device and is driven by power extracted from the exhaust gases. The

operation of the turbocharger is dependent on the inlet and exhaust port air flow. Thus,

compressing more air and varying the amount of injected fuel can control the output

torque on driver request. The introduction of a turbocharger improves the efficiency

of the engine significantly but complicates the overall system dynamics due to the

introduction of additional feedback path and operational instability around the surge

line. Figure 6.2 shows the overview of a typical turbocharged diesel engine. Figure 6.3

depicts the combustion cylinder of a diesel engine [209].

Most of the engine modelling techniques and approaches are limited to predic-

tion of steady state engine behavior. However, most of the times in real life, engines are

driven at unsteady and nonuniform patterns (i.e., at transient conditions) rather than at

steady state [24]. The engine performance at unsteady transient state is significantly

different from the engine performance at steady state. Emissions of NOx, PM and

turbo-lag further complicate the diesel engine performance. A decrease in the emissions

of NOx increases emissions of the PM (particulate matters) and conversely a decrease
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in the PM emissions increases NOx emissions. Therefore, a trade-off exists requiring

sophisticated control techniques. Application of control techniques necessitates avai-

lability of control oriented models which can capture the transient dynamics as well.

U.S. Department of Energy • Office of Energy Efficiency and Renewable Energy

freedomCAR & vehicle technologies program

Today’s direct-injection diesel
engines are more rugged,
powerful, durable, and 
reliable than gasoline
engines, and use fuel much
more efficiently, as well. 

Diesel Engines Yesterday,
Today, and Tomorrow
Diesels are workhorse engines. That’s
why you find them powering heavy-
duty trucks, buses, tractors, and trains,
not to mention large ships, bulldozers,
cranes, and other construction 
equipment. In the past, diesels fit 
the stereotype of muscle-bound behe-
moths. They were dirty and sluggish,
smelly and loud. That image doesn’t
apply to today’s diesel engines,
however, and tomorrow’s diesels will
show even greater improvements.
They will be even more fuel efficient,
more flexible in the fuels they can use,
and also much cleaner in emissions. 

How Diesel Engines Work
Like a gasoline engine, a diesel is an
internal combustion engine that
converts chemical energy in fuel to
mechanical energy that moves pistons
up and down inside enclosed spaces
called cylinders. The pistons are
connected to the engine’s crankshaft,
which changes their linear motion
into the rotary motion needed to
propel the vehicle’s wheels. With both
gasoline and diesel engines, energy is
released in a series of small explosions
(combustion) as fuel reacts chemically
with oxygen from the air. Diesels differ
from gasoline engines primarily in the
way the explosions occur. Gasoline

engines start the explosions with
sparks from spark plugs, whereas in
diesel engines, fuel ignites on its own. 

Air heats up when it’s compressed.
This fact led German engineer Rudolf
Diesel to theorize that fuel could be
made to ignite spontaneously if the air
inside an engine’s cylinders
became hot enough through
compression. Achieving high
temperatures meant producing
much greater air compression
than occurs in gasoline
engines, but Diesel saw that 
as a plus. According to his
calculations, high compression
should lead to high engine
efficiency. Part of the reason 
is that compressing air concen-
trates fuel-burning oxygen. 
A fuel that has high energy
content per gallon, like diesel
fuel, should be able to react
with most of the concentrated
oxygen to deliver more punch
per explosion, if it was
injected into an engine’s cylin-
ders at exactly the right time.  

Diesel’s calculations were
correct. As a result, although
diesel engines have seen vast
improvements, the basic
concept of the four-stroke
diesel engine has remained
virtually unchanged for over
100 years. The first stroke
involves drawing air into a
cylinder as the piston creates space for
it by moving away from the intake
valve. The piston’s subsequent upward
swing then compresses the air, heating
it at the same time. Next, fuel is
injected under high pressure as the
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In the modern direct-injection diesel engine,
fuel combustion is confined to a specially
shaped region within the head of each piston.
There, diesel fuel ignites spontaneously, yet 
in a carefully controlled manner. Old-style
indirect-injection diesels were not capable 
of this precision. As a result, fuel efficiency
suffered and emissions soared.

Figure 6.3: Inside view of the diesel engine

cylinder [209]

Diesel engines have two main

drawbacks. The first one is that due to a

lean A/F mixture, less fuel can be burned

at normal atmospheric conditions leading

to low power density. The second one

is emission related which is very serious

limitation for the diesel engines (as gaso-

line engines have very good exhaust emis-

sion control mechanism namely three-

way catalytic converter). Use of turbo-

chargers or superchargers can eliminate

the first drawback and application of EGR

(Exhaust Gas Recirculation) and electro-

nic controls can improve the emission

conditions. So, all these benefits along-

with future hopes for improved turbochar-

gers and electronic controllers make die-

sel engines good choice for HEVs.

6.2 Modelling

Modelling of a physical system serves many purposes for the manufacturing

industry, especially in analysis and reducing time required in testing of products before

actually manufacturing it. Mathematical modelling also offers better understanding of

the functioning of different components and their mutual interactions. Proper knowledge
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of the system behavior in reality helps predict and understand the system behavior

in different situations beforehand, which is needed in the control design purposes.

Increasing constraints on emissions and cost of fuel is forcing engineers to understand

engine fundamentals and optimize it for all round performance using available modern

control techniques. Control oriented modelling of diesel engines is now a popular

topic because of the increasing trend of using cheaper and complex control techniques

in hybrid electric vehicles. Therefore at this stage, modelling the engine becomes

an important requirement for control development. However, the model must be

chosen according to the goal aimed for. The processes governing the overall engine

performance such as combustion and flow of fluid mixtures through geometries follow

very complex dynamics and are not yet well understood. So practically, it is not possible

to build a model for the engine purely from fundamental physics, without making any

assumptions.

Ideally, a real transient model for the diesel engine should analytically model

all the systems and sub-systems of the engine. The real requirements for such a model

are mentioned in [24]. But as it has already been discussed, it is impossible to build

such a fully transient model due to the lack of fundamental understanding of many

physical events and the need for intense computational ability. So, there is a trade-

off between analytical understanding and establishing empirical relations. The gap

between fundamental understanding and its modelling with real functioning of the

engine is filled by establishing empirical relationships among the variables. So in

reality, all models available in the literature are mixtures of these analytical relations

and empirical relations with certain reasonable approximation of operating conditions

and phenomena under consideration. There are many types of modelling approaches

for diesel engines but present work choose the modelling approach that is simple in

computation and detailed enough to capture the transient performance of important

engine parts. Finally, the most important point is that the chosen model should be

suitable for control purposes.
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There are mainly two kinds of approaches towards engine modelling, thermo-

dynamics based analysis [83] and fluid dynamics based analysis [82, 84]. Depending

on the equations and relations used to develop the consistent model, the modelling

approaches are categorized. For instance, thermodynamic models and fluid dynamic

models depend on the energy conservation and fluid flow analysis respectively [80, 86].

But, there are some other modelling techniques that are combinations of these two

methods at different degrees according to the specific model usage.

6.2.1 Thermodynamic modelling

Energy and mass conservation is the basis of this kind of modelling approach

and details of engine geometry and its subsystems are more or less irrelevant. This

approach may be applied to open thermodynamic systems as intake/exhaust manifold

and engine cylinder. This kind of modelling approach has some strong assumptions. For

example, the gas inside the open system boundaries is uniform in composition and state

at each point in time. The gas composition and state can only vary when heat transfer,

mass flow or work transfer across the system boundaries takes place. Thermodynamic

models of the engine and its manifolds have three main classifications [84, 87]:

1. Quasi-Steady Model - In this model, inlet and exhaust valves are modelled as

series of restrictions in the path of fluid flow from the inlet port to the exhaust

port. Steady state values are taken for air-fuel mixture pressure, temperature and

mass-flow rate. The inlet port and exhaust port are connected by a simple map

of the in-cylinder dynamics in terms of quantities such as output torque, exhaust

temperature and exhaust mass flow rate.

2. Gas Dynamics Model - This model is characterized by one-dimensional unsteady

compressible flow with mass, momentum and energy conservation equations ha-

ving geometrical variations throughout the air-path from inlet manifold to exhaust

manifold. This model is able to predict variations of pressure and temperature
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in the flow field direction with respect to time. Method of characteristics or

finite difference methods are used to solve partial difference equations of the

model [83].

3. Filling and Emptying Model - In this model, the engine components are model-

led as a series of connected finite number of control volumes, where the mass of

gas inside the component can vary with time. Work and heat are exchanged with

each other and with the surrounding environment, but there is no spatial variation

with any of the state variables. Each control volume is connected with the other

by input and output of mass flow. Next, mass and energy conservation equations

are applied and differentiated with respect to time to calculate the rate of change

of mass flow and other variables. Gases are assumed to be perfect and ideal gas

laws are used to develop the relationship between various state variables such as

pressure, temperature and mass flow. Since there is no directional consideration

for the flow field variables, it is a kind of zero dimensional modelling. Mainly,

exhaust and inlet manifolds are modelled by this technique [24].

6.2.2 Fluid dynamic modelling

In reality, gases inside the engine and its subsystems are not fixed in composition

and are compressible with variable heat capacities. The thermodynamic processes are

not exactly adiabatic or isothermal as assumed in the modelling. Combustion, heat

and work transfer processes are not steady processes, rather they are highly turbulent,

complex and unsteady in nature. State variables such as pressure and temperature,

assumed as average and uniform throughout the manifolds and cylinder to calculate

mass flow, torque and other variables, are locally non-uniform and significantly deviant

from the average values. Variable geometries of the inlet-exhaust ports of the manifolds

and cylinder and fuel injections timings have significant effects on the torque generation

and pollutant emissions. Therefore, to capture more details of the fluid flow of the
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engine, a more detailed model is required and the fluid dynamic model aims at that.

Fluid dynamic models are used to get the detailed analysis of flow fields and

combustion processes in the engine completely missed or ignored by the thermodyna-

mic modelling approach. This model involves volume and time level discretization to

solve partial differential equations for conservation of mass, momentum, energy and

species concentrations at the local level. The discretized mesh has to be fine enough

to accurately describe the phenomena under consideration. These kind of models are

highly computationally intensive. However, since computers are developing to perform

faster and complex calculations, this challenge is concerning from an analysis point of

view. But definitely, these models are not fit to be used for any real time control pro-

cesses. Sometimes, these models lead to numerical instability due to different possible

combinations of time and volume scales. Generally, these models are exclusively used

in describing the in-cylinder behavior and are too computational intensive to be used

for control oriented modelling.

6.2.3 Black box modelling

Black box modelling is a kind of mapping between relevant inputs and outputs

without involving any physics or chemistry of the system under consideration. Overall

modelling is based on huge amount of data fitting dependent on the environment

from which the data has been taken. There are some fuzzy neural network based

controllers trained with transient simulation data to develop an observer for predicting

fresh air mass entering the cylinders [75–77]. These models are linear in nature and

the states are physical. However, the model parameters are determined purely through

system identification [210]. One mapped model cannot be freely used for another

environment without recalibration and identification of the complete data set. This data

intensive training and calibration for different possible environments makes this model

unfavorable for even simple control purposes.
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6.2.4 Quasi stationary modelling

Multiple performance charts are used to model the overall behavior of the engine.

The actual values of interest are taken directly from the tables as per requirements. This

method does not consider whether the engine is at a stationary point or just passes

through a fast transient. The performance is computed taking it as steady state condition.

6.3 Mean Value Diesel Engine Model

The mean value modelling approach is a balanced trade-off between the ana-

lytical approach and the empirical approach, where the model is quasi-linear with

physics based system modelling, rather than being collections of empirically calibrated

relationships. The characteristics of mean-value modelling approach are described

in [24] in the following words:

1. The working medium is assumed to be pure air or combustion products, both

treated as perfect gases with constant specific heat capacities. Since gas velocities

are relatively low, dynamic pressures and temperatures are considered equal to

the corresponding static ones.

2. Accumulation volumes in the system have negligible effect.

3. Mean values are used for engine and manifold pressures and temperatures.

4. The engine output is related to the fuel input via empirical equations or tabulated

steady-state data.

5. An empirical relation is applied for estimating the exhaust gas temperature at the

turbine inlet. This is defined from the inlet manifold temperature by adding a

temperature rise factor to it to account for combustion effects.

6. A pulse factor is used for correction of the turbine expansion ratio in order to

account for pulse turbocharging.
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Some of the modelling approaches already described are not suitable for control

purposes. A control oriented model is an attempt to model the input-output behavior

of a system with reasonable accuracy but low computational demands [90]. Different

modelling techniques have different goals to achieve. Our goal is to develop a simple,

fast and accurate enough control oriented model. Present work is not very concerned

with detailed analysis and simulation of the physical processes inside the engine.

Thermodynamic and kinetic processes of combustion of the A/F mixture are fast

enough and cannot participate in speed, external load and fuel injection based control

techniques of the engine. Control techniques are effective only with slower dynamic

processes such as mass transfer, temperature and pressure change. Fast processes such

as combustion can be taken as static without any loss of accuracy and generality. In the

present modelling approach, a control oriented mean-value model has been developed.

It takes a few assumptions for the simplification of the model such as “all the processes

and effects are evenly spread out over the engine cycles” [90].

A combination of the mean-value model and filling and emptying model has

been chosen, in the present work, for the purpose of modelling of different systems

and sub-systems of the turbocharged diesel engine having components such as inlet

manifold, exhaust manifold, EGR valves, intercooler, turbocharger and engine cylinder.

The inlet manifold and exhaust manifold are modelled with the filling and emptying mo-

del, engine cylinder dynamics are modelled with the mean-value model, engine torque

is modelled as a three-dimensional map of the indicated torque (Teng = f (ωeng,λ )),

rotational speed (ωeng) of the engine shaft, and relative air-fuel ratio λ . The mean-value

model is used for flow characteristics of the compressor and turbine (Wc = f ( pout
pin

,ωtc),

where Wc is the mass flow rate, pout
pin

is the compression ratio and ωtc is the rotational

speed of the turbo-shaft). Inertia of the engine and turbo-shaft are included in the model

to capture realistic transient performance of the turbocharged diesel engine. A fuel

injection control scheme is devised to control the speed and torque generation in the

model.
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The parameters of this model were derived by utilizing simulation results gene-

rated by the Ricardo-WAVE model for Puma 2.0L engine. WAVE is a 1D engine and

gas dynamics simulation software from Ricardo Software. It is used worldwide in many

industry sectors including passenger car, motorcycle, truck, locomotive, motor sport,

marine and power generation. WAVE enables performance simulations to be carried

out based on virtually any intake, combustion and exhaust system configuration, and

includes a drivetrain model to allow the complete vehicle simulation. It is a computer-

aided engineering code developed by Ricardo Software to analyze the dynamics of

pressure waves, mass flows and energy losses in ducts, plenums and the manifolds

of various systems and machines. WAVE provides a fully integrated treatment of

time-dependent fluid dynamics and thermodynamics by means of a one-dimensional

formulation. This incorporates the general treatment of working fluids including air,

air-hydrocarbon mixtures, combustion products, liquid fuels, and Freon gases. WAVE

also includes a library of special machinery elements such as engine cylinders, piston

compressors, turbochargers/supercharger compressors, turbines and pumps. These

elements can be attached to pipe networks to serve as sources or absorbers of pulsating

flows. These features make WAVE an excellent tool for simulating the internal combus-

tion engine [211]. A Ricardo-WAVE based model of the Puma 2.0L has already been

developed elsewhere. This Wave-based model is already calibrated with experimental

results of the Puma 2.0L engine having a maximum error of 2%. Therefore, the results

generated by this Ricardo-Wave model can be safely taken as the experimental results

in normal operating region.

6.3.1 Manifold modelling

The filling and emptying modelling approach is used for describing the inlet

and exhaust manifold. Manifolds are considered as the reservoirs of single control

volume with changing gas mass with time inside them. Although the state variables

such as pressure and temperature change with time, these remain uniform throughout
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the manifolds at any particular point in time.

Conservation of the mass flow input and output for the inlet manifold leads to

the following equation:
dmi

dt
= wci +wxi−wie (6.1)

where the rate of change of mass in the inlet manifold (mi) is equal to the mass flow

in and out of the system. wci is the gas mass flow rate through the compressor and

intercooler, wxi is the exhaust gas mass flow rate fed-back to the inlet manifold through

the EGR valve, and wie is the gas mass flow rate from the inlet manifold to the engine

cylinder. The gas mass flow rate is measured in units of kg/sec and the first letter of

the subscript represents the system from which the gas flow starts and the second letter

represents the system to which the gas finally reaches. Fluids involved in the process

are assumed to be perfect gases with constant heat capacities, so the ideal gas law can

be used to describe the state variables in the manifolds. The relationship between the

mass of gas mi inside the manifold with the average inlet manifold pressure pi, inlet

manifold temperature Ti and inlet manifold volume Vi can be described as follows:

piVi = miRTi (6.2)

where R is gas constant (for air, R is 0.287 KJ/kg/K).

Differentiating Equation (6.2) with respect to time (t) to get the rate of change of inlet

mass flow
d pi

dt
=

R
Vi

(
dmi

dt
Ti +

dTi

dt
mi

)
(6.3)

and rearranging Equation (6.3) following relationship is obtained,

dmi

dt
Ti =

Vi

R
d pi

dt
− dTi

dt
mi (6.4)

If the term dTi
dt mi in Equation (6.4) is neglected because the rate of change of

inlet manifold temperature with time is very small and by substituting Equation (6.1)
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into Equation (6.4), following expression is obtained [87]

Vi

RTi

d pi

dt
= wci +wxi−wie (6.5)

Above model is referred as an isothermal model of the inlet manifold.

The thermodynamic equations of the inlet manifold can also be derived by

using enthalpy flow and change in internal energy of the manifold [90]. A differential

equation of the heat exchange is given below.

dUi

dt
= Ḣci + Ḣxi− Ḣie− Q̇i (6.6)

where Ui is the internal energy in the inlet manifold. Ḣci, Ḣxi and Ḣie are thermodynamic

enthalpy changes of the compressor to the inlet manifold, of the EGR valve to the inlet

manifold and of the inlet manifold to the engine cylinder, respectively. Finally, Q̇i is the

heat loss from the inlet manifold. Enthalpy changes are related to mass flow rates by

the following equations,

Ui = cv ·Ti ·mi (6.7)

dUi

dt
= cv

(
dmi

dt
Ti +

dTi

dt
mi

)
(6.8)

Ḣci = cp ·Tci ·wci (6.9)

Ḣxi = cp ·Tegr ·wxi (6.10)

Ḣie = cp ·Ti ·wie (6.11)

cv and cp are the specific heat capacities at constant volume and constant pressure

respectively. Tci is the temperature of the gas after passing through the compressor and

Tegr is the temperature of the gas flowing through the EGR valve.

Substituting Equation (6.8) into Equation (6.6) with other equations from (6.9) -
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(6.11), the following relationship can be obtained:

dmi

dt
Ti +

dTi

dt
mi =

cp

cv
(Tciwci +Tegrwxi−Tiwie)− Q̇i (6.12)

By substituting Equation (6.3) into Equation (6.17) and neglecting heat loss to

the walls Q̇i based on the assumption of adiabatic process,

d pi

dt
=

Rκ

Vi
(Tciwci +Tegrwxi−Tiwie) (6.13)

where κ =
cp
cv

= 1.4 is the ratio of specific heat constants. This model is referred as

aidiabatic model of the inlet manifold. It is assumed that no heat loss occurs in the

manifold as opposed to the isothermal model which assumes a large heat transfer such

that the temperature in the manifold is the same as the inlet gases. It has already been

discussed that a real thermodynamic process is neither purely adiabatic nor purely

isothermal in nature. It has been found during simulations that the adiabatic model

becomes unstable in certain operating conditions whereas the isothermal model was

stable for all conditions. Therefore, the isothermal model of manifolds has been

accepted for inclusion in the overall model.

Once again, the ideal gas law can be used to describe the relationship between

the exhaust manifold pressure (px), exhaust manifold temperature (Tx), total control

volume of the exhaust manifold (Vx) and exhaust gas mass (mx).

pxVx = mxRTx (6.14)

dmx

dt
= wex−wxt−wxi (6.15)

where wex is the exhaust gas mass flow rate from the engine cylinder and wxt is the

exhaust gas mass flow rate through the turbine to the environment. The isothermal

model of the exhaust manifold can be derived by Equations (6.14)-(6.15) in a similar
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way as the inlet manifold

Vx

RTx

d px

dt
= wex−wxt−wxi (6.16)

Similarly, the adiabatic model is

d px

dt
=

Rκ

Vx
(Texwex−Txwxt−Tegrwxi) (6.17)

where Tex is the temperature of gas exiting the cylinder.

6.3.2 Exhaust gas recirculation (EGR)

Nowadays, EGR is an important part of modern engines and is used to reduce

NOx emissions by recirculating the same volume of exhaust gases in the inlet manifold.

Models for EGR are available in the literature. In the present work, the EGR model has

not been included directly into the engine model due to the lack of experimental data.

However, the effects of EGR are realized by introducing calibration factors.

EGR is either direct or cooled recirculation of cylinder exhaust gases into the

inlet manifold. The inlet manifold can be modelled isothermally if the cooled EGR is

used. Two important assumptions are made [90] for the EGR modelling:

1. There is no mixing or any exhaust delay in the collection of exhaust gases after

combustion in the engine cylinder.

2. Specific heat capacities for the inlet air and exhaust gases are taken to be the same

and both are treated as perfect gases.

EGR flow is modelled as the flow of a compressible fluid through an orifice

with variable effective area Aegr. The pressure difference between exhaust manifold and

inlet manifold is a natural driving force for EGR gases. Standard orifice equations can

be used to describe the relationship among EGR mass flow rate through the EGR valve
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(wxi), valve downstream pressure (pi), upstream pressure (px) and upstream temperature

of the valve (Tegr). If pi/px is greater than or equal to the critical pressure ratio 0.528,

the flow equation will be as follows:

wxi =
Aegr px√

RTegr
(

pi

px
)1/κ

√
2κ

k−1
[1− (

pi

px
)κ−1/κ ] (6.18)

The flow reaches sonic conditions while passing through the valve when the

pressure ratio is less than 0.528 and the orifice equation can be written as:

wxi =
Aegr px√

RTegr
(0.528)1/κ

√
2κ

k−1
[1− (0.528)κ−1/κ ] (6.19)

The effective area of the EGR valve Aegr can be modelled in terms of the throttle

plate angle and the input control signal for the throttle plate uegr(0−1) [90].

θth = θth,0 +(
π

2
−θth,0) ·uegr (6.20)

Aegr(θth) = π · rth
2 · (1− cosθth

cosθth,0
)+Aegr,leak (6.21)

When the valve is fully closed, uegr = 0, and when it fully open, uegr = 1. θth,0

is the throttle plate angle at fully closed position, rth is the radius of the throttle plate and

Aegr,leak is the leakage opening area when the throttle is fully closed. These parameters

need to be determined experimentally, but unfortunately in this research work, there

is no separate experimental data available for the EGR phenomena. Therefore, EGR

model has not been included in the overall engine model. While the Ricardo-Wave

model of the PUMA 2.0L engine used in this project is equipped with the cooled

EGR, the EGR effect is satisfactorily compensated with the inclusion of two calibration

factors Kin and Kx, which will be described in Section 6.4.
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6.3.3 Engine cylinder

6.3.3.1 Mass flow rate in-to the engine cylinder

To increase the efficiency of the engine, compressed air is fed to the inlet

manifold. The compressor compresses the inlet increasing the temperature of the

injected air and reduceing air density which have adverse effect on the engine efficiency.

Therefore, the injected air is cooled by the intercooler. This cooling action can be

expressed by the following equation:

Ti = Tci−ηic(Tci−Tcoolant) (6.22)

Where Ti is the uniform temperature of the inlet manifold. For simplicity effectiveness

of the intercooler is assumed to be ηic = 1. This cooling action increases the density of

the inlet air.

The mass flow rate of the intercooled injected compressed air (wie) can be

calculated by assuming the engine as a volumetric pump. This action is included in the

inlet manifold block. Volume flow from this engine pump is approximately proportional

to its speed [90]. The model can be described as

wie = ηv
ρiVdωeng

σ ·60
(6.23)

Where, ηv is the volumetric efficiency, ρi is the density of inlet air inside the inlet

manifold, Vd is the maximum volume swept by the piston inside the engine cylinder,

ωeng is the rotational speed of the engine shaft and σ is the number of revolutions per

cycle (for four-stroke engines, σ = 2 and for two-stroke engines, σ = 1).

ηv is defined as the volume air flow rate into the cylinder divided by the rate

at which the volume is displaced by the piston [84]. In the present modelling, the air

is assumed to be incompressible but real gases are compressible, so essentially ηv is

measure of the ratio of the actual injected-mass-flow to mass-flow achieved when the
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fluid is inviscid and incompressible [212]. Boundary layers, separation, Mach number

and valve timings also affect volumetric efficiency. It can be modelled as a function

of engine speed and inlet manifold pressure, i.e. ηv = f (ωeng, pi), in future this model

can be included in the overall engine model. Since at present no model is employed

to calculate this efficiency, for the purposes of simplicity, the efficiency in this model

is assumed to be constant at 1.0. In future research work ,such as in [9], volumetric

efficiency will be modelled with a suitable function such as ηv = f (ωeng, pi).

6.3.3.2 Torque calculations

An engine is a mechanical device which transforms the chemical energy avai-

lable in the fuel into usable mechanical energy. In internal combustion engines, torque

is produced by burning the right amount of the fuel. This torque is called the indicative

torque Teng. After all frictional losses, the available torque is known as brake torque

(Tb). In a four stroke diesel engine power is produced only in one stroke known as

power stroke, after combustion of the air-fuel mixture. However in the mean-value

modelling approach employed in this work, power is assumed to be distributed uni-

formly over all thermodynamic cycles of the engine. Although by solving the fluid and

thermal equations (for e.g., in the case of Ricardo-Wave software), the exact power and

produced torque can be calculated, such simulation models are not feasible for real

time control purposes. The calculations involved are only computationally expensive

but also the dynamics described are extremely fast, and therefore do not participate in

external control actions. Thus the combustion process and can be safely treated as a

static effect as discussed in the earlier section.

Transient operation of the engine poses a further challenge to modelling and

prediction of the engine torque. Historically, this transient problem was first faced by

manufacturers around 1960, when a medium sized diesel engine was operated against

sudden change from 0 to 100Nm in the operating load and several problems were

encountered [24]. A similar problem is encountered in the transient modelling as
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well when the engine changes load and its turbocharger is not in steady state, which

represents a case of operation where the engine is operating outside the domain of

stationary data. The challenge is how to predict torque generation in transient conditions

when data for modelling comes from only steady state operations.

To calculate the torque produced by the engine, three dimensional mapping of

the indicated torque Teng, λ (relative air-fuel ratio) and current engine speed ωeng is used.

Data for this map is generated by Ricardo-Wave model of the Puma 2.0L diesel engine.

λ is a relative air/fuel ratio, which is calculated as the ratio of actual air/fuel mass flow

ratio to the stoichiometric air/fuel mass flow ratio (Air/ f uel)stiochiometric = 14.22 [84].

λ =
(Air/Fuel)actual

(Air/Fuel)stiochiometric
(6.24)

Once the mapping is ready, the produced indicative torque Teng can be calculated from

this map by getting the relevant inputs λ and engine speed ωeng.

The stationary measurements obtained from simulation of the Ricardo-Wave

Puma 2.0L diesel engine model are shown in Table 6.1. However, it cannot be used

directly in the control oriented simulation. To implement it as a smooth continuous

function of the form Teng = g(λ ,ωeng), an interpolated surface between λ and engine

speed from 1000 rpm to 3500 rpm is created. Since the available data points are

limited, a Matlab program was written to fit a surface plot of torque values on a grid

defined by the engine speed and air-fuel ratio vectors. Cubic interpolation yields a

smooth and continuously differentiable surface over the grid data. However under

transient operations, sometimes the engine goes beyond the mapped range of the data

where extrapolation is the only solution which is not reliable due to discontinuity and

non-differentiability of the data over that range. One more point of the concern is that

calculating the value of torque at non grid points involves interpolation and extrapolation

of the 3D torque surface, which is a very cumbersome and time consuming process. To

permanently avoid this difficulty, a continuously differentiable polynomial function is
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Table 6.1: and indicative torque Teng, obtained by simulating the Ricardo-Wave Puma
2.0L engine model

Speed Ind.
torque

Brake
torque

Fric.
torque

Vol.
Effi.

Ex.
temp.

A/F
ratio

λ Air
×10−2

Fuel
×10−3

rpm Nm Nm Nm K kg/sec kg/sec
1000 73.69 61.39 12.3 0.62 645.1 26.61 1.87 1.19 0.45
1000 97.25 84.95 12.3 0.63 791.3 19.56 1.38 1.20 0.62
1000 136.8 124.5 12.3 0.83 899 18.32 1.29 1.59 0.87
1500 57.94 44.24 13.69 0.59 582.7 33.43 2.35 1.69 0.51
1500 77.73 64.04 13.69 0.67 690.8 27.77 1.95 1.94 0.70
1500 90.06 76.37 13.69 0.69 704.9 25.76 1.81 2.00 0.78
1500 100.2 86.5 13.69 0.78 757.8 24.88 1.75 2.24 0.90
1500 121.6 107.9 13.69 0.94 805 24.69 1.74 2.72 1.10
1500 143.5 129.8 13.69 1.02 863.2 22.63 1.59 2.94 1.30
1500 165.3 151.6 13.69 1.12 919.4 21.54 1.51 3.23 1.50
1500 199.2 185.5 13.69 1.07 1188 16.27 1.14 3.09 1.90
2000 45.55 29.90 15.65 0.89 572.7 56.51 3.97 3.44 0.61
2000 57.88 42.23 15.65 0.56 636.7 31.45 2.21 2.14 0.68
2000 90.68 75.03 15.65 0.66 769.2 24.05 1.69 2.54 1.06
2000 124.30 108.7 15.65 0.88 836.8 23.91 1.68 3.40 1.42
2000 137.30 121.7 15.65 0.95 890 22.71 1.60 3.63 1.60
2000 160.00 144.3 15.65 1.05 951.2 21.61 1.52 4.03 1.87
2000 182.70 167 15.65 1.18 1010 21.21 1.49 4.53 2.13
2000 204.10 188.4 15.65 1.27 1054 20.39 1.43 4.89 2.40
2000 230.20 214.5 15.65 1.34 1071 19.35 1.36 5.16 2.67
2500 55.09 36.93 18.16 0.9 587.7 53.30 3.75 4.30 0.81
2500 61 42.84 18.16 0.65 655.2 34.86 2.45 3.13 0.90
2500 94.77 76.60 18.16 0.77 776.2 27.00 1.90 3.70 1.37
2500 128.9 110.8 18.16 0.93 876.4 24.14 1.7 4.48 1.86
2500 160.5 142.3 18.16 1.09 979.4 22.38 1.57 5.22 2.33
2500 181.4 163.3 18.16 1.18 1043 21.30 1.50 5.68 2.67
2500 200.3 182.2 18.16 1.25 1109 19.96 1.40 5.99 3.00
2500 210.9 192.8 18.16 1.32 1190 19.06 1.34 6.35 3.33
3000 57.88 36.65 21.23 1.05 610.6 57.72 4.06 6.06 1.05
3000 88.15 66.91 21.23 1.04 706.6 39.30 2.76 6.02 1.53
3000 122.30 101.10 21.23 1.11 817.5 30.32 2.13 6.38 2.10
3000 196.00 174.70 21.23 1.19 1218 18.33 1.29 6.84 3.73
3500 87.48 62.62 24.86 1.07 743 39.11 2.75 7.17 1.83
3500 122.20 97.36 24.86 1.14 855.7 30.25 2.13 7.65 2.53
3500 201.50 176.60 24.86 1.15 1399 15.65 1.10 7.73 4.94
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Figure 6.4: Cubic Interpolation of torque, λ and speed ωeng

obtained for this interpolated 3D torque surface giving good trend of approximation

inside the interpolated gird area of λ and ωeng as well as for the extrapolated range.

This polynomial in the form of Teng = g(λ ,ωeng) makes calculations very fast

and easy. The polynomial equation is of the following form:

Teng = a+bx+ cy+dx2 + ey2 + f xy+gx3 +hy3 + ixy2 + jx2y (6.25)

where x = λ is the relative air-fuel ratio and y = ωeng is the rotational speed of the

engine in rpm. For this particular surface, coefficients of the polynomial equation

are a = 592.53, b = −728.38, c = 0.21, d = 287.38, e = −4.2× 10−5, f = −0.068,

g =−31.18, h =−2.26×10−9, i = 2.63×10−5 and j =−0.014.

It can be observed that the torque is unrealistically large at very high engine

speeds and low lambda values. These inaccuracies are taken care of by placing a

variable saturation torque limit, which is a function of the rotational speed of the

engine. A maximum load torque versus engine speed curve at full throttle is supplied

by the manufacturer. In this curve, the maximum possible torque, Tsat , is expressed
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as a function of the rotational speed ωeng. A rational function is fitted in the form of

Tsat = f (ωeng) such that it should behave well even in the extrapolated regions where

experimental data is not available. The following function has been chosen:

Tsat = (as + csx0.5 + esx+gsx1.5)/(1+bsx0.5 +dsx+ fsx1.5 +hsx2) (6.26)

where x = ωeng is the rotational speed of the engine shaft in rpm and as = 19.17,

bs =−7.75×10−2, cs =−0.63, ds = 2.29×10−3, es = 4×−3, fs =−3×10−5, gs =

3.23×10−5 and hs = 1.5×10−7

6.3.3.3 Fuel injection model

The speed and torque of the diesel engine is controlled by varying the air-fuel

ratio. Air-mass flow rate is governed by the dynamics of the turbocharger, while the fuel

amount is controlled by an independent fuel injection control unit. In the present engine

model, there is a PID controller which decides the amount of fuel to be injected inside

the engine cylinder, so that the required torque can be generated to track the desired

speed profile. In reality the fuel is not injected into the engine cylinder instantaneously.

Rather, there is some finite duration of time, so a low pass filter has been used to model

this effect.
dw f uel,out

dt
= τ(w f uel,in−w f uel,out) (6.27)

w f uel,in is the fuel mass flow rate demand and w f uel,out is the actual fuel mass flow rate.

The fuel mass flow rate injected in to engine cylinder for combustion will be denoted in

general as w f uel unless stated otherwise. τ = 5ms is the time constant for actual fuel

mass flow rate.
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6.3.3.4 Exhaust temperature

The temperature of exhaust gases increases substantially due to the combustion

of the in-cylinder gases. The temperature of cylinder-out gases and exhaust manifold

are different; however, the temperature of the exhaust manifold is generally available.

Darlington has proposed in [87] that the temperature rise of the cylinder-out gases due

to combustion can be mapped as a function of λ and rotational speed of the engine shaft

ωeng.

Chen [213] has proposed a linear function between λ and cylinder-out tempera-

ture Tex in the form of Tex = f (λ ,ωeng):

Tex = m1λ +m2 (6.28)

m1 = axω
2
eng +bxωeng + cx (6.29)

m2 = dxωeng + ex (6.30)

Due to unavailability of any data for the cylinder-out temperature (Tex) therefore ex-

perimental data for the exhaust temperature (Tx) (assuming that Tex ≈ Tx) given in

Table 6.1 are used to calculate the coefficients of above temperature polynomial as

ax = 6.23×10−5, bx =−0.34, cx =−35.03, dx = 0.26 and ex = 998.86.

During the transient operation of the engine, sometimes the fuel flow becomes

zero making λ = ∞ which leads to unexpected values for the temperature such as

Tx = ∞ or Tx =−∞. Therefore, a saturation is used to limit the value of cylinder-out

temperature from normal atmospheric T min
ex = 293K to the maximum T max

ex = 1500K.

During the simulation, it has been observed that the fit proposed by Equations

(6.29)-(6.30) is not good for all ranges of speed and torque. Therefore, a correction

factor or correction temperature is introduced to get better fit for the exhaust temperature

(Tx) map. Finally, temperature of the isothermal exhaust manifold of the engine, Tx, is
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described as:

Tx = Tex +Tcor (6.31)

The expression for the correction temperature Tcor is assumed dependent on the rotatio-

nal speed of the engine ωeng:

Tcor = (ac + ccx2 + ecx4)/(1+bcx2 +dcx4) (6.32)

where x = ωeng, ac = 18.5, bc = −1.48×10−7, cc = 1.73×10−5, dc = 8.39×10−15

and ec =−1.82×10−12. Inclusion of the the correction temperature Tcor has improved

the fit for the exhaust temperature map.

6.3.3.5 Mass Flow Rate out of the Cylinder

The mass flow out of the engine cylinder wex is the sum of the inlet air flow and injected

fuel flow,

wex = wie +w f uel (6.33)

where w f uel is fuel mass flow into the cylinder.

6.3.3.6 Engine dynamics

The engine generates power by combustion of fuel in the power stroke of the

engine cycle. This power stroke sets the crank shaft of the engine into motion. The

crankshaft, due to inertia, carries this motion to all other three remaining phases of

the thermodynamic cycle such as exhaust, intake and compression. In the mean-value

model, it is assumed that torque generation is a uniform and continuous process like

others such as injection of air and fuel over the complete cycle of the engine. For the

calculation of the brake torque Tb and the rotational speed of the engine ωeng, the inertia
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is assumed to be constant and the following differential equation of torques is used [89].

dωeng

dt
=

60
2π
·

Teng−Tf ric−Tload

Je
(6.34)

where ωeng is the engine speed in rpm and Je is the inertia of the engine shaft. The load

torque Tload is assumed to be known and changes according to the external demands.

Tf ric is the resistance torque due to the mechanical friction in the engine and is modelled

as a polynomial function of the engine speed ωeng [84].

Tf ric = f1 + f2ωeng + f3ω
2
eng + f4ω

3
eng (6.35)

where f1 = 11.18, f2 =−5.42×10−6, f3 = 1.12×10−6 and f4 =−4.04×10−13. The

coefficients fi are calibrated according to the data generated for the frictional torque

Tf ric at different engine speeds from the Ricardo-Wave model of the Puma engine under

consideration. This data is tabulated in Table 6.1.

6.3.3.7 Engine efficiency

The engine efficiency is used to measure how efficiently an engine uses the

supplied fuel to produce mechanical energy [84]. The efficiency used is also known as

the fuel conversion efficiency and can be defined as follows:

ηe =
Teng×ωeng

w f uel×QHV
(6.36)

where ηe is the engine efficiency, Teng is the indicated torque of the engine, ωeng is the

speed in rad/s and QHV is the lower heating value of commercial hydrocarbon fuels.

The efficiency is provided as an output in our model.
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6.3.4 Turbocharger

In the intake cycle of a naturally aspirated diesel engine, lowering of the piston

creates a lower pressure region inside the engine-cylinder and inlet-manifold to draw

the air from the ambient. Since there is a limit to the net pressure difference between the

engine cylinder and ambient, power is also limited. Turbochargers are used to increase

this pressure difference by increasing the speed of the inlet air. This compressing action

of the compressor forces more air into the inlet manifold causing more fuel to burn

producing more power. Turbochargers are mainly used with diesel engines to attain a

higher compression ratio.

Figure 6.5: Turbocharger shaft

A turbocharger is a mechanical

device containing a compressor and tur-

bine on the same shared shaft as shown

in Figure 6.5. Exhaust gases are passed

through the turbine blades, forcing them

to rotate at very high speeds. This results

in the compressor on other side being able

to draw more air from the ambient pres-

sure and to deliver it to the intercooler

at high speeds. However, cooling of the

inlet air inside the intercooler increases the density of the air in the inlet manifold.

Exhaust gases have very high temperatures and speeds at significantly higher pressure.

Some part of this energy present in the exhaust gas is utilized by the turbine. Since the

turbocharger is driven by the exhaust gases and is not dependent on the engine shaft

like superchargers, it not only increases the power output but also increases the engine

efficiency. Use of the turbine at the exhaust side in one sense puts obstacle in the path

of exhaust gas flow which raises the back pressure of the engine. So, in the process

of capturing some excess energy from the exhaust gas, sometimes turbocharger can

also adversely affect the performance of the engine especially by excessively increasing

167



the exhaust back pressure. So there is always a price to pay for any gain; there is

no completely free energy even in the exhaust gas. There are many types of designs

available for the compressor and the turbine but single stage radial flow is the mostly

used design in automotive turbochargers for the compressors and turbines.

Two main drawbacks of using turbochargers are its operation around the surge-

line and turbo-lag. In the first situation, turbochargers become unstable in their operation

at the left of the surge-line, which is a very serious limitation for any turbocharger.

In the second situation, at lower engine speed, there is not enough exhaust gas flow

through the turbine. Therefore, the speed of the turbo-shaft is relatively low and as a

result, the boost is small. At this condition, if there is a sudden steep change in load,

the turbocharger responds to this instantaneous demand in the boost with some time

lag known as the turbo-lag. The transient response of the diesel engine depends on

the ability of the turbocharger to provide sufficient boost so that λ will not be too low;

otherwise the transient torque (engine torque Teng) output will be unrealistically high.

While there is a lot of fuel in the engine cylinder, there is not sufficient air to burn this

fuel and this situation also leads to the formation of soot, which is very dangerous from

emissions point of view. In the next section, a feedback control scheme is suggested

for limiting the fuel injection to avoid very low value of λ in such a situation. The

maximum load change of the engine mainly depends on the ability of the turbocharger

to change its rotational speed within a short time [82].

Since the turbocharger is a dynamic system and is connected between the inlet

air-port and the exhaust air-port, an understanding of the turbocharger dynamics is

very important from the control point of view. Completely map based models lack the

overall dynamics of the system and maps for turbochargers at low speed are difficult to

generate and are generally avoided by manufacturers. Therefore, at low load conditions,

the performance of such models is not very reliable. Maps for the turbochargers are

supplied by manufacturers in the form of data tables which are not very compact to

include in simulation models directly [88]. So some sort of continuous and differentiable
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empirical relationships governing the function of turbochargers are indeed required,

which can be used as a quasi-dynamic model of the turbocharger. The main assumption

in the mean-value modelling of the turbocharger is that the fluid dynamic processes are

much faster in dynamics in comparison to thermodynamic processes, so steady-state

maps can be used to describe highly nonlinear behaviors of the turbochargers [90].

In the present modelling of the turbocharger surge phenomena has been ignored for

simplicity.

6.3.4.1 Compressor modelling

The mean value modelling approach has been taken for the compressor and

turbine modelling. Steady state data maps supplied by the manufacturers are used to

extract the mathematical relationships between inputs and outputs. Pressure ratio ( pi
patm

),

inlet temperature (Ti) and rotational speed of the turbo-shaft (ωtc) are input variables

for the model and mass flow rate (wci) and torque generated at the compressor side (Tc)

are the outputs. Isentropic efficiency (ηc) and actual compressor outlet temperature

(Tci) are the intermediate variables.

Compression and expansion in the compressor and turbine are assumed as

isentropic processes. The inlet conditions for the compressor are considered to be

atmospheric. The isentropic temperature ratio across the compressor can be expressed

in terms of pressure ratio by the standard relation,

Tci,is

Tatm
=

(
pi

patm

) κ−1
κ

(6.37)

where κ =
cp
cv

, Tci,is is the compressor outlet temperature when process is completely

isentropic. patm and Tatm are the normal atmospheric pressure and temperature.

It is well known that the actual compressor requires more power than the

isentropic compressor to compress the inlet gases, so the isentropic efficiency of the

compressor ηc(0 < ηc < 1) is introduced and defined as the ratio of work (power) in
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the isentropic compression and actual compression. Work done is directly proportional

to the temperature change in respective processes, so the compressor efficiency can be

defined as follows:

ηc =
Tci,is−Tatm

Tci−Tatm
(6.38)

Substituting Equation (6.37) into (6.38) gives,

Tci = Tatm +
Tatm

ηc

((
pi

patm

) κ−1
κ

−1

)
(6.39)

where Tci and pi are actual temperature and pressure at compressor outlet.

The first law of the thermodynamics can be used to describe the power absorbed

by the compressor ((Pc)) as the rate of change of enthalpy across the compressor’s inlet

and outlet, and then the compressor torque (Tc) can be calculated as follows:

Pc = wcicp(Tci−Tatm) (6.40)

Tc =
Pc

ωtc
(6.41)

combining (6.39) - (6.41),

Tc =

wcicpTatm

((
pi

patm

) κ−1
κ −1

)
ηcωtc

(6.42)

All the variables namely compression ratio pi
patm

, rotational speed ωtc, compres-

sor mass flow rate wci and compressor efficiency ηc used for describing the compressor

model are described in Equations (6.37)-(6.42). As discussed previously, a compressor

map is usually used to describe the relations between these variables. The compressor

maps are generated in controlled test-bed conditions with temperature Tre f and pressure

pre f , but, real operating conditions may not be the same. Therefore, a correction scheme
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is devised for it.

w∗ci

√
Tre f

pre f
= wci

√
Tatm

patm
(6.43)

ω
∗
tc =

√
Tre f

Tatm
ωtc (6.44)

where w∗ci and w∗tc are corrected compressor mass flow and rotational speed used to

draw the compressor map. Tatm and patm have already been assumed as the actual inlet

conditions of the compressor. Fortunately, the reference conditions are the same as the

assumed inlet conditions. Hence, no correction will be made for the compressor maps,

i.e. wci = w∗ci, ωtc = ω∗tc. However, corrections must be made to the turbine maps and

details are given in the turbine section.

6.3.4.2 Compressor map fitting

Maps for the turbine and the compressor are supplied by the manufacturer of the

turbocharger. Normally, data below a certain speed of the turbo-shaft is not presented on

the map because they represent a small area on the map; however, these areas are critical

while operating the engine in automotive vehicles. The engine frequently operates at

low load conditions and consequently the turbocharger goes through a very low speed

range due to insufficient mass flow through the exhaust manifold. There can be two

options to handle the situation, the first option is to have a very good physics based

model in that region and the second one is to extrapolate the map in that region either

directly using data or by using some empirical relationships. Unfortunately, the first

option is not very well defined because in those areas; pressure ratios and mass flow

rates are very small and lead to significant errors [90]. Therefore, extrapolation is the

only solution. That said, linear extrapolation is difficult, so empirical relation based

extrapolation is the best option. Fortunately, there are few available methods giving

sufficient accuracy in the predictions [88]. One approach proposed in [89] is adopted in

the current work giving sufficient accuracy as described in [88].

There are mainly two approaches to express the relationship between mass flow
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rate, pressure ratio and rotational speed. One can be in the form of Wc = f ( pout
pin

,ωtc)

and the second one can be in the form of pout
pin

= f (wci,ωtc). It has been observed that

the second model is more suitable for our fitting purpose because the first model is

too sensitive to speed variations and also sometimes in the first model approach, the

dynamic model exhibits surge behavior after integration. On the other hand, the second

model is found to be more robust and efficient for the compressor map fitting.

Overall as a part of the mapping strategy, at first the compressor pressure ratio is

expressed as a function of the mass flow rate and rotational speed, i.e. pout
pin

= f (wci,ωtc)

and then this relationship is inverted to give the compressor mass flow rate according

to pressure ratio and rotational speed, i.e. wci = g1(
pout
pin

,ωtc). The efficiency of the

compressor can also be expressed as a function ηc = g2(ωtc) [88].

Two dimensionless parameters are defined, the head parameter Ψc and the normalized

compressor mass flow rate Φc.

Ψc =

cp ·Tatm

((
pi

patm

) κ−1
κ −1

)
1
2u2

c
(6.45)

Φc =
wci

ρa ·πr2
c ·uc

(6.46)

where uc is the compressor blade speed and rc is the compressor wheel radius, uc =

rc ·ωtc. The inlet Mach number is defined as,

Ma =
uc√

κRTatm
(6.47)

The head parameter Ψc and compressor efficiency ηc can be approximated by Φc and

Ma in the following way [88],

Ψc =
k1 + k2 ·Φc

k3−Φc
(6.48)

ki = ki1 + ki2 ·Ma (6.49)
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k11 0.3529 k12 -0.1299
k21 -1.7782 k22 0.5432
k31 0.2686 k32 -0.071

Table 6.2: Compressor map fitting coefficients ki1 and ki2

ηc = a1 ·Φ2
c +a2 ·Φc +a3 (6.50)

ai =
ai1 +ai2 ·Ma

ai3−Ma
(6.51)

The coefficients ki and ai can be determined through a least square fit on the measure-

ment data by using the interactive parametric fitting tool available in Matlab. Coeffi-

cients ki1 and ki2 are tabulated below,

Compressor maps are generally in the form of pressure ratios, expressed in

terms of normalized mass flow rate and rotational speed of the turbo-shaft. Efficiency

contours are plotted on top of that as shown in Figure 6.6. By these efficiency contours,

coefficients ai can be determined for different Mach numbers Ma. To determine the

coefficients ai by using Equation (6.51) is proposed in [88] but instead of that a new

and more convenient approach has been adopted in present work. Once the data for ai

versus Ma is available, the coefficients ai can be mapped as a function of Ma using the

interactive parametric fitting tool.

ai = fi(Ma) (6.52)

a1 = p11 · eq11·Ma− p12 · eq12·Ma (6.53)

a2 = p21 · eq21·Ma + p22 · eq22·Ma (6.54)

a3 = p31 · eq31·Ma (6.55)

Where p11 = −3.979× 10−9, q11 = 16.12, p12 = 61.32, q12 = −1.67× 10−2, p21 =

11.75, q21 = 0.2, p22 = 2.62×10−4, q22 = 6.898, p31 =−1.0×10−3 and q31 = 4.47.

Once mapping is done and all the unknown parameters such as ki and ai are

calculated, the compressor model is ready to be used being integrated with rest of the

model. Since pressure ratio pi
pout

and uc are known inputs, head parameter Ψc can be
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calculated by Equation (6.45). Then by inversion of Equation (6.48), compressor mass

flow rate wci can be obtained by using Equation (6.46)

Φc =
k3 ·Ψc− k1

k2 +Ψc
(6.56)

wci = Φc ·ρa ·π · r2
c ·uc (6.57)

Compressor map fitting results are presented in Figure 6.10. Extrapolations of

the map are not shown in this figure. The measurement data are plotted as dashed lines

with dots and the calculated data are represented by the continuous lines with dots in

Figure 6.10. These two data are superimposed on each other to show the accuracy of

data fitting and it can be observed that the fitting method yields quite satisfactory results.

The numbers on this figure depict the speed of the turbocharger (ωtc in rpm).

6.3.4.3 Variable geometry turbine (VGT)

The turbine of the turbocharger is driven by the energy of the exhaust gases

leaving the engine cylinder. By using the first law of thermodynamics, the power

175



0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12
0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

Mass flow rate (Kg/s)

P
re

ss
ur

e 
ra

tio
 (P

in
/P

ou
t)

90000RPM
110000RPM

130000RPM

150000RPM

Figure 6.10: Compressor map fitting where the measurement data are plotted as dashed
lines and the calculated data are represented by the continuous lines

transferred to the turbine by the exhaust gases can be calculated as follows:

Pt = wxtcp(Tx−Tre f ) (6.58)

Tt =
Pt

ωtc
(6.59)

where Pt is the power input to the turbine, wxt exhaust gas mass flow rate, cp is the

specific heat capacity of exhaust gas at constant pressure, Tx and Tre f is the temperature

at the inlet and outlet of the turbine. Tt is the torque applied at the turbo-shaft due to

exit of the exhaust gasses.

Expansion process of the exhaust gases is considered isentropic and the outlet tempera-

ture of the turbine is calculated as follows:

Tx

Tre f ,is
=

(
px

patm

) κ−1
κ

(6.60)

where Tre f ,is is the temperature of the exhaust gases at the output of the turbine if

expansion were isentropic. px and patm (normal atmospheric pressure) is the pressure

at the inlet and outlet of the turbine.

Since expansion is not isentropic as assumed for the purpose of calculation, the isentro-
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pic efficiency is calculated to account for that [88],

ηt =
Tx−Tre f

Tx−Tre f ,is
(6.61)

Now, the torque produced by the turbine, Tt , can be derived using Equations (6.62)-

(6.61)

Tt =

wxtcpηtTx

(
1−
(

patm
px

) κ−1
κ

)
ωtc

(6.62)

Here it is assumed that the exhaust gases are expanded to atmospheric pressure by the

turbine.

The correction terms play a more important role in the case of the turbine than

the compressor because in the turbine, both inlet temperature Tx and pressure px vary

substantially [90]. The turbine inlet gas temperature and pressure are assumed to be the

same as that of the exhaust manifold. The measured data provided are corrected values,

such that their relations to the actual values can be defined as

wxt = w∗xt ·
√

Tre f

Tx
· px

pre f
(6.63)

ω
∗
tc =

√
Tre f

Tx
·ωtc (6.64)

w∗xt and ω∗tc are corrected turbine mass flow rate and rotational speed. They are used to

eliminate the dependence of the turbine map on inlet conditions. Tre f = 288.33K and

pre f = 101.32kPa are the reference temperature and pressure.

6.3.4.4 Turbine map fitting

Like the compressor, in the turbine also, pressure ratio px
patm

, inlet temperature Tx

and rotational speed of turbo-shaft ωtc are taken as inputs and the exhaust mass flow

rate wxt is taken as output. The mass flow behavior of the turbine can be modelled using

standard orifices with variable area (adiabatic nozzle flow), which is the same as for the
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Table 6.3: Turbine map fitting coefficients bi j
b11 −0.0269 b21 0.0798
b12 0.038 b22 0.0242
b13 0.0043

EGR valve. The effective flow area of the orifice is modelled as an explicit function of

the pressure ratio and since the influence of the turbocharger speed on the mass flow

rate and pressure ratio is very low, it is neglected in this model.

At = b1
1

patm
px

+b2 (6.65)

Since the turbine is of variable nozzle geometry, the vane angle has to be

included in the model and for this purpose, coefficients b1 and b2 are extracted from the

measured data as functions of the vane position uvgt .

b1 = b11 ·u2
vgt +b12 ·uvgt +b13 (6.66)

b2 = b21 ·uvgt +b22 (6.67)

uvgt [0−1] takes the value 0 when the vane is fully closed and 1 when it is fully open.

Since there is no model included in this work for the calculation of vane position, so a

constant value uvgt = 0.5 is taken in the present work.

Equations for the turbine expansion are derived assuming it to be an isentropic

expansion although the actual expansion is not so. But the error introduced by the

assumption of isentropic expansion is relatively low, therefore the corrected turbine

mass flow can be defined by the standard adiabatic nozzle flow equation as [88],

w∗xt = At

√√√√ 2κ

κ−1

((
patm

px

) 2
κ

−
(

patm

px

) κ+1
κ

)
for patm

px
≥ pcrit (6.68)

w∗xt = At

√
2κ

κ−1

(
(pcrit)

2
κ − (pcrit)

κ+1
κ

)
for patm

px
< pcrit (6.69)
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and the corrected mass flow rate w∗xt , respectively.

where At is the effective flow area through the turbine and pcrit = 0.528 is the critical

pressure ratio when the condition at the turbine inlet reaches sonic.

Turbine map fitting results are presented in Figure 6.11. Extrapolations of the

map are not shown in this figure. The measurement data are plotted as dashed lines

with dots and the calculated data are represented by the continuous lines with dots in

Figure 6.11. These two data are superimposed on each other to show the accuracy of

data fitting and it can be observed that the fitting method yields quite satisfactory results.

The numbers on this figure depict the vane position uvgt .

The turbine inlet stagnation temperatures are required for fitting the turbine

efficiency map, but these data sets are not available at present. The efficiency of

the turbine is simply assumed to be a constant value of ηt,avg = 0.573, which is the

average value of all the efficiencies measured from the turbine. Although it is a strong

assumption but seeing the overall complexity of the present model and time constraint

for the current research work it has been used for simplifying the turbine modelling.

Later on in the future a detail model for efficiency of the turbine ηt will be included

in the overall engine model to capture the more realistic behaviour of the turbine. The

calibration factor Kx introduced at the exhaust side is mainly to compensate for these

kinds of uncertainties and assumptions in the modelling and the lack of operational data
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at the experimental level.

6.3.4.5 Turbocharger dynamics

The mechanical dynamics of the turbocharger can be described as follows:

dωtc

dt
=

1
Jtc

(Tt−Tc) (6.70)

where Jtc and ωtc are the rotational inertia and the rotational speed of the turbochar-

ger(rad/s) respectively. Tt and Tc are the torques generated in the turbine and compressor,

respectively.

6.4 Calibration Factors

There are many assumptions and uncertainties in the model, either due to the lack of

complex experimental verifications or unavailability of the required data. There are a

few prominent sources of uncertainties, which are as follows:

1. Unknown volume of inlet and exhaust manifolds - Manifolds are made by the

collection of pipes with different curved geometries, so the exact volume of the

inlet and exhaust manifolds are unknown.

2. Unknown volumetric efficiency ηv - Volumetric efficiency of the engine cylin-

der is unknown beforehand because it depends on many geometrical and flow

conditions, which are not considered in the present model. Being a 1D model,

the Ricardo-Wave model of the engine has included these values. ηv changes

substantially with change in engine/VGT vane angle conditions. Since no model

has been employed to calculate ηv, therefor for simplicity in the present model ηv

has been assumed a constant (ηv = 1). But from Table (6.1), it can be observed

that ηv is not constant and is varying substantially.
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3. Unknown efficiency of the intercooler ηic - In the modelling of turbocharged

diesel engine efficiency of the intercooler is assumed to be ηic = 1, which is

always not the case in reality.

4. Unavailability of EGR data - The data produced by the present Ricardo-Wave

model of the Puma engine contains EGR components, but unfortunately, the

present research lacking any information about the EGR radius, throttle angle

and throttle control signal uegr.

5. Unknown efficiency of the turbine - The efficiency of the turbine ηt over the

different range of mass flow and turbine shaft speed depend on many complex

factors and any relevant model for that is unknown to us, so a average value

ηt = 0.573 has been assumed.

6. Unknown uvgt - Variation of the VGT angle uvgt for the turbine over the complete

operating range is unknown, so a constant value of uvgt = 0.5 has been assumed.

7. Unknown inertia - The inertia of the engine shaft is unknown to us, so an approxi-

mated value Je = 0.2kgm2 proposed by Chen [213] for a similar engine is used in

his work.

8. Unknown geometrical effects over fluid flow - Geometrical aspects of the engine

and components are ignored while modelling the fluid flow inside and through

the engine and its components.

The parameters mentioned above have minor and major impact on the overall

accuracy of the results, generated by the simulation in terms of fuel consumption

and torque generation. To compensate for these uncertainties, two calibration factors

has been used, kin (inlet calibration factor) and kx (exhaust calibration factor), for the

calculation of the inlet gas mass flow into the engine cylinder and the exhaust gas mass

flow out through the turbine respectively.
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Original equations for the inlet and exhaust gas mass flow rate without calibration

factors is given by:

wie = ηv
ρiVdωeng

σ ·60
(6.71)

wxt = w∗xt ·
√

Tre f

Tx
· px

pre f
(6.72)

Modified equations for the inlet and exhaust gas mass flow rate with calibration factors

is defined by:

wie = kin ·ηv
ρiVdωeng

σ ·60
(6.73)

wxt = kx ·w∗xt ·
√

Tre f

Tx
· px

pre f
(6.74)

In reality, these calibration factors are just mass flow correction factors for inlet

air into the cylinder wie and exhaust air through the turbine wxt . There is no scaling in

the torque calculations and fuel consumption rate or in any other such critical variable.

As described above, there are many factors affecting the air mass flow rate in and out

of the turbocharged engine. Real predictions about the inlet and exhaust gases can

be brought about only by including all the three dimensional geometrical aspects of

the air-path in the model. But inclusion of such complex details about the air path

will further increase the complexity of the model to such a substantial level that it will

destroy the very purpose of the modelling. It has already been mentioned that our

aim is to build a fast, simple and control-oriented engine model which can used in the

simulation of an HEV powertrain. The required accuracy of course retained in the

model.

These calibration factors are tuned in such a way that error between experimental

fuel consumption and calculated fuel consumption can be minimized. Trail and error

method has been used to decide these values over different speed points. Kin and Kx are

calculated for the given set of the parameters in this project such as the engine shaft
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Figure 6.12: Calibration factor for exhaust gas Kx

inertia, inlet and exhaust manifold volumes. For different sets of parameters, these

calibration factors have to be measured again on the given engine data. But still, this

modelling approach is general enough to accommodate any kind of diesel engine having

the previously mentioned source of uncertainties. The inlet calibration factor Kin is

modelled as a function of rotational speed of the engine shaft ωeng and an empirical

relation is described as follows:

Kin = acl +bclωeng + cclω
1.5
eng +dclω

2
eng + eclω

0.5
eng (6.75)

where acl = −32.59, bcl = −0.075, ccl = 8.4× 10−4, dcl = −3.17× 10−6 and ecl =

2.74.

The exhaust calibration factor Kx, which affects the exhaust gas mass flow rate

wxt , is modelled as a function of rotational speed of the engine shaft ωeng and brake

torque Tb. Figure 6.12 presents the three dimensional surface map for Kx at different

speeds and torques in the form of Kx = f (Tb,ωeng).

With the inclusion of the EGR in the engine model, inlet air mass flow rate wie

will increase and the exhaust gas mass flow rate wxt will decrease, so it naturally points

out that the correction factors multiplied to wie should be more than 1 (Kin > 1) and

the correction factor multiplied to exhaust gas mass flow rate wxt should be less than 1

(Kx < 1). During simulation, it has been found that this general trend of behavior as
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suggested above is followed well by the calibration factors and Table (6.5) tabulates

these values.

6.5 Control of the Turbocharged Diesel Engine

Control of the turbocharged diesel engine is the aim of this complete modelling

task. There can be many control objectives and they require specific model architecture

in terms of input and output to achieve the desired results. The most obvious and desired

control objectives can be listed in the following ways [90]:

1. The torque demanded by the operating load should be instantaneously supplied

along with good drivability conditions and minimum fuel consumption.

2. The engine must be chosen to run in such an operating region, where it gives

safe and optimum performance in terms of no over smoke and no damage to the

engine due to overheating.

3. The emission threshold conditions must be met safely by controlling the dynamic

air-fuel ratio. The operating region is chosen in such a way that the poor perfor-

mance conditions such as demanding transients, over smoke and cold start can be

avoided.

Where in figure 6.13, ωdesired and ωeng are the desired and actual speed of the engine.

w f uel and wie are the mass flow rate of the fuel and air injected into the engine cylinder

for burning. λ is the relative air-fuel ratio. Tex and wex are the temperature and mass

flow rate of the cylinder-out gasses. wci and wxt are the mass flow rate of the gasses

into the inlet and exhaust manifolds after leaving compressor and turbine respectively.

pi, Ti, px and Tx are the pressure and temperature of the inlet and exhaust manifold

respectively. Teng, Tf ric,eng, Tf ric,gen, and Telec,gen is the indicative torque, engine friction

torque, PMSG friction torque and electromagnetic torque of the PMSG, respectively.

Tc and Tt are the torque on the turbo-shaft by the compressor and turbine, respectively.
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Figure 6.13: Control loops of the turbocharged diesel engine.

ωtc is the rotational speed of the turboshaft. Tci is the temperature of gasses at the

output of the compressor. patm and Tatm are the atmospheric pressure and temperature.

uvgt is the vane angle for the turbine.

In the diesel engine, there are two parameters available to the designers for

control of the generated torque and engine speed. One is the injected fuel amount and

the other is the fuel injection timings. In the current mean-value modelling approach,

all the in-cylinder effects are assumed to be evenly spread over all the thermodynamic

cycles and the cylinders without any discontinuity. So, the discrete fuel-injections are

not considered and the fuel injection timings are ignored. Rather, for the operation of

the engine, a continuous fuel-mass flow rate is calculated. Speed and torque of the

engine is controlled on the basis of fuel injection control. Figure 6.13 presents the

overview of the control structure of the turbocharged diesel engine.

Overall the turbocharged diesel engine control scheme, where the engine is

integrated with the drivetrain of the HEV, can be described in terms of one main control

and two internal feedback loops. The control loop sets the desired speed ωdesired for

the engine, such as idling speed ωidle = 800 rpm or operating speed ωoperating = 2000

rpm, depending on the decision variables of the HEV. The command for the reference

speed (ωdesired) comes from the supervisory controller, which is external to the engine
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model and therefore, will be described later. In Figure 6.13, it can be seen that there is

one main outer control loop, which controls the speed of the engine and there are many

internal loops due to the physics of the engine with complicated connections between

engine inlet and exhaust side due to inclusion of the turbocharger. The objective of

the outer control loop is to control the generated engine torque Teng by controlling the

air-fuel ratio λ to meet up the load torque demand. Here, the overall load torque is

the summation of engine friction torque Tf ric,eng, PMSG friction torque Tf ric,gen and

electromagnetic torque of the PMSG Telec,gen.

When the load torque is applied to the engine shaft, there is a sudden decrease

in the actual engine speed (ωeng) and this decrease in the engine speed creates positive

speed difference between the actual speed and the desired engine speed reference

(4ω = ωdesired−ωeng). Further, this speed difference is fed to the fuel amount control

unit, which decides the amount of the fuel to be burned so that the required engine

torque Teng can be generated and the actual engine speed (ωeng) can be increased to

the desired level (ωdesired). The required engine torque Teng which meets this demand

of the load torque depends on the relative air-fuel ratio λ . The fuel injection rate

w f uel is already calculated by the fuel injection model and the turbocharger model

calculates the injected air amount (wie). By knowing the air-fuel ratio (λ = wie
w f uel

/14.22)

and the current speed of the engine (ωeng), the values of the generated engine torque

(Teng), exhaust temperature (Tx) and exhaust mass flow rate (wex) can be calculated by

Equations (6.25), (6.31) and (6.33), respectively. The exhaust gases drive the turbine and

compressor to compress the inlet air, so the turbocharger dynamics closes an internal

physical feedback loop.

In the series hybrid vehicle, the engine is not directly connected to the wheels,

rather it is driving the PMSG to maintain constant DC-link voltage. Below certain

load current (iload), the battery alone feeds the PMSM through the inverter to meet the

driving power demand but over that current limit, the battery is disconnected from the

DC-link power bus and the PMSG starts feeding the power demands of the PMSM
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and the inverter. Though, there are some conditions for switching between the power

sources other than the load current such as the SOC of the battery and speed of the

car. The management of the power flow in association with multiple power sources

is done by the supervisory controller and will be described in Chapter 8. During the

complete operation of the HEV, the DC-link voltage is always maintained constant at

700V. When the engine is feeding the DC-link, it can be maintained at constant value

only by running the PMSG above a certain threshold value of the rotational speed.

PMSG and engine shafts are coupled with a constant gear ratio (G = 2). A speed level

where the engine gives optimum performance is chosen as the desired speed of the

engine.

6.5.1 Fuel amount control unit

Since the DC-link voltage is maintained at constant level, any increase in the

power demand from the driver side leads to an increase in the load current (iload) and

this increase in the load current (iload) is met by increasing the torque (Teng) provided

by the engine to the PMSG. The difference of the desired speed and the actual speed of

the engine is fed to the fuel amount control unit, which is a PID controller with fixed

saturation limits (only a fixed amount of fuel can be injected at any given instant of time

and it has a maximum positive value of 0.0026 kg/s and a minimum value of 5×10−5

kg/s because 0 kg/s gives instability in torque calculation and negative values for the

fuel input are not possible). This fuel amount control unit decides the amount of fuel to

be burned for meeting the required torque demands of the driver end, while maintaining

the desired speed of the engine.

At the time of deceleration or at the time of regeneration (iload = 0A on the

PMSG), when the speed difference goes negative because suddenly engine is not

required to provide any torque, the PID controller tries to put a negative amount of

the fuel in the engine cylinder. The PID controller then hits the lower saturation limit

of the fuel amount control unit, which does not go below zero, and as a result, the
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integrator of the PID controller integrates continuously a persistent negative speed error

and starts winding-up. To overcome this saturation problem (which is also known as the

integrator-windup problem), a feedback loop is implemented by taking the difference of

the calculated fuel amount (w f uel,cal , before the saturation) and the actual fuel amount

(w f uel,in, after the saturation) and adding it to the integrator of the controller. Figure

6.14 describes the PID controller with the anti-windup scheme for controlling the fuel

amount to be burned.

w_in
1

Kp

0.00001

Kd

-K-

KI

0.00001

Integrator

1
s

Derivative

du/dt

Antiwindup Gain

1

Add

0.0026> w_in >0.00005Speed_diff
1

Figure 6.14: Fuel amount control unit with antiwind-up control

This fuel amount is the total amount of the fuel to be burned instantaneously to meet

the increase in the power demand by generating more torque Teng. The total amount of

the fuel is not injected inside the engine cylinder instantaneously, rather it takes some

finite duration of time. Therefore, a low pass filter is used to model this effect with real

time constant (τ = 5 ms) as explained in previous Section 6.3.3.3. The engine torque

is controlled by controlling the air-fuel ratio (λ ), which depends on the injected fuel

(w f uel) and the inlet air amount (wie).

6.5.2 Control of the relative air-fuel ratio (λ )

At the time of acceleration, when the speed of the engine is switched from 800

rpm to 2000 rpm, the PID controller tries to burn a significant positive amount of fuel
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Figure 6.15: Implementation of the feedback control for the relative air-fuel ratio λ

instantaneously. The diesel engines are mostly operated at lean conditions, otherwise

there can be excess emissions leading to the violation of emission constraints. When

the temperature is high and the air-fuel mixture is too rich in fuel content, it leads to

the formation of soot and visible smokes. To avoid such critical conditions, generally

the fuel-air equivalence ratio is kept bellow a certain number (φeq < 0.8 ) [206]. The

fuel-equivalence (φeq) ratio is the inverse of the relative air-fuel ratio λ [84].

λ =
1

φeq
(6.76)

Since φeq < 0.8 then λ > 1.25 (6.77)

To enforce this condition on λ , a feedback control loop is designed just like the anti-

windup loop. This loop measures the current value of λ and compares it with the

minimum allowed value (although λ > 1.25 is sufficient but more strict limit λmin = 1.3

is chosen). If the current value of λ > λmin, then there is nothing feedback but if

λ < λmin, a negative feedback is generated which is added to the calculated fuel amount

(w f uel,cal). Figure 6.15 describes the control of the relative air-fuel ratio λ . This control

scheme successfully maintains the value of λ > 1.3 and has been demonstrated in

Chapter 9.

In the case of stand-alone engine simulation, there is no PMSG coupled with

the engine. The torque control loop is exactly the same but the load torque is now given
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Table 6.4: Parameters of the turbocharged diesel engine
Symbols Parameter Values Type
Vi Inlet manifold volume 0.00044 m3 Estimated
Vx Exhaust manifold Volume 0.00044 m3 Estimated
Vd Engine displacement 0.002 m3 Manufacturer
ηic intercooler efficiency 1 Estimated
Tcoolant Coolant temperature 363K Manufacturer
rc Compressor wheel radius 22.62 mm Experimental
Je Engine inertia 0.2kgm2 Estimated
Jtc Turbocharger inertia 0.00012 kgm2 Manufacturer
QHV Low heating value of fuel 42 MJ/kg Estimated

as an external input for the purpose of our simulation.

6.6 Simulation and Results

Models of the inlet manifold, engine cylinder, exhaust manifold, turbine, com-

pressor and intercooler are already described in previous sections in terms of empirical

relations, maps and dynamic equations. Now, in this section, the governing equations

will be summarized and simulink implementations of these models will be described in

detail. The important parameters of the turbocharged diesel engine used in our work

are tabulated in Table 6.4. Some of these parameters are supplied by the manufacturer

for the Puma 2.0L some of them are experimentally calculated and some of them are

mathematically estimated for the purpose of modelling.

6.6.1 Simulink model of engine

This section presents the implementation of the mathematical equations des-

cribed in the previous sections in the form of simulink block diagrams. Figure 6.16

presents the simulink block diagram of the engine alongwith its components. The EGR

block diagram is not presented in Figure 6.16 because of non-availability of EGR data

and the EGR model is not used for simulation.
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Figure 6.16: Simulink block diagram of the diesel engine with components

6.6.1.1 Inlet manifold block

Figure 6.17 presents the simulink block diagram of the inlet manifold. The

filling and emptying modelling approach is used to describe the isothermal model of

the inlet manifold as derived in Section 6.3.1. Calculation of the calibration factor Kin

and the engine pumping action model is included in this block diagram to calculate the

corrected air-mass flow rate inside the engine cylinder.

Inputs: Air temperature in the inlet manifold Ti [K]

Compressor air mass flow rate wci [kg/s]

EGR mass flow rate wxi [kg/s]

Engine rotational speed [RPM]

Outputs: Air mass flow rate into engine cylinder wie [kg/s]

Inlet manifold pressure pi [kPa]

Equations:

dmi

dt
= wci +wxi−wie (6.78)

piVi = miRTi (6.79)

wie = Kinηv
ρiVdNe

σ ·60
(6.80)
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Figure 6.17: Simulink block diagram of the Inlet Manifold

6.6.1.2 Exhaust Manifold Block

The isothermal model of the exhaust manifold, as described in Section 6.3.1,

is also derived with the help of filling and emptying modelling approach. Figure 6.18

presents the simulink implementation of the exhaust manifold.
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equation of state
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Integrator

1
s

w_xi
4

w_xt
3

w_ex
2

T_ex
1

Figure 6.18: Simulink block diagram of the Exhaust Manifold

Inputs: Exhaust temperature Tex [K]

Exhaust mass flow rate from cylinder wex [kg/s]

Turbine mass flow rate wxt [kg/s]

EGR mass flow rate wxi [kg/s]
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Outputs: Exhaust manifold temperature turbine inlet [K]

Exhaust manifold pressure turbine inlet [kPa]

Equations:

pxVx = mxRTx (6.81)

dmx

dt
= wcx +wxt−wxi (6.82)

6.6.1.3 Engine Cylinder

Torque generation and engine efficiency, as described in Section 6.3.3, are

included in this block as shown in Figure 6.19.

Inputs: Air mass flow rate into engine cylinder wie [kg/s]

Engine rotational speed ωeng [RPM]

Fuel mass flow rate w f uel = w f uel,out

Outputs: Engine torque Teng [Nm]

Exhaust gas temperature Tex [K]

Exhaust mass flow rate wex [kg/s]

Engine efficiency ηe

Equations:

Teng = g(λ ,ωeng) (6.83)

λ =
(Air/ f uel)actual

(Air/ f uel)stoichiometric

=

wie
w f uel

14.22
(6.84)

dw f uel,out

dt
= τ(w f uel,in−w f uel,out) (6.85)

Tex = f (λ ,ωeng) (6.86)
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wex = wie +w f uel (6.87)

ηe =
Te×ωeng

w f uel×QHV
(6.88)
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Figure 6.19: Simulink block diagram of the Engine Cylinder

6.6.1.4 Turbocharger

Since the turbocharger model, as described in Section 6.3.4, involves a lot of

map fittings and corrections, it is one of the most complicated models. It has three

sections namely, the compressor on the inlet side, the turbine on the exhaust side and a

common turbo-shaft. Figures 6.20 and 6.21 present the simulink implementation of the

compressor at different levels. Figure 6.22 presents the simulink implementation of the

turbine.

Inputs: Inlet manifold pressure pi [kPa]

Atmospheric pressure patm = 100 [kPa]

Atmospheric temperature Tatm = 293.15 [K]

Exhaust manifold pressure px [kPa]

Exhaust manifold temperature Tx [K]

VGT vane position uvgt [0-1]
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Outputs: Compressor mass flow rate wci [kg/s]

Compressor outlet temperature Tci [K]

Turbine mass flow rate wxt [kg/s]

Equations:

dωtc

dt
=

1
Jtc

(Tt−Tc) (6.89)

wci = g1

(
pi

patm
,ωtc

)
Compressor mass flow fitting model (6.90)

ηc = g2(ωtc) Compressor efficiency fitting model (6.91)

wxt = w∗xt ·
√

Tre f

Tx
· px

pre f
(6.92)

w∗xt = f 1
(

At ,
patm

px

)
(6.93)

At = f 2
(

patm

px
,uvgt

)
(6.94)

Tc =

wcicpTatm

((
pi

patm

) κ−1
κ −1

)
ηcωtc

(6.95)

Tt =

wxtcpTx

((
patm
px

) κ−1
κ −1

)
ηtωtc

(6.96)

Ti = Tci−ηic(Tci−Tcoolant) Intercooler (6.97)

6.6.2 Discussion of simulation results

In this section, results only related to the validation of the engine model and

its stand alone simulation will be presented and then in the Chapter 9, transient results

related to the engine model integrated to the drivetrain of the series HEV will be

presented.

Figure 6.23 presents the comparison of the fuel consumption calculated by the

Ricardo-Wave model (which has been safely taken as the experimental fuel consump-

tion) and predicted by the proposed mean-value model. In this figure, dotted lines
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Figure 6.20: Simulink block diagram of the Compressor (level I)
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Table 6.5: Comparison of the experimental and simulated results for various parameters
of the engine such as air-mass flow rate (Aexp&Asim), fuel-mass flow rate (Fexp&Fsim)
and exhaust temperature for different combinations of engine speed ωeng and torque Tb

ωeng Tb Temp Temp λ Aexp Asim Fexp Fsim Kin Kx
Exp. Sim. ×10−2 ×10−2 ×10−3 ×10−3

rpm Nm K K kg/sec kg/sec kg/sec kg/sec
1000 61.39 645.1 740.2 1.87 1.19 1.16 0.45 0.45 2.40 0.30
1000 84.95 791.3 804.5 1.38 1.20 1.39 0.62 0.62 2.40 0.35
1000 124.5 899 876.9 1.29 1.59 1.67 0.87 0.87 2.40 0.26
1500 44.24 582.7 541.7 2.35 1.69 1.87 0.51 0.58 2.60 0.95
1500 64.04 690.8 666.6 1.95 1.94 1.94 0.70 0.69 2.60 0.93
1500 76.37 704.9 717.5 1.81 2.00 2.04 0.78 0.78 2.60 0.90
1500 86.50 757.8 752.2 1.75 2.24 2.25 0.90 0.90 2.60 0.65
1500 107.9 805 812.6 1.74 2.72 2.54 1.10 1.11 2.60 0.56
1500 129.8 863.2 863 1.59 2.94 2.71 1.30 1.29 2.60 0.55
1500 151.6 919.4 905.8 1.51 3.23 2.87 1.50 1.47 2.60 0.55
1500 185.5 1188 962.6 1.14 3.09 3.15 1.90 1.81 2.60 0.56
2000 29.90 572.7 365 3.97 3.44 2.31 0.61 0.59 2.25 0.56
2000 42.23 636.7 489 2.21 2.14 2.46 0.68 0.70 2.25 0.56
2000 75.03 769.2 702.9 1.69 2.54 3.00 1.06 1.05 2.25 0.54
2000 108.7 836.8 832.2 1.68 3.40 3.48 1.42 1.42 2.25 0.58
2000 121.7 890 871.1 1.60 3.63 3.68 1.60 1.58 2.25 0.59
2000 144.3 951.2 929.9 1.52 4.03 4.00 1.87 1.86 2.25 0.61
2000 167 1010 980.9 1.49 4.53 4.30 2.13 2.16 2.25 0.63
2000 188.4 1054 1023 1.43 4.89 4.56 2.40 2.46 2.25 0.65
2000 214.5 1071 1070 1.36 5.16 4.84 2.67 2.82 2.25 0.68
2500 36.93 587.7 458.6 3.75 4.30 3.43 0.81 0.89 1.88 0.26
2500 42.84 655.2 509.4 2.45 3.13 3.59 0.90 0.96 1.88 0.29
2500 76.60 776.2 750.7 1.90 3.70 4.37 1.37 1.45 1.88 0.43
2500 110.8 876.4 905.8 1.70 4.48 5.05 1.86 1.98 1.88 0.53
2500 142.3 979.4 1008 1.57 5.22 5.50 2.33 2.44 1.88 0.60
2500 163.3 1043 1064 1.50 5.68 5.70 2.67 2.72 1.88 0.65
2500 182.2 1109 1109 1.40 5.99 5.82 3.00 2.96 1.88 0.69
2500 192.8 1190 1132 1.34 6.35 5.87 3.33 3.10 1.88 0.72
3000 36.65 610.6 437.6 4.06 6.06 3.90 1.05 0.94 1.70 0.24
3000 66.91 706.6 688.8 2.76 6.02 5.21 1.53 1.53 1.70 0.37
3000 101.1 817.5 907.5 2.13 6.38 5.81 2.10 2.10 1.70 0.58
3000 174.7 1218 1162 1.29 6.84 7.30 3.73 3.62 1.70 0.71
3500 62.62 743 562 2.75 7.17 7.15 1.83 1.82 1.75 0.24
3500 97.36 855.7 894.3 2.13 7.65 7.30 2.53 2.54 1.75 0.77
3500 176.6 1399 1205 1.10 7.73 9.20 4.94 4.87 1.75 0.92
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Figure 6.23: Verification of the fuel consumption between the Ricardo-Wave (EXP)
model versus the Simulation (SIM) model. For every speed, there are two lines with the
same kind of marker but with different kinds of line types. Dashed lines represent the
experimental fuel consumption data and continuous lines represent the predicted fuel
consumption.

represent the experimental fuel consumption and the continuous lines represent the

predicted fuel consumption by the mean-value model. It can be observed in Figure 6.23

and also from Table 6.5 that the predicted values for the fuel consumption and inlet air

are very close to the experimental values. The maximum error for the fuel consumption

rate prediction, over the complete range of available data, is 6.54% (this error is cal-

culated on the flow rate of kg/sec). This is a very good achievement considering the

simplicity of the 0D model in comparison to the detailed 1D Ricardo-Wave model.

From Figures 6.24, 6.25, 6.26 and Table 6.5, it can be observed that predictions

of the exhaust temperature by the present model are in reasonable accuracy with the

Ricardo-Wave model. If the operating region of the engine is chosen in the range of

75Nm to 215Nm (which is most likely the normal operating range for an engine of an

HEV powertrain), then the predictions results related to the exhaust temperature, fuel

consumption and inlet air are very good.

There are overall six differential equations among many other empirical equa-

tions, involved in the mean-value modelling of the engine to capture the realistic

transient behavior of the PUMA engine. Out of those six, two dynamic equations come

from the engine-shaft and turbo-shaft inertia, two dynamic equations come from the
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Figure 6.24: Exhaust temperature (Tx) at 1500 rpm. The dashed line represents the
experimental exhaust temperature and the continuous line represents the predicted
exhaust temperature.
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Figure 6.25: Exhaust temperature (Tx) at 2000 rpm. The dashed line represents the
experimental exhaust temperature and the continuous line represents the predicted
exhaust temperature.

20 40 60 80 100 120 140 160 180 200
400

550

700

850

1000

1150

Torque (Nm)

T
x  

(K
)

 

 

T
x,exp, 2500 rpm

T
x,sim, 2500 rpm
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isothermal filling and emptying model of the inlet and exhaust manifolds, while the last

two come from the fuel amount control unit and fuel injection modelling. These six

dynamic equations are coupled with each other in a very complex way, as depicted in

Figure 6.13. Steady state conditions can be reached upon when wci = wie, wex = wxt ,

Tc = Tt and Teng = Tload +Tf ric. This chapter presents the steady state simulation results

and validation for the same against Ricardo-Wave simulation results for Puma 2.0L.

After integrating the present mean-value model of the engine, with the rest of the

powertrain according to the integration principles mentioned in Chapter 8, transient

simulation results will be presented in Chapter 9.

6.7 Summary

• A control-oriented 0D dynamic mean-value model is presented in this work and

is validated against the steady state data of the 1D Ricardo-Wave model of the

Puma 2L engine.

• For controlled operation of the engine, PID controller based continuous fuel

injection amount control strategy has been successfully implemented in this work.

A anti-windup loop is also designed to negate the saturation effect in the PID

controller of the fuel injection unit.

• A feedback control is successfully implemented for regulating the value of relative

air-fuel ratio (λ > 1.3) which otherwise can cause serious emission problems.

• Table 6.5 presents the predicted values for the inlet air and fuel consumption,

which are very close to the experimental values presented in same table. The

maximum error for the fuel consumption rate prediction, over the complete range

of available data, is 6.54% (this error is calculated on the flow rate of kg/sec).

• Again from Table 6.5, it can be observed that predictions of the exhaust tempera-

ture by the present model, provided the operating region of the engine is chosen
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in the range of 75Nm to 215Nm (which is most likely the normal operating

range for an engine of an HEV powertrain), are in reasonable accuracy with the

Ricardo-Wave model.

• Overall, it can be said that while the present model may not be a fully transient, it

is definitely not a completely stationary model as well. Rather, this model fills

the gap between the map based fully stationary model, generally used for HEV

simulation, and the complex transient models such as Ricardo-Wave, which can

not be directly used in the HEV powertrain simulation. Precisely, that was the

aim of the overall engine modelling in the context of the present work.
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CHAPTER

SEVEN

BATTERY MODELLING

7.1 Introduction

A hybrid powertrain, as the name suggests, requires involvement of multiple

energy sources. Seeing critical threats to the environment, rechargeable energy sources

is one of the foremost catalysts in the development of future transportation vehicles.

Rechargeable energy sources have the capacity to produce energy on demand (discharge)

and also to accept energy (recharge) on availability. Electrochemical devices such as the

fuel cell (FC) and the batteries are the most suitable options in this category. Electrical

devices such as ultra capacitors are also rechargeable sources of energy. A desired

rechargeable energy source can be described as having qualities such as high energy

density, high power density and longer life cycles. But unfortunately, the development

of the modern EVs and HEVs is seriously restricted by the unavailability of any

such device which can have all the desired qualities simultaneously. Devices such as

ultra capacitors have high power density but suffer from lower energy density, while

batteries and FC are characterized by high specific energy density but suffer from low

specific power density [2]. Even this highest available energy density in the batteries

is very small in comparison to the gasoline engine. Therefore, overall, there are many

challenges in the field of development of EVs and HEVs having the need for desired

rechargeable energy sources.
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7.2 Battery

A battery is an electrochemical device that can store energy in the form of

chemicals and, on requirement, give it out in the form of electrical energy. Among all

the renewable energy sources, batteries are most suitable for furthering the development

of HEVs. Basically, a battery has two electrodes namely anode and cathode and these

two electrodes are connected to each other by an electrolyte solution (can be liquid

or solid) in-between. While discharging the cell, charge flows from anode to cathode

in the outer circuit and while charging, the flow of the charge is exactly opposite in

direction.
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Figure 7.1: Electrochemical cell of a battery

From the time of invention of rechargeable Lead-Acid battery, many combi-

nations of different materials have been tried for better performance, such as Nickel

based batteries and Lithium based batteries. Out of many such combinations, Lithium
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based batteries have outperformed all other batteries because of having very high power

and energy density with very low internal resistance. Although Lead-Acid battery has

many advantageous features such as low cost, mature technology and good life cycle, it

suffers heavily from low energy density, high internal resistance leading to high self

discharging rate, and, very deteriorated performance at low temperatures [2, 23].

Due to very high thermodynamic voltage, the Li-ion based batteries are very

promising alternatives to all other forms of renewable energy sources. With ongoing

research on the intercalated Li-ion, more powerful and safer Li-ion cells than ever are

produced nowadays. Considering all these exciting features of Li-ion cells, the Li-ion

based battery is used in the present work. Battery can be used as a range extender or

prime power source, depending on the power and energy capacity of the employed

battery and supervisory control priorities.

Before going into the analysis of battery dynamics, certain important terms,

on which the whole mechanism will be analyzed, need to be defined. These terms

specifically are total energy, specific energy, energy density, power density, charge

capacity, Amphour efficiency, state of charge (SOC) and self discharge rate.

1. Total Energy - Total energy stored in a battery is caluclated by the product of

voltage and charge stored in the battery.

2. Specific Energy - Since both volume and weight are very important constraints,

energy and specific energy are very important quantities to analyze battery per-

formance. Specific energy is the energy storing capacity of a particular battery

per kg mass of the battery.

3. Energy Density and Power Density - Energy density and power density are

the energy capacity and power capacity of a battery per unit of battery volume,

respectively.

4. Charge Capacity - Capacity of a battery is quantified by its ability to supply

and accept the amount of electrical charge. The unit used to define this charge
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capacity is Amp-hour.

5. Amp-hour Efficiency - Amp-hour efficiency is a kind of charging efficiency of

the battery. Ideally, if a battery is discharged with certain amount of power and

then recharged with the same amount of power, the state of charge will be the

same. Rather, SOC will be lesser while recharging than the SOC at the start of

discharge.

6. State of Charge - State of charge (SOC) is a measurement of the capacity of the

battery to supply charge to an external load. The SOC of a battery very strongly

depends on the rate of charge and discharge.

7. Self Discharge - Batteries get discharged if left unused for long time due to

ongoing internal chemical reactions.

Li-ion batteries benefit by virtues of high power and energy densities along with

very low self discharge rate. To use a battery in a modelling tool, a battery model which

can predict the battery performance with sufficient accuracy is needed. The next section

gives a review of many available battery models and based on that analysis, a suitable

battery model is chosen for the current project.

7.2.1 Battery modelling

There is a fundamental need of understanding battery dynamics in relation to

its charging and discharging process. To enhance the understanding of real battery per-

formance, many different kinds of models are proposed. Frankly, no model developed

so far fully captures the real battery performance and none of these models represent

all aspects of the battery. Most of the battery models are proposed to predict certain

phenomena under focus and have different level of complexity to achieve that purpose.

All proposed battery models to be used in HEVs are broadly categorized in

three categories, namely, electrochemical dynamics based models, experimental data
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based models and electrical circuits based models [108]. In electrochemistry based

models, 1D mathematical model for Li-ion has been used to predict the battery behavior

in a simulated environment. The electrochemical lumped thermal model proposed by

Smith in [106] solves six coupled partial differential equations related to concentration

of charges and species, over-potential and the terminal voltage. These differential

equations are formed using the Butler-Volmer kinetic equation, the basis of many

other such electrochemical models. The control volume method is employed to solve

simultaneous coupled partial differential equations to capture charging and discharging

battery behavior under normal operating conditions [109]. Transient responses are

critical to the battery performance because at the time of regeneration, energy comes in

the form of short bursts of power pulses [106]. It has already been explained that this

model is highly computationally expensive due to the involvement of solving coupled

differential equations by control volume methods. Similarly, the experimental data

based models are very much specific to a particular type of battery for which the model

is calibrated and lack the general prediction of the battery performance in different

operational situations. Finally, an electrical circuit based battery model was chosen in

this work.

Correct estimation of the battery SOC is one of the most important tasks in

modelling the battery. SOC is used in the design of the supervisory controller to govern

the performance of the battery. Electrochemical dynamics based equations are not very

convenient in the estimation of SOC because the SOC heavily depends on the electrical

conditioning of the circuitry involved around the battery. For example, the SOC of

the battery depletes very fast with depleting voltage if the rate of discharge is high;

whereas the SOC does not reduce so drastically for the same voltage levels if the rate of

discharge is mild in nature. Overall, SOC is a very important descriptor for a battery

and is highly dependent on the rate of current drawn and voltage during that process.

Since electrical circuitry based battery models are very good in estimating SOC, the

present work has adopted the battery model proposed in [112].
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There are mainly four kinds of electrical circuit based battery models included

in the ADVISOR library [110]. They are Matlab/Simulink dependent programs as

summarized in [110]. These models, such as the RC model and the internal resistance

model [111], are based on the different arrangement of resistive and parasitic elements

in series or in parallel with a constant DC voltage source. There are two more models,

known as the fundamental lead acid model and the neural network model. Most of

these models work fine as long as the operation of the battery lies in the steady state.

But when the current is subjected to dynamic changes, results are not very accurate and

sometime unacceptable. Therefore a generic dynamic Li-ion model described in [112]

has been chosen and integrated with the HEV powertrain. This model is now included

in the Simulink library as well [113].

7.2.2 Description of the battery model

Originally, Shepherd proposed a battery model in [214], expressing the elec-

trochemical parameters of the battery directly in terms of electrical parameters of the

circuit. The main strength of this battery model is that it can be used to establish a

relationship between the SOC of the battery, internal resistance, open circuit voltage

and current demand. This fundamental model was later improved with some minor

corrections to reflect battery dynamics with more accuracy such as in [215]. The same

model is further developed in [112] to capture the generic dynamic response of the

Li-ion battery. In the present model, open circuit voltage is presented as a non linear

expression of the SOC and internal resistance. A polarization voltage term is added to

accurately capture dynamics of the real battery. An exponential term Aexp(−B · it) is

added in the voltage expression as a correction term to correctly map the real charging

and discharging curve obtained in the experiments. One more new term K Q
it−0.1·Q · i

∗

related to the product of polarization resistance and filtered current i∗ is added in this

model, not present in Shepherd’s original battery model [214].

Equations for the Li-Ion Battery
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Discharging:

Vbat = E0−R · i−K
Q

Q− it
· it +Aexp(−B · it)−K

Q
Q− it

· i∗ (7.1)

Charging:

Vbat = E0−R · i−K
Q

Q− it
· it +Aexp(−B · it)−K

Q
it−0.1 ·Q

· i∗ (7.2)

Where:

• Vbat is the battery voltage (V )

• E0 is the battery constant voltage (V )

• K is the polarisation constant ( V
(Ah)) or polarization resistance (Ω)

• Q is the battery capacity (Ah)

• it is the
∫

idt = actual battery charge (Ah)

• R is the internal resistance (Ω)

• i is the battery current (A)

• i∗ is the filtered current (A)

• A is the exponential zone amplitude (V )

• B is the inverse of exponential zone time constant (Ah)−1

The term polarization resistance is defined as the ratio of the applied voltage

and the resulting current response. This “resistance” is inversely related to the uniform

corrosion rate. Polarization resistance and voltage are defined to quantify the effect of

internal chemical reactions happening at the electrodes on the internal resistance, output

voltage and current. Introduction of these terms allows a simple model to capture the

real battery dynamics by establishing the relation between three different aspects of the

battery operation, namely, electrochemical, electrical and experimental. The present

battery model has some inherent assumptions, which can be described as follows:
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• Temperature is constant during operation.

• It has been assumed that either self-discharge of the battery does not take place

or it is negligibly small.

• Internal resistance of the battery is constant during charging and discharging of

the battery and does not change with current variations.

• Parameters of the battery model are extracted from the discharge characteristics

of the battery from data produced by the manufacturer. Although parameters are

obtained from the discharge curve, these are assumed to be valid for the charging

curve as well.

• Capacity of the battery does not change with the amplitude of current.

With the purpose of simplification, it has been assumed that temperature of

the battery will remain constant during complete operation although in real life this is

not the case. Internal resistance of the battery changes with temperature of the battery

and current drawn from it. Not only higher temperature is problem for operation of the

battery but the lower temperature as well. At lower temperature kinetics of the battery

becomes extremely slow adversely affecting its performance. The overall assumption

of constant temperature for the battery is a strong assumption and in future it will be a

good idea to include a temperature model in this battery model.

To extract battery parameters, three points are considered on the discharge

characteristics curve of the battery and then those equations (obtained by using Equation

(7.1) for three points on the discharge curve) are solved to get the values of constant

parameters. In the present case, those values are directly taken from the simulink block

for the generic battery model provided in SimPowerSystems (SPS). During the usage

of the HEVs, many cells are stacked together in series and in parallel in order to get

the required ratings for the desired performances. In the current work, a battery is

chosen with maximum rated capacity of 20Ah and maximum rated voltage of 250V. By
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Table 7.1: Parameter values of the Li-Ion cell
Parameter Symbols Li-Ion Cell
Rated capacity Qmax 20Ah
Capacity at nominal voltage Qnom 18.09Ah
Initial state of charge SOC 65%
Fully charged voltage VFull 250.25V
Nominal Voltage Vnom 215V
Battery constant voltage E0 232.92V
Polarization constant K 0.061Ω

Internal resistance R 0.1075Ω

Time constant for filtered cur-
rent (i∗)

Tr 30s

Nominal discharge current inom 8.69A
Exponential zone amplitude A 18.26(V )

Exponential zone time
constant inverse

B 3.05(Ah)−1

knowing these requirements, a certain number of Li-ion cells are stacked together and

the parameters shown in Table 7.1 are calculated for the battery.

7.3 DC/DC Converter

A Hybrid Electric Vehicle requires a high power isolated bidirectional DC/DC

converter to power the vehicle from a battery because there is a big difference in voltage

levels between the high voltage side (HVS) and lower voltage side (LVS). As the

DC bus of the HEV powertrain is 700V, the isolation of the battery staying around

200V to 300V from high voltage, is desirable. Thus an isolated DC/DC converter is

required. Regenerating capability is one of the most excellent features of the series

HEV. Therefore, to support the regenerating braking, the DC/DC converter has to be

bidirectional as well. Unidirectional converters are used to supply power to sensors

and other auxiliary power consuming components of the vehicle such as air condition,

lights, etc.

When switches are operated in normal operating conditions, they are forced

to switch on and off at very high voltage or current or both at the same time. These
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kinds of switchings are called hard switching and these have many problems. For

instance, high voltage derivative at the switch-off time creates an electromagnetic

compatibility problem. High frequency switchings are employed to reduce the humming

noise but these increase the switching losses due to constraints of finite time for

switching transients. To avoid all these problems, soft switched zero voltage switching

(ZVS) is achieved by various means leading to negligible switching losses in switching

circuits [216].

A dual Half-bridge topology with zero-voltage-switching (ZVS) in either di-

rection of the power flow without using any extra switching or control devices is

implemented for the minimum loss and reduced cost. Isolated bidirectional DC/DC

converter involves transformer current as an AC variable, however conventional state-

space averaging techniques cannot remove it from the average DC model. A switching

frequency-dependent-average model with a linearized small signal model has been deri-

ved to predict large and small-signal characteristics of the converter in both directions

of the power flow [114]. In this switching frequency-dependent-average model, the

duty cycle D, the phase angle shift between LVS and HVS voltages φ and switching

frequency fs =
1
Ts

are the control variables. By controlling any of these three or all of

them together, power flow can be controlled in either direction.

In Figure 7.2, the battery is connected to the low voltage side with inductor Ldc

to provide smooth current to the primary of the transformer. Each switch (MOSFET)

is connected with a capacitor in parallel and a diode in anti-parallel for soft switching

operation. A switching frequency dependent averaged model is derived in [217], which

can be further simplified if the duty cycle is taken as D = 50%. The simplified average

model for bidirectional power flow is presented as follows [114]:

dibat

dt
=−Rbat

Ldc
ibat−

1
2Ldc

v12 +
1

Ldc
vbat (7.3)

dv12

dt
=

1
Cp

ibat−
2φ(π−φ)

CpTsω ·2ωLs
v34 (7.4)
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dv34

dt
=

2φ(π−φ)

CtTsω ·2ωLs
v12−

2
CtRs

v34 +
2

CtRs
vs (7.5)

With the assumption of duty cycle D = 50%, v1 = v2 and v3 = v4, circuits
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Figure 7.2: Primary referenced equivalent circuit for the DC-DC converter

analysis becomes extremely simple which leads to a set of simple Equations (7.3)-(7.5).

The high voltage side of the DC/DC converter is attached to the common DC-bus of

the HEV. The high voltage side of the converter does not have any battery, so vs = 0.

When the DC-bus is fed by the high voltage side of the DC-DC converter, a DC current

iload is drawn from the high voltage side of the DC/DC converter to drive the HEV. Rs

is the total load for the high voltage side of the DC-DC converter. In the present case of

the HEV powertrain clearly, the PMSM along-with the inverter is the electrical load

for the DC/DC converter. In addition to this, it can also be observed from Figure 7.2

that vdc−link = v34, so in such case v34
Rs

can be replaced by the DC load current iload and

then, Equation (7.5) is transformed into Equation (7.6).

dv34

dt
=

2φ(π−φ)

CtTsω ·2ωLs
v12−

2
Ct

iload (7.6)
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• Where Ct =Cs +2Co

• ibat is the average current drawn from the battery

• v12 is the combined average voltage across the two capacitors (Cp) on the lower

voltage side

• v34 is the combined average voltage across two capacitors (Cs) on the higher

voltage side

• The parameters for this converter are as follows: Cs = 10mF, Ldc = 5×10−5H,

Ls = 8×10−7H, Cp = 10mF, Co = 1mF, Ts = 5×10−5sec and Rbat = 0.1075Ω .

By doing some rearrangements in Equation (7.6), the resultant form of the DC-link

equation is:

Ct

2
dv34

dt
=

φ(π−φ)

Tsω ·2ωLs
v12− iload

Ct

2
dv34

dt
= iob− iload (7.7)

Where iob =
φ(π−φ)

Tsω·2ωLs
v12 is the DC-current produced by the converter on the HVS.

7.4 Control Mechanism

When power flows from LVS to HVS, the DC/DC converter works as a boost

converter but during the charging of the battery and regeneration, power flows from

HVS to LVS and then, it is known as a buck converter. It has been described earlier

that the magnitude and direction of the power flow can be controlled by controlling any

of the three variables, D, φ and fs. For the simplification of the control mechanism,

however, both the duty cycle and the switching frequency, are taken as constant where

D = 50% and Ts =
1
fs
= 5×10−5sec. Now only by controlling a single variable φ , both

the magnitude and the direction of the power flow can be controlled. When the phase
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shift angle φ is positive, power flows from LVS to HVS and when φ is negative, power

flows in the opposite direction (from HVS to LVS). The magnitude of the power flow is

proportional to the amplitude of phase shift angle φ .

As a part of the control objectives, the DC-link voltage vdc−link also has to be

maintained constant at 700V. First of all, a difference between the desired DC-link

voltage vdc,re f = 700V and the actual DC-link voltage vdc is calculated. This voltage

difference is then passed through a PI controller to generate a reference for the phase

shift angle φre f .

φre f = (Kp +Ki

∫
dt){vdc,re f − vdc} (7.8)

Since the switching frequency is very high and an average model for the DC/DC

converter is considered, it has been assumed that the desired phase shift angle φre f can

be generated instantaneously by a specific switching pattern. In such conditions, it can

safely be assumed that φ = φre f and this φ will be directly supplied to the average model

of the converters in Equations (7.4)-(7.6). Since there is a maximum and minimum

limit for the phase shift angle, a saturation is used to describe this range − π

30 < φ < π

30 .

Figures 7.3 and 7.4 present simulink block diagrams of the DC/DC converter along with

its control mechanism. In Figure 7.4, terms a33 and a23 are multiplicative constants for

voltages v34 and v12 respectively, given in Equations (7.4)-(7.6).

Vdc,ref

Switching
Frequency

i_bat
2

i_ob
1

V12

Saturation
1/sKi

Kp

DC-DC Converter Model

Vbat

phi

fswitch

V34

i_bat

V12

i_ob

700

20e3

Vdc
2

Vbat
1

Figure 7.3: Matlab/Simulink block diagram for control of the DC-DC converter, level-I
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Figure 7.4: Matlab/Simulink block diagram for control of the DC-DC converter, level-II

7.5 Simulink Implementation of Battery Model

with DC/DC Converter

In this section, the simulink implementation of the battery model along-with

the DC/DC converter will be presented. Figure 7.5 gives the simulink diagram of

a battery with DC/DC converter and DC-link. Figure (7.6) presents the simulink

SOC

I_load

DC-Link

idc-bat

i_load

V_dc-actual

DC-DC Converter

Vbat

Vdcdc

idc-bat

i_bat

Battery 20Ah - 215V

i_bat

Vbat

SOC

Figure 7.5: Matlab/Simulink block diagram of the battery model along with DC-DC
converter and DC-link

implementation of the battery model, described in the form of mathematical Equations
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(7.1)-(7.2). Figure 7.7 presents the simulink implementation of the DC-link in the form

of mathematical Equation (7.7) and from this figure, it can be understood that vdc = v34.

7.6 Simulation Results

In the present section, simulation results related to the battery and DC/DC

converter are presented. Since this model is not yet integrated with the PMSM as load,

a step load current is designed to test the efficacy of the battery model along with the

DC/DC converter.

According to the load current profile as shown in Figure 7.8, for the first 100

sec, the battery will be discharged with demand of constant load current iload = 20A

and then for the next 100 sec, the battery will be charged with supply of constant load

current iload =−20A (negative sign just signyfy the charging of the battery). Figure

7.8 presents the battery current iob profile according to the demand of load current

iload at HVS. From Figure 7.9, it can be observed that at first the DC-link voltage

decreases during the discharge period of the battery and then at the 100thsec, there is a

peak in the DC-link voltage due to a sudden change from the discharging mode to the

charging mode. At this instant of time, the DC-link voltage deviates positively from the

reference 700V and then the DC-link voltage decreases to settle around 700V as per

expectations. Overall, the DC-link voltage is maintained in a very close range around

700V during both the charging and discharging cycles signifying the success of the

control mechanism.

The battery is first subjected to discharging and then charging for equal periods

of time and with equal amount of load current. Although +ve sign has been used for the

discharge current and -ve sign for the charging, the SOC of battery decreases linearly

during the discharging mode and increases linearly during the charging mode. If Figure

7.11 is observed carefully, an interesting fact is noted. When the battery is discharged

216



SO
C2

Vb
at1

it 
in

it1

it 
in

it

in
t(i

)1

1 s x o

in
t(i

)

1 s x o

Sa
tu

ra
tio

n
D

yn
am

icup u lo
y

Sa
tu

ra
tio

n

R
R

Li
-Io

n

A
 e

xp
(-B

*it
) -

 K
 ( 

Q
 / 

(Q
 - 

(it
) )

)  
it 

+ 
E0

36
00

36
00

1/
36

00

1/
36

00

10
0 

( 1
- i

t /
(Q

 E
0 

))

D
is

ch
ar

ge

-u
(3

) K
 (i

*)
 ( 

Q
 / 

( Q
 - 

it 
))

C
on

ve
rt

C
on

ve
rt

C
ur

re
nt

 fi
lte

r
1

B
at

t_
Tr

/3
.s

+1

2*
E0

< 
0

> 
0

C
ha

rg
e

-u
(3

) K
  (

i*)
  (

 Q
 / 

( i
t +

 Q
 k

c 
))

B
at

te
ry

D
at

a

A
dd

i_
ba

t
1

C
ur

re
nt

 (A
)

Vo
lta

ge
 V

SO
C

 (%
)

Figure 7.6: Matlab/Simulink block diagram of the battery model
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Figure 7.11: Variation of the terminal battery voltage vbat during the charge and
discharge cycle of the battery
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Figure 7.12: State of charge profile of the battery during discharging and charging SOC

under constant load current iload = 20A, the terminal voltage of the battery decreases

non-linearly from 229.6V to 218.15V with battery current ibat ' 60A (in Figure 7.10),

while the variation in the SOC is linear (Figure 7.12); and after 100 sec, when the battery

is charged under constant load current iload =−20A, the battery voltage increases non-

linearly from 218.15V to 245.9V, resulting in lower battery current value than in the

charging mode (ibat '−57A, in Figure 7.10) at the end of 200 sec. This observation

confirms the experimental behavior of the battery that the battery voltage does not

remain constant, rather it decreases and increases in the charging and discharging

modes respectively as shown in Figures 7.11 and 7.12. Here in the present simulation,

battery is dealing with a normal constant loading current but such behaviors in the

battery current ibat and battery voltage vbat become more critical when the simulations

are run for heavy transients during the NEDC tracking operations.

Figures 7.14 and 7.15 show that when the direction of the power flow changes,

φ also changes its sign accordingly. It has been mentioned that when the working of
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Figure 7.15: Variation of the phase shift angle (in magnitude and sign) corresponding
to the power flow during charge and discharge cycle of the battery
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the DC/DC converter changes from boost mode to buck mode, the phase shift angle

also changes from φ > 0 to φ < 0. Not only does the direction of the power flow, the

magnitude of power flow is also proportional to the phase shift angle φ .

7.7 Summary

• A generic dynamic model of the Li-ion based battery model is presented in this

chapter. Parameters for this model can be easily extracted from the experimental

discharge curve provided by the manufacturer.

• This model describes the chemical parameters of the battery purely in the terms

of parameters of the electrical circuit (SOC = f (vbat , ibat)).

• A frequency dependent state space averaged model of the bi-directional DC/DC

converter, which connects the battery to the DC-link, is also presented in this

chapter.

• Phase shift angle φ based control strategy is proposed in this chapter for the

bidirectional flow of the power and DC-link voltage control.

• Simulation results are presented and validated against expected standard perfor-

mance.
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CHAPTER

EIGHT

INTEGRATION OF COMPONENT
MODELS AND SUPERVISORY
CONTROL

8.1 Introduction

Any hybrid system is a collection of many discrete and continuous variables

in the same system. Supervisory controllers designed for hybrid systems work on the

principles of interaction of discrete control signals (like switch on switch off) with

continuous system variables (such as voltage and current of PM machines). Controllers

can be mainly of two types - continuous or discrete. Continuous controllers are generally

situated in individual components and are described by differential equations which

can be easily integrated with the component model (system to be controlled). Discrete

controllers are mainly outside the component and generate event based decisions.

There is interface circuitry between external discrete controllers and continuous system

variables. Due to this interface circuitry, the two different kind of systems communicate

with each other. The discrete controller architecture is implemented on a computer based

network. Supervisory controller falls in the category of external discrete controllers

generating discrete control signals for controlling the individual components of the

HEV powertrain.

Supervisory control provides logic for the implementation of power flow ma-

nagement. Its main duty is to switch ON or OFF the different components as per
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requirement for optimized utilization of the energy sources. Most of the state of art

supervisory controllers used in mass production vehicles are heuristic in nature [120].

Such supervisory controllers highly depend on the knowledge of expected behavior of

the vehicle. It is a commonly observed fact that at lower speed, power transmission from

the battery to the wheels has higher efficiency in comparison to the power transmission

from engine to the wheels. At higher speed, power transmission from the engine to

the wheels has overall higher efficiency. In addition to this efficiency considerations,

the maximum torque produced by the IC engine at lower speed is very low, whereas

due to fast dynamics, the motor produces very high torque even at lower speed. So, an

unexceptional general rule for the supervisory control is that at lower power demand, the

vehicle is powered by the battery and at higher power demand, the engine is turned-on.

The engine powers the vehicle until there is a substantial decline in the power demand

or regeneration takes place. Considering these heuristic laws, many such Boolean or

Fuzzy rule based supervisory controllers are designed. Figure 8.1 presents a general

overview of the different categories of supervisory control strategies.

Figure 8.1: Categorization of different supervisory control strategies

There are mainly two categories of supervisory controllers, rule-based [10, 137,

137–148] and optimization based [5, 111, 123, 124]. These controllers can also be

categorized as causal and non-causal controllers. Non-causal controllers are required to

have “a priori” information of the driving cycle or in a sense, future driving conditions

have to be known beforehand. However, there is no such requirement for the causal
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controllers. Rule-based supervisory controllers fall in the category of causal controllers

whereas optimization based controllers generally fall in the category of non-causal

controllers.

Gao has categorized supervisory control strategies in three main categories, thermostat

control strategy, power follower control strategy and power split control strategy [218].

But by careful observation, it can be understood that both the thermostat and power

follower control strategies belong to the category of rule based supervisory control

strategy in many ways. So, in a broad sense, any control strategy not involving any

kind of optimization but dependent on fixed sets of rules for operation of the powertrain

components can be put into the category of rule based supervisory control strategy.

In most cases, the rule based control strategy is used as an online supervisory

controller because it mainly considers the power ratings and higher efficiency regions

for operation of the power components. These heuristics or rule based control strategies

are found to be more robust and computationally efficient than optimization based

power split control strategies [150]. The main drawback of the rule-based control

strategies is that they often lead to suboptimal solutions.

To get over the problem of sub-optimal solution, optimization based control

strategies are devised by which optimal solutions are guaranteed. Optimization based

strategies are also further categorized into instantaneous power split optimization and

global power split optimization. Instantaneous optimization based strategies are based

on minimizing an objective cost function which optimizes power split at every instant

of time, finally giving a solution closer to the global optimum [5, 151–153]. Global

optimization based strategies requires “a priori” information of the drive cycle leading

to global optimal solutions [128, 154, 155]. Some controllers are combinations of

the optimization based control and neural network techniques [159]. Optimization

based control strategies require complicated optimization techniques such as dynamic

programming and genetic algorithm. Therefore, generally, they cannot be used for real

time implementation but only for offline analysis. Moreover, resulting solutions are also
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very particular to that drive cycle, unrobust and unsuitable for unknown speed profiles.

8.2 Heuristic Supervisory Control

Heuristic or Rule based supervisory controllers are also further categorized

in many subcategories depending on the state variables used for determining control

rules. These state variables are also called decision variables, because, only on the basis

of these variables does the supervisory control generate operational logic to control

individual components of the powertrain. Some general properties of the heuristic

supervisory control can be described as follows:

• From standstill to certain speed (ucrit) of the vehicle, only the battery will power

the vehicle.

• Above this certain speed (ucrit), the engine will be turned-on to support the drive.

• During the process of discharge, the SOC of the battery should not deplete below

a certain threshold value.

• If SOC of the battery depletes below a certain threshold level SOCmin, the engine

will not only power the motor but recharge the battery as well.

• At the time of regeneration, all power must come back to the battery for the

purpose of charging it back till certain maximum threshold value of the SOC

(SOCmax).

• Even at higher speed, if SOC is very high, then the battery should supply all the

required power.

• When the power demand goes extremely high during extra urban drive, the battery

should assist the engine in meeting the required power demand.

225



There are many ways in which control rules can be designed depending on the

various state variables or parameters of the powertrain components such as the speed of

the vehicle [10, 140], maximum allowed motor and engine torque [141], demanded DC-

link current, variations in the value of the SOC, various other component ratings such

as power limit of the prime movers [137, 143–148] and temperature of the components,

etc. Some controllers are designed on the basis of fuzzy logic [27, 149] and neural

networks [159].

SOCmin < SOC(t)< SOCmax

Teng,min < Teng(t)< Teng,max

Tmot,min < Tmot(t)< Tmot,max

Tgen,min < Tgen(t)< Tgen,max

ωeng,min < ωeng(t)< ωeng,max

ωmot,min < ωmot(t)< ωmot,max

ωgen,min < ωgen(t)< ωgen,max

Peng,min < Peng(t)< Peng,max

Pmot,min < Pmot(t)< Pmot,max

Pgen,min < Pgen(t)< Pgen,max (8.1)

Where min and max terms in subscript refer to minimum and maximum ratings of that

particular variable, respectively.

All rule based controllers share a few common principles among them such as

the lack of involvement of any kind of direct optimization routine and all the control

instructions depend on efficient operating zones of the powertrain components. This

control is implemented with the logic of an if-else loop. The logical flow chart is

designed in such a way that no constraints are violated at any point of time.
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Due to the non-involvement of any kind of optimization routine, rule based

controllers are computationally very fast, efficient and robust in all the driving condi-

tions. The biggest limitation of this technique is that many times this controller leads to

suboptimal solutions. Combination of the optimization based control strategy ECMS

and rule based control is also proposed in [219] to get the benefit of robustness and

optimality of solution.

8.3 Optimization Based Supervisory Control

Optimization based supervisory controllers are designed to achieve optimal

solutions for the power flow management problem. There can be two ways in which

this control task can be performed; in one case, energy consumption can be optimized at

every instant of time and in another case, energy consumption can be minimized for the

overall drive cycle. The first case of optimization approach is known as instantaneous

optimization, where splitting of the power flow is done in such a way that the fuel

consumption is minimized at every instant of time. Second case of optimization is

called global optimization, where it is not necessary to minimize the fuel consumption

at every instant of time but it must be minimized for the overall duration of the drive

cycle. Normally, global optimization leads to the optimal solution and instantaneous

optimization leads to near optimal solutions.

In general, every optimization based supervisory control minimizes some sort

of cost function to achieve the desired control objectives [5, 121, 122, 125–127, 147]. A

general cost function can be expressed in the following way:

J =
∫ t f

t0
ψ̇(x(t),u(t), t)dt (8.2)

where J is performance index, ψ̇ is cost function variable (can be the rate of fuel

consumption), x(t) is state variable vector of the system and u(t) is the sequence of
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the control vector input generated by the supervisory control strategies. By adding

weighted terms for pollutant emissions in the performance index, this optimization can

be made multi-objective.

J =
∫ t f

t0
ψ̇(x(t),u(t), t)dt +

∫ t f

t0
α · ϕ̇(x(t),u(t), t)dt (8.3)

where ϕ̇ is presented as the rate of pollutant emissions at every instant of time. Si-

milarly, many other terms related to some particular objective can be added together

with different weighting factors (i.e. α in Equation (8.3)) respectively to achieve a

simultaneous solution for all of them.

This cost function should be minimized along with many soft and hard

constraints such as maximum and minimum allowable limits for the SOC, various

ratings for power sources, different drivability conditions, etc. Constraints on the dif-

ferent state variables, described in Section (8.2), are also included in the optimization

based control. Some of these constraints are included in the cost function itself with va-

rying penalty factors according to their effect on the objective undertaken. For example,

to present the constraint on the final state of charge (SOC f ), a function φ(x(t0, t f )) can

be added to the overall objective function.

J =
∫ t f

t0
ψ̇(x(t),u(t), t)dt +

∫ t f

t0
α · ϕ̇(x(t),u(t), t)dt +φ(x(t0, t f )) (8.4)

There can be various ways in which φ(x(t0, t f )) can be defined to ensure that the

deviation in the SOC value from the start of the drive mission till the end is confined in

the acceptable domain.

In [129], Serrao has defined three broad categories of the optimization me-

thods used for obtaining the optimal solution; firstly numerical methods for global

optimization, secondly numerical methods for local optimization and thirdly analytical

optimization methods. In the first case, optimization of the cost function is achieved

by using numerical methods such as dynamic programming [5, 154, 156–158, 162] and
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genetic algorithm [128, 134–136, 155, 164]. Dynamic programming needs the discreti-

zed space of state variables and time to search for the optimal solution. Introduction of

discretized state space makes the solution suboptimal for the continuous problem. Dy-

namic programming requires back iterations for calculating the most efficient solution,

therefore, in a way forcing itself to be impossible to use in an online analysis [129].

Although, in dynamic programming, the computational burden increases linearly with

respect to time, it increases exponentially with increasing number of dimensions in the

problem [120, 220]. This increased computational burden makes it practically impos-

sible for any real-time application with a multi objective function. In addition to this,

“a priori” knowledge of the complete driving cycle is also compulsory [156]. There

are some efforts to combine dynamic programming techniques with neural networks

to develop some method by which optimization can be done online [221]. But still

predominantly, these methods are computationally expensive and can mostly be used

only for an offline analysis.

In the second case of numerical methods for local optimization, techniques

similar to the dynamic programming are used. Rather than using the full information

for future driving conditions, only predictions of the future driving conditions are used.

Since emphasis is on the local optimization of the objective function, exact global

information is not necessary. For local optimization, global constraints are transformed

into local ones. So these methods are capable of use in online optimization but the

need for computational ability is enormous [120, 129]. Model predictive control and

stochastic dynamic programming are examples of such methods.

The computational complexity of the numerical optimization can be further

reduced if somehow a closed analytical solution of the optimization problem can be

derived with reasonable simplifications. A Hamiltonian function is defined, where

minimization at every instant of time leads to the solution of the optimization problem.

H(x(t),u(t),µ(t)) = ψ(x(t),u(t), t)+µ(t) ·φ(x(t0, t f )) (8.5)
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To minimize this Hamiltonian at every instant of time µ(t) must satisfy following

condition:

µ̇ =
∂H(x(t),u(t),µ(t))

∂x
(8.6)

where ψ(x(t),u(t), t) is an instantaneous cost function, φ(x(t0, t f )) is a function repre-

senting the dynamics of the overall system and µ(t) is a vector called adjoint state of

the system.

If the objective function can be explicitly presented in terms of control variables,

the optimization problem will be more straightforward and simple. For the supervisory

control of energy flow, the objective function can be presented as:

H(x(t),u(t),µ(t), t) = Pice(u(t), t)+ s(t) ·Pelec(x(t),u(t), t) (8.7)

where Pice is energy generated due to fuel consumption and Pelec = Pbat is energy ge-

nerated by operation of the battery, x(t) is SOC of the battery, u(t) is control variable

generated due to the supervisory control and s(t) is an equivalence factor. Now, the ove-

rall optimization is based on the search for a suitable equivalence s(t) factor which can

minimize the overall energy consumption. This control technique is called equivalent

consumption minimization strategy (ECMS) [129–133].

Before going into the details of the implementation of our proposed supervi-

sory control strategy, a description of the integration of the powertrain components is

necessary. The general principle for the integration of individual components in the

powertrain is described in the next section.

8.4 Integration of Component Models

The HEV system is fairly complex in the architecture due to the involvement of

the multidisciplinary technologies. Since the whole HEV consists of many subsystems

integrated together by mechanical, electrical and control links, the overall performance
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Figure 8.2: Interconnection concept among different kinds of mechanical and electrical
subsystems

highly depends on the interactions of these subsystems. Rather than putting all the

dynamic equations of different subsystems together as a one system, a modular ap-

proach has been adopted where the individual components are first modelled with

their specific controller. Subsequently, these subsystems are integrated together in a

certain configuration to be operated as a complete powertrain. Different components

are modelled with different levels of complexities. For example, electrical machines

are modelled in a very detailed way, whereas, converters are modelled with average

modelling techniques and non-electrical subsystems such as engine and battery are

modelled with a mixed level of complexity. Every component has some inputs and

outputs as a result of modelling. These inputs and outputs can be classified as potential

or kinetic variables. For an electrical system, voltage is a potential variable and current

is a kinetic variable, whereas for a mechanical system, torque is a kinetic variable and

speed (rotational or translational) is a potential variable. Two neighboring components

are integrated together with an exchange of the input and output variables. As a general

rule, the potential variable works as an input for the later component and the kinetic

variable works as a feedback signal for the former components. However, in some

cases they are interchangeable with one other or a combination of both. Figure 8.2 is

again presented here to graphically explain the concept of integration of the different

components.

In the series architecture, there are two series path of power flow from power
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sources to wheels of the vehicle. In both the cases, ultimately the DC-link feeds

the PMSM and inverter which finally drives the vehicle with the help of the driver

and transmission. In the first case, power flows from the IC engine to the PMSG and

rectifier to the DC-link and in the second case, power flows from the battery and DC-DC

converter to the DC-link. The DC-DC converter is chosen bidirectional because during

regeneration, all the regenerated power has to flow backward to charge the battery.

8.4.1 Power flow from the IC engine to the wheels
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Figure 8.3: Circuit diagram showing the electrical connection of the generator (PMSG),
AC/DC rectifier, DC/AC inverter and motor (PMSM). Symbols v, i, R, L and e represent
phase voltages, currents, resistances, inductances and induced e.m.f’s, respectively.
Subscripts a, b and c correspond to the individual phases and subscripts g and m
correspond to ‘generator’ and ‘motor’, respectively. C0 is the DC-link capacitor, vdc is
the DC-link voltage and ucar is the forward speed of the car. The signals related to the
control of vdc and ucar are also shown.

Figures 8.3 and 8.4 present the circuit diagram and block diagram of the po-

wertrain, when the IC engine alone is used as the power source to the powertrain. The

longitudinal car takes TL as input giving back translational speed of the car ucar as

output. This ucar goes back to the driver model as a feedback input. The three phase

DC/AC converter (inverter) which feeds the PMSM, takes vdc (potential variable) as the

main input from the DC-link along with other inputs (vdm, idm, vqm and iqm) and gives

the DC-link current idc (kinetic variable) as a output. The DC-link current idc becomes

feedback input for the DC-link. The three phase AC/DC converter (rectifier) takes vdc
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(potential variable) as a main input from the DC-link along with other inputs vdg, idg,

vqg and iqg and gives iog as an output, which becomes another input for the DC-link

model.

Due to the series architecture of the power train, the PMSG gets input power

from the diesel engine. The generator rotor-shaft is mechanically coupled to the engine

inertia via a fixed gear ratio G. Therefore, the mechanical dynamics of the generator

are governed by the following equation:

Teng−Tf ,eng−G(Te +Tf ,gen) = (Je +G2Jg)
dωeng

dt
, (8.8)

where Teng (indicative torque) is the mechanical torque applied by the IC engine, Tf ,eng

is the friction torque in the engine, Tf ,gen is the friction torque in the generator, ωr is

the generator rotor speed and Je and Jg are the moments of inertia of the engine and

generator respectively. Here, PMSG takes input mechanical torque Teng from the engine

and produces rotational speeds of the generator and engine, ωr and ωeng, respectively,

as outputs. The generator rotor speed and the engine rotor speed are related as:

ωr = Gωeng, (8.9)
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ωeng works as a feedback input signal to the IC engine fuel amount controller.

Every component involved in this series integration of the diesel engine to PMSG

to rectifier to DC-link to inverter to PMSM and then finally to the longitudinal car

has many other input-output state variables at various levels. Since most of them are

involved in either internal dynamic or control loops of the components, they are not

deliberately discussed in this process of integration. Internal dynamics and control of

the particular component have already been discussed in the previous chapters related

to the respective components.

8.4.2 Power flow from the battery to the wheels

When the battery with the DC/DC converter feeds the DC-link voltage, it

replaces the combination of the IC engine, PMSG and rectifier. Figures 8.5 and 8.6

present the circuit diagram and block diagram of the powertrain, when the battery alone

is integrated as the power source to the powertrain. The DC/DC converter takes battery

voltage vbat as the main input alongwith phase shift angle φ as a control input and

produces ibat and iob (DC current delivered by the DC/DC converter to the DC-link) as

output. The current drawn from the battery ibat by the DC-DC converter, in order to

deliver the requested power demand by the DC-link, becomes feedback input for the

battery model. The control dynamics of the battery with the DC-DC converter have

already been explained in the previous chapter.

In a series hybrid vehicle, sometimes the engine supplies the required power to

drive the wheels and sometimes the battery. Both paths of power flow (engine to wheels

and battery to wheels) are combined together in one powertrain by the implementation

of a competent supervisory control. Switching between the two power sources is done

with the objectives of attaining maximum fuel efficiency, efficient operation of the

power sources and achieving the desired drive performance etc. Details about the

supervisory control will be described in the coming sections.
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8.4.3 Hybrid mode operation

In the initial stage of design, there were only two modes of operation where

either the engine or the battery alone was powering the vehicle. In both these modes of

operation, the two power sources are operating alone without any mutual assistance. In

this situation, both the power flow paths have their own DC-link capacitor and control

loop to maintain the DC-link voltage constant throughout the drive operation. Since

the variation of the DC-link voltage was very small, this method of operation was fine

and produced correct results with accurate dynamics. But this situation is no longer

helpful for hybrid mode of operation where both the power sources, engine-generator

and battery, are operating simultaneously. Basically two new modes of operations

are introduced with the inclusion of the hybrid mode of operation of the powertrain.

The first case of hybrid mode of operation comes during the tracking of the NEDC

drive cycle, when SOC goes below the minimum threshold value and the speed of the

vehicle is high. In such a situation, the engine has two tasks to perform simultaneously,

powering the vehicle and charging the battery. The second case of the hybrid mode of

operation arises when the demanded load current goes very high and the engine alone

can not support that demand. In such a situation, the battery comes to the assistance of

the engine.

Figures 8.7 and 8.8 present the circuit diagram and block diagram of the powertrain,

when the IC engine and the battery both are involved in hybrid modes of operation of

the HEV powertrain. Details regarding different possible operating modes are described

in the next section 8.9. In both these hybrid modes of operation, control strategies used

for the single power flow path cannot be used any more. A new control strategy and

new structure for the DC-link, very close to the physical reality, has been designed to

achieve the purpose.
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8.5 A novel DC-link control strategy

There are two control objectives which must be fulfilled for proper operation

of the HEV powertrain. The first control objective is to deliver the required power to

the PMSM and the second is to maintain the constant DC-link voltage throughout the

operation. When only one power source is active at a given time, both control objectives

are fulfilled by a single control loop in every case. For example, when the generator

or battery alone is active, maintenance of the constant DC-link voltage and the PMSM

power demand both are satisfied by the single outer DC-link voltage control loop. Now

when these two power sources are active simultaneously, there cannot be two separate

loops to control the same DC-link voltage, which will otherwise lead to destabilization

of the HEV system. So the two control objective are now distributed in two different

control loops. One control loop is used to maintain the constant DC-link voltage and

the other control loop is used to properly split the PMSM power demand between two

simultaneously active power sources (i.e., engine-generator and battery) during the

complete operation of the HEV. Figure 8.7 and Figure 8.8 describe two control loops

responsible for switching of the converters in such a way that the DC-link voltage is

maintained constant and power demand by PMSM is achieved.

In hybrid mode of operation, the battery is used as a power buffer which supplies

or absorbs the extra power when the DC-link voltage (vdc) is deviating from its reference

value (vdc,re f ), due to lack or excess of the total power at the terminals of the DC-link

capacitor. In Figures 8.7 and 8.8, it can be observed that the battery and DC/DC

converter are associated with the DC-link voltage control loop whereas PMSG is now

associated with the power split control loop.

By applying Kirchhoff’s current law at DC-link terminal, the DC-link equation can be

expressed as:

Co
dvdc

dt
= iog + iob− idc (8.10)

where vdc is actual DC-link voltage, iog is load current contribution from the generator,

238



iob is load current contribution from the battery and idc = iload is the total load current

drawn from the DC-link by the PMSM and inverter. In this equation the effect of the

two Cs capacitors at the output of the DC/DC converter has been adjusted in the total

value of the DC-link capacitor Co.

Since the DC-link voltage control is associated with the battery and DC/DC

converter, in terms of equation, the DC-link voltage control can be expressed as follows:

φre f = (Kp +Ki

∫
dt){vdc,re f − vdc} (8.11)

First of all, a difference between the desired DC-link voltage vdc,re f = 700V and

actual DC-link voltage vdc is calculated. This voltage difference is then passed through

a PI controller to generate a reference for the phase shift angle φre f . The appropriate

phase shift angle φ ensures power flow from the battery in such a way that the DC-link

voltage is maintained constant all the time during a drive cycle. This control loop also

ensures the contribution of the power fraction from the battery alone to the total power

demand by the PMSM.

According to simple power balance, the following equation must be satisfied at all the

times during the operation of the HEV powertrain:

PPMSM = Pgen +Pbat

1 =
Pgen

PPMSM
+

Pbat

PPMSM
(8.12)

At present, losses of the converters are not included in Equation 8.12 but in coming

Section 8.6 when efficiency of the converters and transmission will be included in power

calculations, all the losses will be accounted accurately.

A new control loop is designed which forces the PMSG and AC/DC converter to

track the contribution of the power from the generator Pgen to the total power demanded

by the PMSM PPMSM. Once the contribution of the power fraction (sg =
Pgen

PPMSM
) from
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the generator is ensured, the rest of the power fraction (sb = Pbat
PPMSM

) automatically

comes-from/goes-to the battery. The old voltage controller loop is now replaced with a

power split controller loop with new values of kp and ki.

idq−re f = (kp + ki

∫
dt){Pgen,re f −Pgen} (8.13)

Pgen,re f = vdc,re f igen−load (8.14)

Pgen = vdciog (8.15)

• idq−re f represents reference phase currents in the d−q frame

• Pgen,re f is the reference power from the generator

• Pgen is the actual power contribution from the generator

• vdc,re f = 700V is the reference DC-link voltage

• igen−load is the desired load current contribution from the generator

• vdc is the actual DC-link voltage

• iog is the actual dc current supplied by the generator along with the AC/DC

converter

This new power split controller gives the current reference in the d−q frame,

which gets multiplied with the required power factor and corresponds to the amplitude

of the phase current. All other system dynamic and control equations will be exactly

the same as described in section 5.4.2. In simulations, it has been found that after

implementation of these control loops, the power distribution among both the power

sources is accurate and the maximum deviation in the DC-link voltage is 0.046%. This

way of DC-link control is found to be very robust and accurate in all the cases of simu-

lation. Clear allocation of the control objectives to different loops and correspondingly

different components is one more salient feature of this control.
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8.6 Inclusion of the Various Efficiency Factors

The main aim of the present work is the dynamic modelling of all the compo-

nents involved in the powertrain. All the electrical and mechanical components have

some losses during their operation due to various unavoidable reasons. For example,

electrical machines such as PMSM and PMSG have losses in the form of copper losses

(Pl,c), eddy current losses (Pl,e), hysteresis losses (Pl,h) and mechanical losses compri-

sing bearing losses (Pl,b) and windage losses (Pl,w) [202]. Generally, in most of the

modelling mechanisms, these losses are accounted just by inclusion of efficiency, but in

the present work, a novel frictional torque is proposed which accounts for all kinds of

losses in the PM machines. Switching converters such as AC/DC converter (rectifier),

DC/AC converter (inverter) and DC/DC converter also have two major kinds of losses,

switching losses and conduction losses. Switches offer resistance in the path of flow

of currents which generates the conduction losses. High frequency switching of the

current and voltage in the IGBT/MOSFET switches creates stress on the p-n junction,

which leads to heat and other kinds of losses, together known as the switching losses.

To exactly calculate all these losses one has to have detailed model of the switches.

To save the complete model from extreme complexity and lengthy simulation period,

average models for the converters are used. In the average model of the converters

an average efficiency factor has been utilized to include the conduction and switching

losses.

8.6.1 Power balance for the various components of the po-

wertrain

As it has already been discussed, there are mainly five operating modes. Power

balance in each mode can be calculated with the inclusion of efficiencies.

Engine alone is powering the HEV
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The power balance for the various components of the powertrain is given in the following

equations, in which the η terms are average efficiency:

Carin = ηtrMotout

Motout +Motloss = Motin

Motin = Invout

Invout = ηinvInvin

Invin = Rectout

Rectout = ηrecRectin

Rectin = Genout

Genout +Genloss = Genin

Genin = Engout

Engout +Engloss = Engin

If all the equations are added together in such a way that common terms at LHS and

RHS are canceled, the overall power balance equation can be summarized as follows:

ηtrηinvηrecEngin = ηtrηinvηrecEngloss +ηtrηinvηrecGenloss +ηtrMotloss +Carin

(8.16)

Similarly the overall power balance equations can be derived for all other modes of

operation.

Battery alone is powering the HEV

ηtrηinvηdcdcBatin = ηtrηinvηdcdcBatloss +ηtrMotloss +Carin (8.17)

Regeneration mode

ηtrηinvηdcdcCarin +ηinvηdcdcMotloss = Batin +Batloss (8.18)
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Engine is powering the HEV and charging the battery

ηtrηinvηrecEngin =

[
ηtrηinv

ηdcdc
(Batin +Batloss)+ηtrηinvηrecEngloss (8.19)

+ηtrηinvηrecGenloss +ηtrMotloss +Carin]

Engine and Battery both are powering the HEV

ηtrηinvηrecEngin +
ηtrηinv

ηdcdc
Batin =

[
ηtrηinv

ηdcdc
Batloss +ηtrηinvηrecEngloss+ (8.20)

ηtrηinvηrecGenloss +ηtrMotloss +Carin]

where Car, Mot, Inv, Rect, Gen, Bat and Eng represent the power corresponding

to car, motor, inverter, rectifier, generator, battery and engine components, respectively,

in their short forms. Subscripts ‘in’, ‘out’ and ‘loss’ represent the amount of input,

output and loss of the power of a particular component. ηtr, ηinv, ηrec and ηdcdc denote

the transmission, DC/AC converter (inverter), AC/DC converter (rectifier) and DC/DC

converter efficiency respectively. The average efficiency factor ηinv = ηrec = 94.61%

[222–224] and ηdcdc = 96% [225–228] are used to scale the DC current in Equation

(4.27) to account for power losses in the converter. Two kinds of transmissions are used

in the present modelling of the HEV powertrain, the CVT transmission and the fixed

gear ratio transmission. The overall average power efficiency of the CVT typically

ranges from 89% to 94% [25]. In this work, the value of average efficiency of the

toroidal CVT, ηtr = 93%, is used [184] by scaling the load torque on the transmission

shaft appropriately. In the case of fixed gear ratio transmission, it has been assumed

an efficiency of 96% [183, 184]. The main purpose of this work is to present a general

methodology for modelling of the HEV powertrain. Magnitude of various parameters

in any model only signify their relative impact on the numerical values predicted by the

model, and do not affect the modelling methodology in any manner. Therefore different

efficiency factors used in this work will affect the outcome of the simulations only

in terms of numbers, and will not affect the generality of the modelling methodology
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presented in this work.

8.6.2 Dynamic DC-link equations for various modes of ope-

ration

Input and output power of the inverter and rectifier can be written in the following way:

Inverter:

ηinvInvin = Invout (8.21)

Invout =
3
2
(vqmiqm +ddmidm) (8.22)

Rectifier:

ηrecRectin = Rectout (8.23)

3
2
(vqgiqg + vdgidg) = Rectin (8.24)

Engine alone is powering the HEV

When the engine (engine-generator) alone is powering the vehicle, power balance

equation at the DC-link can be written in the following way:

Rectout− Invin =Covdc
dvdc

dt
(8.25)

By substituting the Equations (8.21)-(8.24) in to Equation (8.25), the dynamic equation

of the DC-link with efficiency factors of the inverter and rectifier can be described as

follows:

ηrec
3
2
(vqgiqg + vdgidg)−

3
2ηinv

(vqmiqm + vdmidm) = Covdc
dvdc

dt

ηrec
3
2
(
vqg

vdc
iqg +

vdg

vdc
idg)−

3
2ηinv

(
vqm

vdc
iqm +

vdm

vdc
idm) = Co

dvdc

dt
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ηrec
3
2
(dqgiqg +ddgidg)−

3
2ηinv

(dqmiqm +ddmidm) = Co
dvdc

dt

ηreciog−
idc

ηinv
= Co

dvdc

dt
(8.26)

Similarly, the DC-link equations for the other modes of operation can be described by

using the energy balance equation of that operation mode.

Battery alone is powering the HEV

ηdcdciob−
idc

ηinv
=Co

dvdc

dt
(8.27)

Regeneration mode
iob

ηdcdc
−ηinvidc =Co

dvdc

dt
(8.28)

Engine is powering the HEV and charging the battery

ηreciog +
iob

ηdcdc
− idc

ηinv
=Co

dvdc

dt
(8.29)

Engine and Battery both are powering the HEV

ηreciog +ηdcdciob−
idc

ηinv
=Co

dvdc

dt
(8.30)

Figure 8.9 presents the implementation of the DC-link equation for all modes of

operation. While tracking the NEDC cycle when PMSM has to track constant speed

part just after acceleration there is always regeneration for fraction of seconds and if

the engine is supplying all the power at this moment we don’t want to switch from

the engine to the battery for such a small time. Therefore, to avoid such unwanted

switchings between the power sources iload is compared with −0.5A rather than 0.
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Figure 8.9: Simulink block diagram showing the implementation of DC-link voltage
with various efficiency factors for the converters. igen−load and ibat−load are desired
or reference load currents for the generator and battery, respectively. iog and iob are
actually supplied currents from/to the generator and battery, respectively. idc = Iload is
DC-link current drawn by the PMSM and inverter. vdc is the actual DC-link voltage

8.7 Supervisory Control Rule

Optimization based supervisory controls are typically implemented on approxi-

mation based models, i.e., where the model of the powertrain is just a collection of

steady state maps and charts. In such models there is no real time control and all the

power demands of the power sink are immediately supplied by the power sources. Due

to the simplicity of the powertrain model, complex optimization based control strategies

can be implemented. In one sense, it is like implementing complex supervisory control

on a simple approximated model. However, in the present work, since the powertrain

model is complex, first a simple supervisory control scheme is implemented. Due to

the presence of a real time controller for every component, implementing optimization

based complex supervisory control will be very difficult. Since the complete HEV

powertrain model in itself is very detailed and complex in terms of dynamics, the first

attempt should be to develop a robust supervisory control to drive the HEV powertrain.
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It has already been established that the biggest advantage of the heuristic controller

is its intuitive design and easy implementation. If the controller is properly tuned-up,

very good results in terms of reduced fuel consumption and online implementation

can be achieved [120]. Considering the modelling complexity the implementation of

a rule-based supervisory control is the most robust way to simulate such a dynamic

hybrid electric vehicle model.

Two main control strategies, thermostat and power follower (load-current follo-

wer), are explained in the following sections.

8.8 Thermostat supervisory control strategy

The most fundamental of all supervisory controllers is the thermostat super-

visory controller. This controller works on the principle of a normal thermostat for

temperature control in homes. In this controller switching on and off of the heater is

dictated according to the continuous temperature level of the room. Overall control

signals are discrete (either on or off) and the variable to be controlled (temperature) is

continuous. Similarly in a hybrid electric vehicle, the engine-generator can be switched

on and off depending on the SOC of the battery.

The thermostat supervisory control strategy (TSCS) is also known as an on-off

control strategy because in this control strategy, the IC engine operates with fixed power

in its most efficient zone all the time, depending on the state of charge of the battery.

When the engine is powering the vehicle and the power demand is less, the excess

power goes to charge the battery till the upper limit of the SOC (SOCmax) is reached.

After this, the engine is turned-off completely and the battery operates till SOC reaches

its minimum allowable level (SOCmin). As soon as the battery reaches to its SOCmin,

the engine is again turned-on to power the vehicle and to charge the battery with the

available excess power. Regeneration also puts extra energy in the battery while braking

the vehicle.
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For a series hybrid electric vehicle, power demands must be balanced in the following

way:

Preq = S(t) ·Pgen + S̄(t)Pbat (8.31)

where Preq is the required power to drive the vehicle, Pgen is the power produced by

the generator and Pbat is the power produced by the battery. S(t) and S̄(t) are control

signals to switch on and off the power source component and they must satisfy the

constraint S+ S̄ = 1, where the control signal S(t) can be defined as:

S(t) =

 1, Engine-generator set is ON

0, Engine-generator set is OFF
(8.32)

The logic on which basis S(t) takes values 1 or 0 can be described as follows [111]:

S(t) =



0

 i f SOC(t−)≥ SOCmax

or SOC(t−)> SOCmin & S(t−) = 0

1

 i f SOC(t−)≤ SOCmin

or SOC(t−)< SOCmax & S(t−) = 1

(8.33)

8.9 Power follower supervisory control strategy

The power follower supervisory control strategy (PFSCS) is implemented in

various ways in [137, 143–148]. The fundamental principle of the PFSCS is that the

prime power source of the HEV tries to follow the maximum power demand of the

vehicle in an optimum way. It is a well known fact that an engine performs with

higher efficiency at higher loads and with poor efficiency at lower loads. Battery has

complementary performance behavior in terms of efficiency. So it is very natural that

the battery should power the vehicle at lower power demand and the engine should

power the vehicle at higher power demand. Along with this general rule, if SOC of

the battery goes beyond the maximum upper limit (SOCmax), the battery should power
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the vehicle with certain load conditions. Similarly when the SOC of the battery goes

below the minimum threshold level of the (SOCmin), the battery should be charged by

the engine.

Gao, in [111], has proposed a general form of power follower supervisory

control strategy with detailed conditions for switching between battery and engine. In

this strategy, it has been assumed that the engine-generator, as a prime power source

for the HEV powertrain, will be active most of the time except when lower power is

required for driving the vehicle and SOC(t) of the battery is greater than SOCmax. Gao

has presented the control logic for the PFSCS in the following form:

Preq = S(t) ·Pgen + S̄(t)Pbat (8.34)

Pgen =



0, if S(t)=0

Pgen,min,

 i f S(t) = 1,and

SOC(t)> SOCmax & Preq > Pgen,min

Pgen,ch,

 i f S(t) = 1,and

SOCmin ≤ SOC(t)≤ SOCmax

Pgen,max,

 i f S(t) = 1,and

SOC(t)≤ SOCmin

(8.35)

Where,

Pgen,ch = Preq +Pch ·
(

SOCmax +SOCmin

2
−SOC(t)

)
(8.36)

Where Pch is a constant decided charge power magnitude, Pgen,min and Pgen,max are

maximum and minimum power delivered by the generator, respectively.
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8.10 Load follower supervisory control strategy

A load follower supervisory control strategy (LFSCS) based on the power follo-

wer supervisory control strategy (PFSCS) is proposed in the present work. Although

LFSCS follows similar pattern to the PFSCS, it has very important changes in the

decision variables. Contrary to the PFSCS proposed in [111] assuming that the engine-

generator will be the prime power source, the engine battery will be the default prime

power source in the LFSCS. But unlike the TSCS, where SOC(t) is the only decision

variable, the DC-link current idc−link will also be a important decision variable in the

LFSCS.

In a series hybrid electric vehicle, the traction motor drives the wheels of the

vehicle and the power demand is always equal to Preq = vdc−linkidc−link. Since the DC-

link voltage vdc−link is maintained constant at all times, the overall power fluctuations

are mainly due to transients in the drawn DC-link current idc−link. When the engine is

supplying the power, the demanded DC-link current gets directly translated into the

demanded mechanical torque of the PMSG. Since the rotational speed of the engine-

generator coupled rotor is maintained at constant speed, all the transients in the DC-link

current idc−link = iload (load current) get reflected in TL (load torque for the engine-

generator set). In the present model, there is an involvement of the DC-link equation

with all its dynamics, where constancy of the DC-link voltage and deliverance of the

demanded power highly depend on the DC-link current. Also the value of the DC-

link current is found to be very critical to the performance of the power supplying

components. Switching and splitting of the power between different power sources

such as the engine and battery is more straightforward in terms of the DC-link current

than power in the present architecture of the powertrain. Tracking the DC-link current

demand indirectly tracks the requested power demand also in the series configuration.

So after overall analysis, it has been found that the LFSCS will be more logical and

straightforward in implementation than the PFSCS. When both the engine and battery

are active, power splitting is done by splitting the current contributions by the PMSG
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and battery to the total DC-link current, idc−link, according to Equation (8.10).

Control logic for the implementation of LFSCS can be summarized as follows:

Preq = S(t) ·Pgen + S̄(t)Pbat (8.37)

Preq =



Pbat ,


i f SOC(t)≥ SOCmax Battery is fully charged;

or SOC(t)≥ SOCmin & idc−link < i(crit,1) Pure electric mode;

or idc−link < 0 Regeneration;

Pgen,ch−Pbat,ch,

 i f SOCmax ≤ SOC(t)≤ SOCmin & idc−link < icrit,1

Battery is getting charged till SOCmax;

Pgen,

 i f SOC(t)≤ SOCmax & idc−link < i(crit,2)

Engine alone is powering;

Pgen,max +Pbat ,

 i f idc−link > icrit,2

engine and battery both are powering;
(8.38)

Where Pgen,ch and Pbat,ch are power produced by the generator and absorbed by the

battery while the generator is driving the powertrain and charging the battery simulta-

neously. Pgen is power produced by the generator when it is alone driving the powertrain

and not charging the battery. Pgen,max is the maximum power produced by the generator,

when power demand is very high and battery is also assisting the engine to drive the

powertrain. i(crit,1) and i(crit,2) are the critical values of the DC-link current on the basis

of which switching of the power sources are done. Here a simplified control logic

for the LFSCS has been presented but its detailed implementation is given in the next

Chapter 9.
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8.11 Simulink block diagram of the series HEV po-

wertrain

Figure 8.10 presents the Simulink implementation of the complete powertrain

of the series HEV, which contains the individual components such as longitudinal car,

PMSM, DC/AC converter, DC/DC converter, battery, AC/DC converter, PMSG and the

turbocharged diesel engine. These simulink blocks are connected to each other by the

compatible input-output links. The diesel engine and the battery are the power sources

of the overall powertrain. Every component of the powertrain has their own individual

controllers inside the component block itself. A supervisory controller is also designed

to run the HEV in the normal operating conditions. Since detailed description of the

other parts of the powertrain, such as PMSM, Car, converters and PMSG, has already

been given in the previous chapters, mathematical equations for them are not presented

here.

8.12 Summary

• Theoretical analysis of the various supervisory control strategies have been

described in this chapter.

• Different types of the electrical and mechanical components are integrated toge-

ther in one powertrain by exchanging the input and output in the form of potential

and kinetic variables.

• To account for the losses, in the different components of the powertrain, various

efficiency factors are included in the model. Energy balance for the different

operating modes of the HEV powertrain with efficiency factors are described.

• A novel DC-link control strategy has been proposed by integrating the power-

splitting control loop to the PMSG drive and the DC-link voltage control to the
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Figure 8.10: Simulink block diagram of the HEV powertrain containing longitudinal
car, PMSM, DC/AC converter, DC/DC converter, battery, AC/DC converter, PMSG and
turbocharged diesel engine
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battery and DC/DC converter.

• Dynamic equations for the DC-link under the various operating modes are also

presented to test the efficacy of its real time control.

• Finally on the basis of two most prominent supervisory control strategies namely

thermostat control and power follower, a “load follower” supervisory control

strategy is proposed in this chapter.
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CHAPTER

NINE

SIMULATION RESULTS AND
DISCUSSIONS

9.1 Introduction

Supervisory control is an overall controller of the system that decides how to

operate the HEV powertrain in the most efficient way so that all the desired objectives

can be achieved successfully. The previous chapter discusses the method of integration

of all the components in the series hybrid powertrain and reviews various supervisory

control strategies. This chapter presents the simulation results of two particular su-

pervisory control strategies. The hybrid powertrain is a collection of many electrical

and mechanical subsystems containing state variables (decision variables) of many

kinds such as voltage (vqm, vdm, vqg, vdg, vdc−link and vbat), current (iqm, idm, iqg, idg,

idc−link = iload , idc−gen and ibat), torque (TL, Tem, Tf ric,m Teg, Tf ric,g, Teng and Tf ric,eng)

and speed (ωrm, ωem, ωrg, ωeg, ωwheel and ucar,actual). These decision variables are

the important parameters of the powertrain, on the basis of which supervisory control

generates the operational logic. Due to the availability of the detailed dynamic model

of the powertrain components, we have realtime access to all these variables. By pro-

perly controlling these variables, losses in the components of the powertrain can be

minimized. Minimization of losses in the powertrain components leads to lower energy

demand from energy sources which in turn minimizes the overall required energy, fuel

consumption, emissions and improves battery life. It has been found that supervisory
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control strategy has very non-linear kind of interaction with system variables of the

HEV powertrain. Not only that, the performance of the supervisory control also depends

on the drive cycle used for testing. A particular type of supervisory control may not be

optimum for one drive cycle but often produces suboptimal solution for another kind of

drive cycle. The high fidelity model presented in this work creates an advanced platform

to visualize and control all the important variables of the HEV powertrain analyzing

their roles in the overall performance of the vehicle. This work explores the opportunity

to optimize the performance of the HEV powertrain at component level itself rather

than solely depending on supervisory controllers. Most of the models (available in

current literature as summarized in Chapter 2) apply supervisory control strategy at low

fidelity averaged model which may not be the best in all cases.

9.2 Simulation results

Two sets of supervisory control strategies, namely, thermostat and load-follower

have been implemented and the generated results are analyzed. Both of these supervi-

sory control strategies are tested on the standard NEDC drive cycle. The NEDC cycle

is made-up of four repeated ECE-15 driving cycles and one high speed extra urban

drive cycle named EUDC [6]. This drive cycle is used by various test laboratories for

independent testing of vehicle performance and emissions [25]. The complete drive

cycle lasts for almost 1200 sec of which the first 800 sec belong to repeated ECE-15

cycles, measuring vehicle performance and fuel economy for urban driving and the

rest of the 400 sec, from 800 sec to 1200 sec, measuring vehicle performance and

fuel economy in the extra urban driving. Figure 9.1 graphically describes the standard

NEDC drive used in this work to test the efficacy of the supervisory control strategies.
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Figure 9.1: NEDC drive cycle for testing the supervisory controller of the HEV power-
train

9.2.1 Thermostat supervisory control strategy

In this strategy, at first when the vehicle starts from standstill, the battery supplies all

the required power, which leads to decreasing SOC of the battery with time. Till the

current SOC(t) is greater than SOCmin, the battery will keep on powering the vehicle

and when SOC(t) goes below SOCmin, the engine will be switched on to charge the

battery and drive the vehicle simultaneously, till SOC(t) = SOCmax is reached. In the

mean time all the energy recaptured due to regeneration will be used to recharge the

battery even while the engine is engaged to power the vehicle. Since in this control

strategy the only decision variable is the SOC, its implementation is very simple and

straight forward. Figure 9.2 shows the state flow chart for the implementation of TSCS.

HybridMode
I_gen = I_load;
I_bat = 0;
Weng_ref = 2000;
during: I_gen = 36;
during: I_bat = -( 36-I_load);
during: Weng_ref = 2000;

Strat
I_gen = 0;
I_bat = 0;
Weng_ref = 800;

BatteryAlone
I_gen = 0;
I_bat = I_load;
Weng_ref = 800;
during:I_gen = 0;
during:I_bat = I_load;
during:Weng_ref = 800;

BatEngTrans
I_bat = I_load;
I_gen = 0;
Weng_ref = 2000;
during: I_gen =0;
during: I_bat = I_load;
during: Weng_ref = 2000;

after (1,sec)
after(0.5,sec)[SOC<60]

1

[(SOC>63)]

after(0.2,sec)[(SOC>60) || ( I_load <(-0.5)) ]
2

[(SOC<60)  ]

Figure 9.2: Stateflow chart for the thermostat supervisory control

Six different simulations are performed, in five of which, the car has fixed final
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drive ratios of 2, 3, 4, 5 and 6, and in one, it has variable transmission ratio provided by

the CVT. The NEDC drive cycle is supplied for testing the supervisory control strategy

in all cases. The speed tracking in all cases is accurate and error involved in the tracking

is shown in Figure 9.3. The energy provided by the sources in each simulation is shown

in Figure 9.5. Coming sections will analyze the energy generation by the various power
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Figure 9.3: Error between desired speed profile and actual forward speed of the CVT
installed longitudinal vehicle with the TSCS. Almost same results are obtained for the
powertrains having fixed gear ratios fdrat = 2,3,4,5 and 6

sources and energy consumed by different components of the powertrain. But before

this analysis calculation of SOC equivalent energy will be given in the next section.

9.2.1.1 Calculation of the SOC equivalent energy

The Recharging energy shown in Figure 9.5 contains both regeneration and

charging by the engine. Although the engine charges the battery only when SOC(t)<

SOCmin, the regenerated energy is always sent to recharge the battery. The initial SOC

of the battery is 65% and when SOC goes below 60%, the engine is used to charge the

battery. For an ideal charge sustaining HEV, SOC f (SOC at the end of the drive cycle)

must remain in close range of SOCi (SOC at the start of the drive cycle). Any positive

deviation in the SOC (4SOC = SOC f −SOCi) indicates some amount of energy has

been taken out of the stored energy of the battery and not returned back to the battery.

Ideally, this energy must be recharged back to the battery by the engine or regeneration.

Since regeneration is treated as free energy for the battery, any deviation in the stored

energy of the battery will be compensated with engine energy.

258



Sometime hard constraints are imposed on the SOC with the help of the su-

pervisory control to make sure that (4SOC = 0). Since in the present supervisory

control there is no such arrangement provided, final SOC has deviated from initial SOC

in almost all the fives cases of simulations. However, the deviations are limited to a

very narrow domain. If at the end of the NEDC cycle final SOC f < SOCi (negative

deviation of the SOC (4SOC < 0), it is clear that the powertrain has consumed the

stored energy and this energy must come from the engine as a penalty. So, an equivalent

energy (SOC equivalent) calculation is performed to account for this deviation of the

SOC f from SOCi. But when there is positive deviation of the SOC (4SOC > 0), it

is assumed that engine has worked more and excess energy will be negatively sent

penalized from the engine. Although in another sense, this excess charging of the

battery can be utilized for further drive range when during next tracking battery will

start higher initial SOC(SOCi > 65%) than the normal value of 65%. For example, in

the case of fdrat = 5, there is a small positive deviation of the SOC (4SOC > 0).

To calculate equivalent energy a relation between SOC of the battery and

engine energy has to be calculated. For this purpose, how much engine has to work

to increase the SOC of the battery by 1%, has been calculated. When engine is used

only to charge the battery from SOCi = 65% to SOC f = 66% at the constant current of

igen = 36A, energy spent and fuel consumed by the engine are 220799 J and 0.0136 Kg

respectively. By assuming the linear relationship between SOC of the battery and related

engine energy and fuel consumption, any deviation in the SOC (4SOC) corresponds

to equivalent energy engine of Eeq,SOC = 220799 ·4SOC J and fuel consumption of

Fueleq,SOC = 0.0136 ·4SOC Kg.

Figure 9.4 presents SOC profile during the NEDC drive cycle for all simulation cases.

9.2.1.2 Energy consumption and loss analysis

The total energy used and time history of the fuel consumption, to complete the

drive cycle in each case is shown in Figures 9.5 and 9.6 respectively. It is clear that the
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Figure 9.4: Time history of the SOC of the battery while tracking the NEDC drive cycle
for fixed gear ratios fdrat = 2,3,4,5,6 and CVT with the TSCS

car with the CVT installed outperforms all other cases, giving reduction of 1.42% and

1.12% in the total energy and total fuel consumption respectively, as compared to the

best case of fixed final drive ratio, fdrat = 3.
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Figure 9.5: Energy provided by the engine, battery, battery recharging, SOC equivalent
and total energy spent, in the powertrains having fixed gear ratios ( fdrat = 2,3,4,5,6)
and CVT, in tracking the NEDC drive cycle with the TSCS

Figure 9.7 describes the major losses in the different components of the powertrain

for the six different simulations. From this figure it can be observed that although

CVT losses highest energy in the for transmission losses but it saves more energy by

minimizing overall losses in the PMSM (both PMSM friction and resistance losses).

In all other form of losses also although CVT is minimum but major benefit of energy

saving comes from optimizing PMSM performance. This analysis will be done in more

detail on coming sections where losses in the individual components will be discussed

in more detail.
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Figure 9.6: Time history of the total fuel consumption during NEDC cycle tracking in
the cases of fixed gear ratios fdrat = 2,3,4,5,6 and CVT with the TSCS
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Figure 9.8: Time history of the energy generated in the engine for the powertrains
having fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, while tracking the NEDC drive
cycle with the TSCS.
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From Figures 9.5 and 9.8, it can be observed that in the case of CVT installed

powertrain, the HEV requires the minimum energy from the engine in comparison to

all other cases. Figures 9.7 and 9.9 demonstrate that there is a substantial energy loss in

the engine due to friction; this loss is alleviated by operating the engine at two different

speeds as described in Section 6.5. In Figure 9.7, the magnitude of different kinds of

losses are compared so they all are shown with positive bars. But, everywhere else

all the different kinds of losses are shown negatively just to depict the fact that loss

means dissipation and total energy supplied is equal to the total energy loss in the HEV

powertrain (which shows a kind of energy balance).
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Figure 9.9: Time history of the engine friction loss in the powertrains having fixed
gear ratios ( fdrat = 2,3,4,5,6) and CVT, while tracking the NEDC drive cycle with the
TSCS.

9.2.1.3 Losses in the PMSG

In Figures 9.7 and 9.10, there are descriptions of the losses in the PMSG

denoted as friction loss and these are calculated by the expression Tf ric ·ωrg. But

as already described in Section 5.5, the proposed loss represents not only frictional

loss but also includes many other kinds of losses such as eddy current losses (Pl,e),

hysteresis losses (Pl,h), bearing losses (Pl,b) and windage losses (Pl,w) [202]. Figure

9.10 demonstrates that this loss is minimum when a CVT transmission is used than fix

gear ration transmission. Usage of the CVT transmission minimizes the copper losses

as well in the PMSG as shown in Figure 9.11.
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Figure 9.10: Quantification of all the losses except the copper loss in the PMSG, with
the powertrains having fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, during NEDC
cycle with respect to time under the TSCS.
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Figure 9.11: Quantification of the copper loss in the PMSG, with the powertrains having
fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, during NEDC cycle with respect to time
under the TSCS.

9.2.1.4 Losses in the PMSM

The relative magnitude of other types of losses, such as tyre slip losses, can

also be seen in Figure 9.7. The major benefits of using the CVT are demonstrated by

reduction in energy loss in the PMSM, caused both by friction and resistance of the

windings as compared to the fixed final drive ratio cases.Figures 9.12 and 9.13 give the

time history of the copper loss and friction loss in the PMSM. Although both losses for

the CVT are not minimum individually, but definitely their sum as the total loss in the

PMSM is minimum among all drive ratios as shown in Figure 9.14. From this figure, it

can be easily observed that the difference in the performances of fixed final drive ratios
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and CVT become extremely prominent during the EUDC cycle. The case with the final

drive ratio fdrat = 3 is the best among all the fixed final drive ratio cases and the closest

one to the CVT installed case, in terms of total loss in the PMSM and in overall energy

consumption as well. Losses involved in the vehicle such as aerodynamic, tyre slip

and suspension are almost same in all the different cases of transmission on account of

using the same NEDC drive cycle and a fixed structure of the vehicle. By the virtue of

using different gear ratios, the PMSM has different copper and frictional losses in the

different cases of transmission. Minimization of PMSM losses in the CVT case excels

the performance of the CVT in comparison to fixed gear transmissions.
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Figure 9.12: Quantification of copper loss in the PMSM, with the powertrains having
fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, during NEDC cycle with respect to time
under the TSCS.

If only losses in the PMSM are compared, the CVT case is almost 100% better

than the fdrat = 3 case as total PMSM losses in the case of the CVT and its closest

competing case fdrat = 3 are around 2.26× 105J and 4.56× 105J, respectively. But

the CVT case suffers through worse losses due to its lower transmission efficiency in

comparison to fixed gear ratios. Figure 9.15 presents comparative quantification of all

the major losses in the powertrain after the DC-link. In the series hybrid powertrain all

the energy reaching the vehicle has to go through the PMSM and transmission. The

CVT case excels all fixed gear ratio cases due to its minimum energy losses in the

PMSM but this enormous energy gain in the PMSM is up to a large extent compromised

264



0 200 400 600 800 1000
-15

-10

-5

0
x 10

5

Time (sec)

Lo
ss

 in
 t

he
 P

M
S

M
 b

y 
T

fr
ic

 (
J)

 

 

f
drat

=2 f
drat

=3 f
drat

=4 f
drat

=5 f
drat

=6 CVT

Figure 9.13: Quantification of all losses except copper loss in the PMSM, with the
powertrains having fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, during NEDC cycle
with respect to time under the TSCS.
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Figure 9.14: Time profile of total energy loss in the PMSM, with the powertrains having
fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, during NEDC drive cycle under the
TSCS

due to high loss in the transmission. If the total energy entering in to the inverter from

the DC-link is compared in all the different cases of simulations, the CVT case gives

the best performance of 2.56% reduction in comparison to the best energy efficient case

of fixed gear fdrat = 3 as shown in Figure 9.15. If somehow the efficiency of the CVT

transmission can be improved, the CVT led transmission will give enormous savings in

terms of total energy and fuel consumption.
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Figure 9.15: Quantification of the total energy supplied from DC-link onwards against
different losses in the inverter, PMSM and car while tracking the NEDC drive cycle
with the the thermostat control strategy.

9.2.2 Load follower supervisory control strategy

idc−link, SOC and ucar are chosen as decision variables for the LFSCS. The

performance of power sources and overall powertrain highly depends on these variables.

On the basis of these decision variables, switching between the engine and battery

as power source can be decided. In the present case of battery model, it has been

observed that the battery performance deteriorates when iob > 30A, so idc−link = 30A

can be a threshold value for switching from battery to engine. The expected optimum

performance of the battery occurs at 60% < SOC < 65%. The engine utilization at two

different speeds, 800 rpm and 2000 rpm, is related to the minimization of the friction

losses of the engine and generator when these are not being used. The engine alone

cannot provide more than 48A of load current while maintaining the DC-link voltage

constant and running at 2000 rpm engine speed, so the battery has to support it by

providing the rest of the power. A state flow-map is used to generate the supervisory

control signals for different operating modes. Primarily, four operating modes and

one transitory operating mode are conceived in the present supervisory control. These

operating modes and conditions for transitions from one mode to the other are explained

in Figure 9.16 in the form of a state-flow-chart.

The operating modes are described as rectangular blocks and arrows pointing

from one operating mode to another to show possible transition ways. The conditions of
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BatteryAlone
during:I_gen = 0;
during:I_bat = I_load;
during:Weng_ref = 800 ;

EngBat
during: I_gen = 48;
during: I_bat = I_load - 48;
during: Weng_ref = 2000 ;

Start
I_gen = 0;
I_bat = 0;
Weng_ref = 800 ;

EngineAlone
during: I_gen = I_load;
during: I_bat = 0;
during: Weng_ref = 2000 ;

BatEngTrans
during: I_gen = 0;
during: I_bat = I_load;
during: Weng_ref = 2000 ;

EngCharBat
during: I_gen = 36;
during: I_bat = - ( 36 - I_load);
during: Weng_ref = 2000 ;

after  (1,sec)

[I_load> 48]

3
[I_load< 48][I_load>30

||SOC<60]

after(0.2,sec)[SOC>60
||( I_load <(-0.5))]

3

after(0.2 ,sec)[I_load> 30 && SOC> 60]
1

[(I_load<30 && SOC>60)
||( I_load <(-0.5))]

2

[ SOC>65
 || I_load>36]

1

[I_load<36
&&SOC<60]

1

after(0.2 ,sec)[SOC<60]
2

[(I_load< 20 && SOC> 65)||(I_load <(- 0.5))]
2

Figure 9.16: Stateflow chart for the proposed load follower supervisory control strategy.
igen and ibat are the desired or reference load currents for the PMSG and battery
respectively. iload is the DC-link current drawn by the PMSM and inverter. ωeng−re f =
ωdesired is the desired speed for the engine. BatteryAlone, BatEngTrans, EngineAlone,
EngCharBat and EngBat are overall five modes of operation of the powertrain, and their
names are self explanatory.

the transitions are written on the arrows and if all the conditions written on the arrows

are true, the powertrain will transit from one mode to another. At first, when the vehicle

starts from a standstill position, the battery starts powering the HEV. This pure electric

mode of operation is called BatteryAlone. While tracking the complete NEDC cycle,

when the DC-link load current demand goes beyond 30A (idc−link = iload > 30A) or

the SOC of the battery goes below 60% (SOC < 60%), the HEV goes in a transitory

operating mode named BatEngTrans. In this transitory operating mode, the engine

is turned on but the DC-link load current is still supplied by the battery only. This

transition is important because the engine need some time to switch its speed from

ωidle = 800 rpm to ωoperating = 2000 rpm. The HEV remains in this transitory mode

(BatEngTrans) for the next 0.2 sec and from this operating mode, there are total three

ways in which further transition can happen. Firstly, if SOC remains SOC > 60% or if

there is a regeneration iload <−0.5A, the HEV will again come back to the pure battery

mode (BatteryAlone) of operation. Secondly, if the DC-link load current demand

remains iload > 30A with SOC > 60%, then the HEV will transit to the EngineAlone
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mode of operation, where the engine is supplying all the power demanded by the HEV

and the battery is simply switched off from the powertrain. Thirdly, if SOC < 60%, the

HEV will go into the EngCharBat mode of operation where the engine will be supplying

all the power demand of the HEV and charging the battery as well. In EngCharBat

mode, a constant current 36A is drawn from the engine-generator and the rest of the

current−(36− Iload) is used to charge the battery. The HEV can further transit from the

EngCharBat mode of operation to either EngineAlone or BatEngTrans depending on

the values of the state variables SOC and iload . The HEV will enter from EngCharBat

to BatEngTrans if iload < 20A and SOC > 65% or regeneration iload < −0.5A takes

place. Depending on the values of SOC and iload , there can be further transitions from

the BatEngTrans mode to the other modes. The HEV will enter from EngCharBat to

EngineAlone if SOC > 65% or iload > 36A. From EngineAlone mode, there can be

transitions to three other modes BatEngTrans, EngCharBat and EngBat. HEV can enter

from EngineAlone to BatEngTrans if iload < 30A and SOC > 60% or regeneration

iload < −0.5A takes place. Depending on the values of the SOC and iload there can

be further transitions from the BatEngTrans mode to the other modes. HEV can enter

from EngineAlone to EngCharBat if iload < 36A and SOC < 60%. HEV can enter

from EngineAlone to EngBat if iload > 48A, where the engine alone cannot support the

power demand of the PMSM causing the battery to come for assistance. EngBat is a

hybrid mode of operation during high power demand but required only with high drive

ratios such as fdrat = 6 and higher.

9.2.2.1 Energy consumption and loss analysis

Again in this supervisory control case also six different simulations are perfor-

med, in five of which, the car has fixed final drive ratios of 2, 3, 4, 5 and 6, and in one,

it has variable transmission ratio provided by the CVT. Speed tracking in all the cases

is accurate and the error in the tracking is shown in Figure 9.17. The energy provided

by the sources in each simulation is shown in Figure 9.18.
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Figure 9.17: Error between desired speed profile and actual forward speed of the
longitudinal vehicle with the LFSCS
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Figure 9.18: Energy provided by the engine, battery, battery recharging, SOC equivalent
and total energy spent, in the powertrains having fixed gear ratios ( fdrat = 2,3,4,5,6)
and CVT, in tracking the NEDC drive cycle with the LFSCS

All labels used for quantification of energy are same as used in previous cases

such as engine energy, battery energy and SOC equivalent energy. SOC equivalent

energy in this also has been calculated in similar manner as done in the TSCS case. Once

again with LFSCS also, CVT installed HEV powertrain clearly excels in performance

in comparison to all other fixed final drive ratios as shown in Figure 9.18. But under the

effect of LFSCS, CVT led HEV powertrain is 3.52% more efficient in terms of total

energy than its closest competitor case of fixed final drive ratio, fdrat = 3. In terms of

fuel consumption also CVT led HEV powertrain is 1.72% more efficient, as compared

to the best case of fixed final drive ratio, fdrat = 3. The total energy used and time

history of the fuel consumption, to complete the drive cycle in each case are shown in

Figures 9.18 and 9.20, respectively. Figure 9.19 describes major losses in the different

components of the powertrain for six different simulations. Energy generated and
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dissipated by the engine, battery, DC/DC converter, PMSG, PMSM, rectifier, inverter,

transmission and tyres, in the powertrains having fixed gear ratios ( fdrat = 2,3,4,5,6)

and CVT, while tracking the NEDC drive cycle with the LFSCS are tabulated in Table

9.1.
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Figure 9.19: Energy dissipated by the engine, battery, DC/DC converter, PMSG and
PMSM friction, PMSG and PMSM copper resistance, Rectifier, Inverter, Transmission
and tyres, in the powertrains having fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT,
while tracking the NEDC drive cycle with the LFSCS.
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Figure 9.20: Time history of the total fuel consumption during NEDC drive cycle
tracking in the cases of fixed gear ratios fdrat = 2,3,4,5,6 and CVT with the LFSCS

9.2.2.2 Losses in the Engine

From Figures 9.18 and 9.21, once again, it can be observed that in the case of

CVT installed powertrain, the HEV requires the minimum energy from the engine in

comparison to all other cases.

Figures 9.19 and 9.22 demonstrate that there is a substantial energy loss in the
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Table 9.1: Quantification of all the energy generation and losses involved in different
components of the HEV powertrain while operating with the load follower supervisory
control strategy.

Parameters fdrat =
2

fdrat =
3

fdrat =
4

fdrat =
5

fdrat =
6

CV T

Fuel Cons.(kg) 0.3352 0.3037 0.3130 0.3491 0.3787 0.3041
Engine Energy (J) 5193788 4620150 4751287 5399722 5862718 4609317
Battery Discharge (J) 3046440 2662086 2676547 2796757 2850473 2613284
Recharging (J) 2791776 2246248 2258569 2481404 2370031 2272905
SOCi(%) 65.00 65.00 65.00 65.00 65.00 65.00
SOC f (%) 64.38 63.16 63.15 63.86 62.83 63.61
SOC Equivalent (J) 136330 405391 408151 251623 479139 306671
Total fuel Cons. (kg) 0.3436 0.3287 0.3382 0.3646 0.4082 0.3230
Total equi. energy (J) 5584781 5441379 5577415 5966698 6822299 5256368
Losses in the powertrain components
Engine fric. loss (J) 1476525 1435966 1433003 1490639 1503817 1427551
Battery loss (J) 151106 107919 107963 124211 116509 107444
DC/DC conv. loss(J) 238746 200373 201419 215455 212741 199454
PMSG fric. loss (J) 472858 445129 438030 483445 487200 437704
PMSG res. loss (J) 18330 15706 16779 20079 23401 15710
Total PMSG loss (J) 491187 460834 454809 503524 510600 453414
AC/DC conv. loss (J) 174352 148793 154786 185267 207817 147491
DC/AC conv. loss (J) 293840 292582 301895 319985 346475 292217
PMSM fric. loss(J) 92195 189310 427333 841332 1436215 123419
PMSM res. loss (J) 597257 267624 153260 101149 73602 103443
Total PMSM loss (J) 689452 456934 580593 942481 1509817 226862
Transmission loss (J) 204033 204262 204630 205120 205726 365111
Tyre slip loss (J) 26060 25954 25875 25823 25791 25774
Suspension loss (J) 257 259 260 260 259 261
Tyre damping loss (J) 1.86 1.90 1.92 1.92 2 1.95
Aerodynamic loss (J) 1708893 1708843 1708820 1708808 1708802 1708809
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Figure 9.21: Time history of the energy generated in the engine for the powertrains
having fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, while tracking the NEDC drive
cycle with the LFSCS.

engine due to friction; this loss is alleviated by operating the engine at two different

speeds as described in section 6.5.
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Figure 9.22: Time history of the energy lost due to engine friction in the powertrains
having fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, while tracking the NEDC drive
cycle with the LFSCS.

9.2.2.3 Losses in the PMSG

In Figures 9.19 and 9.23, there are descriptions of the losses in the PMSG deno-

ted as friction loss and is calculated by the expression Tf ricωrg. But as already described

in section 5.5, proposed loss does not represent only frictional loss but includes many

other kinds of losses such as eddy current losses (Pl,e), hysteresis losses (Pl,h), bearing

losses (Pl,b) and windage losses (Pl,w) [202]. Figure 9.23 demonstrates that this loss is

minimum when CVT transmission is used. Usage of the CVT transmission minimizes

the copper losses as well in the PMSG as shown in Figure 9.24.
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Figure 9.23: Quantification of all the losses except the copper loss in the PMSG, with
the powertrains having fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, during NEDC
cycle with respect to time under the LFSCS.
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Figure 9.24: Quantification of the copper loss in the PMSG, with the powertrains having
fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, during NEDC cycle with respect to time
under the LFSCS.

9.2.2.4 Losses in the PMSM

The relative magnitude of other types of losses, such as tyre slip losses, can

also be seen in Figure 9.19. The benefits of using the CVT are demonstrated by the

reduction in energy loss in the PMSM, caused both by friction and resistance of the

windings when compared with the fixed final drive ratio cases.

Figures 9.25 and 9.26 give the time history of the copper loss and friction loss in

the PMSM. Although both the losses for the CVT are not minimum individually, their

sum as the total loss in the PMSM is minimum among all drive ratios as shown in Figure

9.27. From this figure, it can be easily observed that difference in the performances of
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constant drive ratios and CVT becomes extremely prominent during the EUDC cycle.

Once again, the case with the final drive ratio fdrat = 3 is the best among all the fixed

final drive ratio cases and the closest one to the CVT installed case, in terms of total

loss in the PMSM and overall energy consumption.
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Figure 9.25: Quantification of copper loss in the PMSM, with the powertrains having
fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, during NEDC cycle with respect to time
with the LFSCS.
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Figure 9.26: Quantification of all losses except the copper loss in the PMSM, with the
powertrains having fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, during NEDC cycle
with respect to time with the LFSCS.

Under LFSCS, if only the losses in the PMSM are compared, the CVT case is almost

100% better than fdrat = 3 case. If the total energy entering into the inverter from the

DC-link is compared in all different cases of simulations, CVT case gives the best

performance by reduction of 2.67% in comparison to the best energy efficient case of

fixed gear fdrat = 3 which is again an improvement over the TSCS case. Figure 9.28
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Figure 9.27: Time profile of total energy loss in the PMSM, with the powertrains
having fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, during NEDC drive cycle with
the LFSCS.

shows the quantification of energy allocated to different categories of major losses in

the powertrain after the DC-link.
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Figure 9.28: Quantification of the total energy supplied from DC-link onwards against
different losses in the inverter, PMSM and car while tracking the NEDC drive cycle
with the load-follower control strategy

9.2.2.5 Analysis of the efficiency and final drive ratio ( fdrat) for the PMSM

Figure 9.29 and 9.30 compares the efficiency of the PMSM operation among all

the fixed final drive ratios and CVT during one ECE-15 and EUDC cycle. From Figure

9.29, it can be deduced that the overall efficiency of the PMSM in the case of CVT

remains very close to 90%, which is best during the ECE-15 drive cycle. Although

during the ECE-15 drive cycle efficiency of the PMSM with final drive ratio fdrat = 2

is lowest, during the EUDC cycle efficiency of final drive ratio fdrat = 2 excels even
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the CVT, specially at the ends of higher speed range as shown in Figure 9.30. Both

the Figures 9.29 and 9.30 give very interesting insight as to how a particular kind of

transmission is not optimum all the time during different phases of operation even if the

overall performance is best. This almost best average 90% efficiency in the case of CVT

is attained by changing the final drive ratio to track the line of the highest efficiency

as described in section 3.4.1. Figures 9.31 and 9.32 describe the variation of the final

drive ratio of the CVT during ECE-15 and EUDC cycles respectively.
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Figure 9.29: Time history of PMSM efficiencies in the cases of fdrat = 2,3,4,5,6 and
CVT for urban (ECE-15) part of the NEDC drive cycle.

800 850 900 950 1000 1050 1100 1150
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

11

Time (sec)

E
ffi

ci
en

cy
 o

f t
he

 P
M

S
M

 

 

800 850 900 950 1000 1050 1100 1150
0

10

20

30

40

E
U

D
C

 d
riv

e 
cy

cl
e 

(m
/s

)
f
drat

=2 f
drat

=3 f
drat

=4 f
drat

=5 f
drat

=6 CVT EUDC

Figure 9.30: Time history of PMSM efficiencies in the cases of fdrat = 2,3,4,5,6 and
CVT form extra urban (EUDC) part of the NEDC drive cycle.
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Figure 9.31: Variation of the fdrat in the case of CVT for the urban (ECE-15) part of
the NEDC drive cycle.

800 850 900 950 1000 1050 1100 1150
1
2
3
4
5
6
7
8
9

10
11
12
13

Time (sec)

F
in

al
 d

riv
e 

ra
tio

 f
dr

at

 

 

800 850 900 950 1000 1050 1100 1150

0
5
10
15
20
25
30
35

E
U

D
C

 d
riv

e 
cy

cl
e 

(m
/s

)

f
drat,CVT

f
drat

=3 EUDC

Figure 9.32: Variation of the fdrat in the case of CVT for the extra urban (EUDC) part
of the NEDC drive cycle.

9.2.2.6 Efficacy of the DC-link voltage control strategy

Figure (9.33) describes the success of the DC-link voltage control scheme by

splitting the control objectives between two different control loops. The power splitting

control loop is integrated with the PMSG-drive controller and the DC-link voltage

control is integrated with the DC/DC converter, where the battery works as a power

buffer. The maximum deviation of the DC-link voltage throughout the NEDC cycle is

around 0.046%.

9.2.2.7 Analysis of the DC-link current

The magnitudes of all the losses and energy consumption, in the different

components of the powertrain before DC-link (such as the engine, PMSG, battery
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Figure 9.33: DC-link voltage profile during the tracking of the complete NEDC cycle

and converters), highly depend on the demanded DC-link current. The overall power

demand by the PMSM and inverter is supplied by the different operating combinations

of the engine and battery as described in Equations (8.27)-(8.30). Figures 9.34 and 9.35

show the time histories of the DC-link current for fdrat of 2, 4, 5 and 6 and the case

when the CVT is installed for two segments of the NEDC cycle, ECE-15 cycles and

EUDC cycle, respectively. In Figure 9.34, only the DC-link current for fdrat = 2 and

CVT are shown because the currents in other fixed drive ratios are very closely lying

between these two cases.
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Figure 9.34: DC-link current time history for urban (ECE-15) part of the NEDC drive
cycle.

It is evident that when the car accelerates, the current increases positively

and conversely while the car is decelerating, regeneration takes place and the current

becomes negative. It has also been seen that the car with CVT requires less driving

current and produces more regenerative current, as compared to the constant final drive

ratio cases, which is consistent with the energy loss reduction brought about by the CVT.
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Figure 9.35: DC-link current time history for extra urban (EUDC) part of the NEDC
drive cycle.

One more important point can be observed from the simulation, that the regeneration is

not possible at every speed level with fixed drive ratio especially at lower values of the

speed; for example at 680 sec in Figure 9.34, the DC-link current becomes positive for

fdrat = 2 case. However, in the case of CVT, gear ratios are adjusted in such a way that

the maximum regeneration becomes possible at all speeds; for example at 680 sec in

same Figure 9.34, the DC-link current remains negative for the CVT case. However,

regeneration capability of the PMSM primarily depends on the parasitic elements used

in the stator windings.

9.2.2.8 Power splitting at the DC-link

The DC-link current is governed by Equation (8.10), where iog = idc,gen, iob =

idcdc and idc = idc−link, so in steady state, the DC-link current will simply be the sum of

the currents fed by the PMSG and the battery idc−link = idc,gen + idcdc with appropriate

multiplication of efficiency factors. Since PMSG gives the power only during the EUDC

cycle, for all other time iog = idc,gen = 0A. Figure 9.36 presents the time history of all

the three currents during the EUDC cycle. When the SOC(t) of the battery goes below

60% at t = 831.4 sec and t = 1027 sec, PMSG start supplying all the power demand

of the PMSM and charges the battery as well with the rest of the current till SOC(t)

of the battery goes above 63%. Now again, from t = 1096 sec to t = 1116.45 sec,
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PMSG alone is providing all the power, but now the battery should not be participating

(SOC > 60%) in any kind of power contribution. Still in Figure 9.36, iob = idcdc 6= 0A

because during this time the battery along with the DC/DC converter is working as a

power buffer, maintaining DC-link voltage constant by supplying and absorbing excess

power. Although the battery is doing its task of the power buffer throughout the NEDC

cycle, during this time period, this task is clearly visible. This shows that both of the

control loops are working perfectly according to the intended jobs assigned to them.
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Figure 9.36: Current generated by the PMSG-rectifier(iog = idc,gen, by the battery-
DC/DC converter iob = idcdc and DC-link load current supplied to the PMSM-inverter
combination.

9.2.2.9 Analyzing the dynamic responses of the different variables(vd,

vq, id, iq, TL and ωPMSM) of the PMSM

Figures 9.37 and 9.38 give the time history of the quadrature current (iq) in the

PMSM during an ECE-15 and EUDC cycle. The quadrature current for the CVT case,

during the ECE-15 cycle remains between −50A to 50A whereas in the EUDC cycle,

between −100A to 100A. During both the drive cycles, the transient current is small

and overall smooth in the case of CVT, whereas in the case of fdrat = 2, not only the

transient but the steady state current are also exceptionally high. During the ECE-15

cycle, the average quadrature current is lowest in the CVT case compared to all other

fixed drive ratio cases, but this is not the case during the EUDC cycle. By observing

the quadrature current and efficiency of the PMSM during ECE-15 and EUDC cycles

it is seen that optimum performance of the HEV powertrain requires separate tuning
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for both the drive cycles. Same parameters cannot give the best performance all the

time during the two different drive cycles, the ECE-15 (a low speed urban drive) and

the EUDC (a high speed extra urban drive). To obtain the best performance of the

supervisory controller, decision variables must include speed and acceleration level of

the drive cycle as well. Here the need of “a priori” knowledge of the drive cycle to

achieve optimum performance is demonstrated which is the most important ingredient

of optimization based supervisory control strategies.
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Figure 9.37: Quadrature axis current profile in the PMSM with fdrat = 2,3,4,5,6 and
CVT implemented car, during the ECE-15 cycle
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Figure 9.38: Quadrature axis current profile in the PMSM with fdrat = 2,3,4,5,6 and
CVT implemented car, during the EUDC cycle

Since in the linearized model of the PMSM electromagnetic torque Te ∝ iq, the

pattern of the quadrature current is directly translated into load torque applied on the

transmission, as shown in Figures 9.39 and 9.40. By further observing Figures 9.41 and
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Figure 9.39: Load torque profile of the PMSM with fdrat = 2,3,4,5,6 and CVT imple-
mented car, during the ECE-15 cycle
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Figure 9.40: Load torque profile of the PMSM with fdrat = 2,3,4,5,6 and CVT imple-
mented car, during the EUDC cycle
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Figure 9.41: Rotational speed profile of the PMSM with fdrat = 2,3,4,5,6 and CVT
implemented car, during the ECE-15 cycle

9.42, it can be asserted that in the case of CVT, load torque and rotational speed of the

PMSM is adjusted in such a way that the efficiency is maximum all the time. At steady

state, when power demand is very small in the CVT, the rotational speed is reduced and

load torque is increased by changing the drive ratio. The result is that the power can be
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Figure 9.42: Rotational speed profile of the PMSM with fdrat = 2,3,4,5,6 and CVT
implemented car, during the EUDC cycle

delivered at higher efficiency, as can be seen in Figures 9.30, 9.31 and 9.32. But in the

case of fixed drive ratios, this option of adjusting the rotational speed is not available,

resulting in efficiency loss.
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Figure 9.43: Quadrature axis voltage profile of the PMSM with fdrat = 2,3,4,5,6 and
CVT implemented car, during the ECE-15 cycle
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Figure 9.44: Quadrature axis voltage profile of the PMSM with fdrat = 2,3,4,5,6 and
CVT implemented car, during the EUDC cycle

Figures 9.43 and 9.44 give the time history of the quadrature axis voltage (vq) in

the PMSM during ECE-15 and EUDC cycles. Once again it is evident that in the case
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of the CVT, the overall voltage and current transients are minimum and smooth. So, it

can be concluded that in the case of CVT, the PMSM used for providing the traction

power can be of smaller ratings than used for the fixed drive ratio transmission. Figure

9.45 gives the time history of the direct axis current in the PMSM. According to the

desired control point of view, id should be zero but due to the dynamic nature of model,

there is a deviation during transients. From Figure 9.45, it can be observed that the

deviations are there only during transients while at steady state id = 0A. Even during

deviations, the value of the id is very small in comparison to iq, so it is acceptable.
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Figure 9.45: Direct axis currents profile in the PMSM with fdrat = 2,3,4,5,6 and CVT
implemented car during NEDC cycle

9.2.2.10 Analyzing the dynamic responses of the different variables(φ ,

vbat , ibat , SOC and energy) of the battery

The DC-link current is calculated by the d− q axis voltages and currents as

described in Equation (8.10). When the DC-link current is positive, power is flowing

from the DC-link to the PMSM and subsequently to the wheels of the car. When there

is regeneration, the DC-link current is negative and power flows back from DC-link

to the battery to recharge it. This bidirectional flow of the power from the DC-link is

made possible by having a bidirectional DC/DC converter. Change in the direction of

the power flow is possible by changing the sign of the phase shift angle φ in the model

of the DC/DC converter, as shown in Figure 9.46. The terminal voltage of the battery in

reality is expected to increase with the charging and decrease with the discharging, as

seen in Figure 9.47.
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Figure 9.46: Phase shift angle of the DC/DC converter during complete NEDC cycle.
Positive phase shift angle stands for discharging of the battery and negative stands for
charging by both the regeneration and engine-genset charging.
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Figure 9.47: Time history of battery voltage during the complete NEDC cycle
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Figure 9.48: Time history of battery current during the complete NEDC cycle

There is one very interesting fact which can be observed in regard to the effect

of final drive ratio on the battery performance. From Figures 9.49, 9.50 and 9.53, it can

be clearly observed that fdrat = 2 discharges and charges the battery very heavily in

comparison to all the transmission cases. This heavy charging and discharging also leads

to high resistance losses in the battery as can be seen in Figure 9.51. However, from

the Figure 9.52 it can be asserted that this strategy of fierce charging and discharging

finally ends up having lower energy consumption in the case of fdrat = 2. But it is a
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Figure 9.49: Time history of the energy discharged by the battery, in the powertrains
having fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, during the complete NEDC cycle
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Figure 9.50: Time history of the energy recharged to the battery (contribution comes
both from engine recharging and regeneration as well), with the powertrains having
fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, during the complete NEDC cycle
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Figure 9.51: Time history of the energy loss due to internal resistance of the battery,
with the powertrains having fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, during the
complete NEDC cycle

well known fact from practical point of view that, steep charging-discharging pattern

damages the battery performance in the long run and ultimately reduces the life cycle

of the rechargeable battery. However, in present battery model prediction of battery

life cycle is ignored but it can be interesting issue for future research. By observing
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Figure 9.52: Time history of the total battery energy level, with the powertrains having
fixed gear ratios ( fdrat = 2,3,4,5,6) and CVT, during the complete NEDC cycle
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Figure 9.53: Time history of the SOC of the battery, with the powertrains having fixed
gear ratios ( fdrat = 2,3,4,5,6) and CVT, during the complete NEDC cycle

Figures 9.49, 9.50, 9.51, 9.52 and 9.53, it can be concluded that in the case of CVT

installed powertrain the battery is charged and discharged with best moderate possible

way, leading to higher battery life cycle in the long run.

9.2.2.11 Analyzing the dynamic responses of the different variables(vd,

vq, id and iq) of the PMSG

According to the supervisory control, when the DC-link current becomes very

high or the SOC of the battery goes below 60%, the engine-genset comes to feed

the total power demand by the PMSM. According to the present control, engine and

generator are coupled together. A standard vector control technique is used to linearize

the PMSG in order to design the power split control loop, as in the case of PMSM,

the speed control loop was designed. Since the battery alone is able to support the
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PMSM power demand for all the four ECE-15 parts, the PMSG comes to support the

powertrain only during the final EUDC part of the NEDC cycle. Figures 9.54, 9.55, 9.56

and 9.57 give the time histories of the d−q axis currents and voltages of the PMSG.

Since the demand of the DC-link current is minimum in the CVT installed machine, the

quadrature current and voltage are also minimum, as can be seen in Figures 9.54 and

9.56.
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Figure 9.54: Time history of quadrature axis current iq in the PMSG during the EUDC
cycle
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Figure 9.55: Time history of direct axis current id in the PMSG during the EUDC cycle
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Figure 9.56: Time history of quadrature axis voltage vq in the PMSG during the EUDC
cycle
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Figure 9.57: Time history of direct axis voltage vd in the PMSG during the EUDC cycle

9.2.2.12 Analyzing the dynamic responses of the different variables(Teng,

Teng, f ric, Tload, ωrg, ωeng, ωtc, wie,air, w f uel and λ ) of the turbocharged

diesel engine

Mean-value model of the engine described in Chapter 6 is integrated with the

rest of the powertrain and detailed analysis of transient simulation results are discussed

in this section. When the powertrain is supplied with the NEDC drive cycle for tracking,

the driver model calculates the required torque to be generated by the PMSM, and

subsequently, the PMSM demands the required power to be supplied by the inverter.

The inverter is connected to the DC-link and the DC-link is fed by two power sources,

the engine and battery. Supervisory control strategy supplies the required commands to

operate the engine and battery, depending on the available states of the power sources

and operating conditions known as decision variables.

Since the engine friction is the reason for the prominent energy loss in the

overall powertrain, to alleviate this power loss, two speed levels are chosen for engine

operation. Whenever the engine supplies power to the DC-link, the engine operates at

ωoperating = 2000 rpm and when it is not used for the power supply, it keeps on idling

at ωidling = 800 rpm. As a general rule for HEV operation, the battery and engine

are used for lower and high power demands, respectively. When the battery alone is

supplying all the required power to the DC-link, the engine is operated in idling mode.

In idling mode, the engine generates indicative torque Teng, just sufficient to sustain

the idling speed by overcoming all the frictional torques of the engine and generator
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Figure 9.58: Time history of the various torques such as the indicative torque Teng,
the engine friction torque Tf ric and the load torque Tload . The load torque Tload is a
combination of the electromagnetic torque and the friction torque at the generator shaft
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Figure 9.59: A closer look at the first part of the transient dynamics of the various
torques such as the indicative torque Teng, the engine friction torque Tf ric and the load
torque Tload .

together. There are mainly three different occasions when the engine supplies power to

the DC-link; when the engine charges the battery, when the engine alone supplies all the

power to the DC-link and when the engine is assisted by the battery to meet extremely

high power demands of the HEV powertrain. Demand of the high load current at the

DC-link gets translated into high load torque applied on the engine shaft and at the high

load torque fuel conversion efficiency of the engine is maximum around 40%. Figure

9.58 gives the time history of the engine friction torque Tf ric, load torque Tload and

indicative torque Teng in the IC engine during the EUDC part of NEDC cycle (during

all the four ECE-15 cycles engine remains in idling mode). Torque generation in the

engine is controlled by the amount of fuel injection inside the engine cylinder.

According to the supervisory control, when the engine is asked to supply the

required power, engine speed is switched from 800 rpm to 2000 rpm. This step change

in the reference speed demands a heavy transient in Teng, clearly visible in Figure 9.58.
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Figure 9.60: A closer look at the second part of the transient dynamics of the various
torques such as the indicative torque Teng, the engine friction torque Tf ric and the load
torque Tload .
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Figure 9.61: Time history of the rotational speed of the PMSG (ωrg) and the engine
shaft (ωeng), which are coupled together with a constant gear ratio (G = 2) during the
EUDC cycle

Figures 9.59 and 9.60 are presented to give closer views of various torques involved in

the operation of IC engine for the first and the second part of the transient responses

during the EUDC cycle. Figure 9.61 presents the speed profile of the engine-shaft

and generator shaft connected through a constant gear ratio (G = 2). Speed difference

(4ω = ωdesired−ωactual) is sometimes positive and sometimes negative. For example,

when ωdesired = 2000 rpm & ωactual < 2000 rpm, it is positive and when ωdesired = 800

rpm & ωactual > 800 rpm, it is negative. This speed difference is fed to the PID

controller of the fuel amount control unit to calculate the required amount of fuel to be

burned to make this speed difference zero. At positive speed difference, the controller

tries to push the positive amount of fuel inside the engine cylinder to overcome the load

torque while trying to maintain the desired speed level constant. But again, whenever
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the speed difference becomes negative, the PID controller tries to put negative amount

of fuel to decelerate the engine-shaft. Due to saturation, this is not possible.

Figure 9.62 presents the fuel-mass (w f uel,cal) calculated by the PID controller

and the actual fuel-mass (w f uel) injected inside the cylinder. Theoretically w f uel,cal

can be negative as it is just a mathematical variable calculated by the PID controller

but actual fuel injection w f uel can not be negative as shown in figure 9.62. Due to

calculation of negative fuel amount, the integrator of the PID controller used to get

saturated negatively. An anti-windup loop is designed to overcome this limitation. This

fuel amount w f uel is used to calculate λ by which the torque required (Teng) to track the

NEDC cycle is generated.
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Figure 9.62: Transient time history of the calculated fuel-mass flow rate (w f uel,cal) and
the actual fuel-mass flow rate (w f uel) during the EUDC cycle
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Figure 9.63: Transient time history of the air mass flow rate (wie,air) and the fuel-mass
flow rate (w f uel) during the EUDC cycle
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Figure 9.64: A closer look at the first part of the transient dynamics of the air mass flow
rate (wie,air) and the fuel-mass flow rate (w f uel) during the EUDC cycle
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Figure 9.65: A closer look at the second part of the transient dynamics of the air mass
flow rate (wie,air) and the fuel-mass flow rate (w f uel) during the EUDC cycle
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Figure 9.66: Time history of the relative air-fuel ratio (λ ) during the EUDC cycle

Figure 9.63 presents the time history of the air-mass flow rate and the fuel mass

flow rate through the EUDC cycle. Since time scale for the EUDC cycle is around

400 sec, air-mass flow and fuel-mass flow dynamics look instantaneous. Figures 9.64

and 9.65 are presented to give a closer view of the mass flow rates. When there is a

sudden demand of torque, in response to this demand, fuel is injected in the cylinder at
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Figure 9.67: A closer look at the first part of the transient dynamics of the relative
air-fuel ratio (λ ) during the EUDC cycle
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Figure 9.68: A closer look at the second part of the transient dynamics of the relative
air-fuel ratio (λ ) during the EUDC cycle
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Figure 9.69: Transient time history of the rotational speed of the turbo-shaft (ωtc) during
the EUDC cycle

very fast rate. Due to an already existing lean mixture, there is sufficient air to burn the

injected fuel. Due to injection of the fuel, relative air-fuel ratio (λ ) decreases because

the dynamics of the air-mass flow is much slower than the fuel injection. Dynamics

of the air-mass flow depends on the turbocharger’s speed, which takes some time to

increase its speed for supplying sufficient air to keep burning the increased injected
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Figure 9.70: A closer look at the first part of the transient dynamics of the rotational
speed of the turbo-shaft (ωtc) during the EUDC cycle
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Figure 9.71: A closer look at the second part of the transient dynamics of the rotational
speed of the turbo-shaft (ωtc) during the EUDC cycle

fuel amount. Figures 9.66 and 9.69 show the dynamics of the relative air-fuel ratio (λ )

and rotational speed of the turbo-shaft (ωtc), respectively, during the EUDC cycle. To

limit emissions beyond certain acceptable level a minimum allowable value of air-fuel

ratio is set to (λmin = 1.3). This restriction on the value of air-fuel ratio is complied by

successfully implementing a control scheme described in Section 6.5.2. Once again,

Figures 9.67, 9.68, 9.70 and 9.71 are presented to give closer views of the relative

air-fuel ratio and the turbocharger speed for the first and the second part of the transient

response for the EUDC cycle.

9.3 Summary of the results

• Two supervisory control strategies namely ‘thermostat supervisory control stra-

tegy’ (TSCS) and ‘load follower supervisory control strategy’ (LFSCS) have

been implemented over detailed dynamic model of the series hybrid electric
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powertrain.

• With every supervisory control strategy total six different simulations are perfor-

med, in five of which, the car has fixed final drive ratios of 2, 3, 4, 5 and 6, and

in one, it has variable transmission ratio provided by the CVT. The NEDC drive

cycle is supplied for testing the supervisory control strategy in all cases. The

speed tracking in all cases is accurate and the average error in the tracking is in

the order of 10−4 m/s.

• With the usage of the TSCS car with the CVT installed outperforms all other

cases, giving reduction of 1.42% and 1.12% in the total energy and total fuel

consumption respectively, as compared to the best case of fixed final drive ratio,

fdrat = 3.

• Under the effect of the LFSCS, CVT led HEV powertrain is 3.52% more efficient

in terms of total energy than its closest competitor case of fixed final drive ratio,

fdrat = 3. In terms of fuel consumption also CVT led HEV powertrain is 1.72%

more efficient, as compared to the best case of fixed final drive ratio, fdrat = 3.

• If only losses in the PMSM are compared, the CVT case is almost 100% better

than the fdrat = 3. If the total energy entering in to the inverter from the DC-link

is compared in all the different cases of simulations, the CVT case gives the best

performance of 2.56% reduction in comparison to best energy efficient case of

fixed gear fdrat = 3.

• With the implementation of the novel DC-link control strategy, where power split-

ting control loop is integrated with the PMSG-drive controller and the DC-link

voltage control is integrated with the DC/DC converter, the maximum deviation

of the DC-link voltage throughout the NEDC cycle is around 0.046%.

• Performance of the battery and DC/DC converter is observed and found in

accordance with the standard performance; For example change in the direction
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of the power flow is exhibited by changing the sign of the phase shift angle φ

in the model of the DC/DC converter and change of the terminal voltage of the

battery with the charging and discharging.

• Transient performance of the turbocharged diesel engine is observed and closely

resemble the real behavior of the engine; for example fast dynamics of the fuel-

mass flow and slow dynamics of the air-mass flow (due to its dependence on the

turbocharger dynamics) are very realistic in the nature.

• The overall results presented in this chapter, with high fidelity model of the

HEV powertrain, indicates in the direction of ample opportunities to optimize

the performance of the HEV powertrain by having access to the dynamics of the

system at component level itself.

These kinds of transients are produced due to interactions of the dynamic

components. Implementation of the control and ratings of the components highly

depend on the understanding of the real dynamic nature of the individual components.

Static maps and charts based model do not capture these transient behaviors and detailed

dynamics, so the implementation of real control at components is not possible.

297



CHAPTER

TEN

CONCLUSIONS AND FUTURE

WORK

10.1 Conclusions

Hybrid Electric vehicles contain different electrical, mechanical and electro-

chemical components in one powertrain. These components are modelled mathema-

tically and simulated on the Matlab/Simulink platform. The detailed mathematical

modelling is supposed to give more accurate and realistic results than simple steady-

state based modelling. Dynamics of a component is very important in understanding

its fundamental nature and behavior. Mathematical equations based models are not

only close to reality but also give more flexibility in designing novel component level

controllers. Maps and charts based models give very little insight and flexibility at

the component level. Therefore, dynamic modelling in the present work is not merely

an academic exercise but also the satisfaction of a need for ongoing research in the

direction of better understanding and modelling the HEV problem.

In the present work, most of the models are designed on the basis of fundamental

physics and mathematics; but definitely not for every single process and component

involved in the operation of the HEV powertrain, such as, combustion and PWM
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switching. Therefore a trade off has been made between the detailed and the average

modelling approach. This trade off has been decided on the basis of the very modelling

purpose. For example, combustion modelling of fuel is not included in the present

engine model because of its fast dynamics and inability to participate in any kind

of external control process. The same can be said about the dynamics of the PWM

switchings, which generally lies in the order of KHz whereas the longitudinal dynamics

of the car is in the order of few Hz. So, a modelling of such fast dynamic processes

does not contribute either in the control strategy or in energy calculation, rather only

complicating the model from the computational point of view. The present model

with the current level of complexity takes almost 3 hours to simulate one full NEDC

cycle and inclusion of more details about physical processes will further lengthen the

simulation time.

Mathematical models that are believed to provide accurate prediction of hybrid

electric vehicle dynamic response are presented in this work. A series powertrain

topology is considered by integrating the relevant component models into an overall dy-

namic model that includes control systems for the individual components, a supervisory

controller for the management of the power flow, and a driver model for the execution

of drive cycle tracking simulations. Regenerative braking is also accommodated by

utilizing bidirectional electronic converters with reverse operation of the permanent

magnet synchronous motor that normally drives the car.

Simulation results for different transmission configurations, in which the car

follows the standard test drive cycles, are presented. The power losses in the various

components are quantified and their relative magnitude and importance is understood.

The model is qualified for the overall balance of the energy, entering and leaving the

HEV. It is demonstrated that the use of a continuously variable transmission helps to

reduce the overall energy required to complete the full drive cycle, thus leading to fuel

savings. The CVT control scheme is informed by a novel power loss model of the

PMSM in which a speed-dependent frictional torque is included to capture the eddy
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current, hysteresis and mechanical losses. Overall, the modelling work has the potential

to act as a platform for the development of sophisticated supervisory controllers that

bring further fuel savings and enable overall design optimization of the car and its

powertrain.

The overall accomplishments of my PhD research work can be summarized in the

following points:

1. Using a first-principles approach, the constituent components of a series hybrid

electric car are modelled and subsequently integrated to form an overall coupled

dynamic model.

2. The powertrain comprises a diesel engine and a common DC-link of 700V, on

which a Permanent Magnet Synchronous Generator (PMSG) with the associated

AC/DC converter, a Permanent Magnet Synchronous Motor (PMSM) with the

associated DC/AC converter and a battery with the associated DC/DC converter

are connected.

3. A control oriented 0D dynamic model of the turbocharged diesel engine has

been built while preserving the simplicity and accuracy of the predictions. This

engine model involves inlet manifold, exhaust manifold, engine cylinder and

turbocharger. The maximum error for the fuel consumption rate prediction, over

the complete range of available data, is 6.54% (this error is calculated on the flow

rate of kg/sec).

4. To predict the accurate dynamic behavior of the battery, a generic dynamic Li-ion

model has been chosen which expresses the electrochemical parameters of the

battery directly in terms of electrical parameters of the circuit.

5. Controllers for the individual components are constructed, and are combined

with a supervisory controller and driver model to enable simulation of the vehicle

under general operating conditions.
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6. Every component modelled in the current project is first validated standalone

against the experimentally available data and the data available in the published

literature.

7. Two supervisory control strategies namely ‘thermostat supervisory control stra-

tegy’ (TSCS) and ‘load follower supervisory control strategy’ (LFSCS) are imple-

mented. Under the effect of the TSCS, CVT led HEV powertrain gives reduction

in the total energy and fuel consumption by 1.42% and 1.12% as compared to the

best case of fixed final drive ratio, fdrat = 3, and with the LFSCS these reductions

are 3.52% and 1.72% respectively.

8. Software used during this project are Matlab, Simulink, Sfunction, State-flow

charts, AutoSim, C/C++ in Microsoft Visual Studio, TableCurve2D-3D and

Ricardo-Wave for engine simulation. Many modelling tools are reviewed during

the research such as PSAT, AVL cruise, Simdriveline, Simscap, AMEsim, dymola,

modelica, least square method and parametric curve and surface fitting tools.

10.2 Novel Contributions

The novelty of the present work is depicted by the dynamic response of all

the components involved in the powertrain of HEV. Although detailed mathematical

models of many components were already present in the literature for different research

purposes in their corresponding fields, it is for the first time that all these components

along-with their dynamics are integrated together to realize a single HEV powertrain.

Integration of the mathematically modelled components brings challenges on

various issues like complexity of the overall power train, compatibility of different

components with each other, suitable control architecture at various levels of the

powertrain and feasibility of overall fast simulation in acceptable time domain. DC-link

voltage control, CVT control, Dynamic IC engine control and implementation of the
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supervisory control (TSCS and LFSCS) to such a detailed dynamic model of the series

HEV are some of the outstanding contributions to the present research field of the

HEV modelling and simulation. This work also presents the forward facing modelling

platform for HEV, which can be improved and extended to other powertrain structures

(such as series-parallel hybrid) later on. Application of different optimization techniques

and its comparisons will be part of the future research on the basis of the present work.

The contribution in summary are:

• There is a novel attempt to present a general mathematical dynamic model for all

the components of a series HEV in a single powertrain.

• Use of static or numerical tables has been avoided where possible to make

modelling more general, flexible and dynamic.

• A novel frictional torque model is proposed to quantify various electrical and

mechanical losses to its utmost accuracy in the PMSM and PMSG.

• A novel DC-link control model is presented to enable the dynamically controlled

hybrid mode operations of the HEV powertrain.

• A novel 0D control oriented dynamic turbocharged diesel engine is modelled

to be used in the overall simulation of the HEV powertrain. This engine model

is very detailed and dynamic in comparison to the general engine models avai-

lable in the advisor and Simulink libraries for modelling and simulation of the

HEV powertrain. Two calibration factors are proposed to be used in the engine

model with the purpose of accurately predicting the torque generation and fuel

consumption.

• A novel control mechanism for controlling the fuel amount to be burned and

minimum allowable vale for relative air-fuel ratio (λ ) is proposed in present

work. Two calibration factors are chosen to account for major assumptions and

uncertainties involved in the engine modelling.
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• A novel “load follower” supervisory control strategy is proposed in the present

work to utilize the capability of having access to the internal variables of the HEV

powertrain system such as (e.g. transient DC-link load current). The modelling

methodology developed in present work shapes the pathway for developing more

sophisticated supervisory control mechanisms for dynamic models of the HEV

powertrain.

10.3 Future Scope of the work

Modelling and control of the HEV is a very vibrant and urgent field of research,

both for the industry and academics. Vibrancy comes in this field by the market share

competition among automobile companies and it is well reflected by the amount of

money and resources poured in this field for research in the last two decades. Ur-

gency comes from the fact that there is an increasing pressure for minimizing the

CO2 emissions from all corners of the society. Governments all around the world are

systematically aiming towards the ideal zero emission conditions by raising the bars for

emission restrictions.

The present work is a significant contribution in the direction of dynamic mo-

delling and simulation of the HEV. The present model gives ample opportunity to the

control engineers to design newer and advanced control schemes for fuel conservative

HEVs. Due to the involvement of dynamics of the powertrain components, the model

has mixed complexity level. However, every component has room for further impro-

vements in terms of design and control. Additionally, there are good opportunities to

implement more advanced supervisory control strategies for saving more fuel.
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10.3.1 Vehicle Dynamics

• At present, the car dynamics is generated through VehicleSim® and it can be

simulated only for a fixed time step. However, all other models of the HEV

powertrain can be simulated with a variable time step, which will be much faster

than AutoSim. After analysis, it has been found that a significant amount of

energy supplied to the car goes into overcoming drag losses and all other losses

(e.g., tyre slip), are insignificant in comparison to drag losses. Since drag losses

depend on the speed profile and drag constants, rather than using such a detailed

model for vehicle dynamics, a more simplistic car model can be utilized to predict

drag losses, and this will reduce simulation time as well.

• At present, to test the performance of dynamic powertrain, only longitudinal car

dynamics has been used with longitudinal tyre motion, but in the future, the car

model can be equipped with the ability of lateral motion to test other kinds of

driving tests such as turning through a corner.

• At present, the CVT is implemented with a combination of the most efficient

fdrat , a first order time lag (for time response) and constant average efficiency.

However a more accurate model of CVT can be used, where efficiency can be

modelled as function of torque, speed and rate of change of the drive ratio.

• At present, the driver model is a simple PID controller but this model can be

updated with a more advanced preview based driver model, which can be used

better in association with a non-causal supervisory controller.

• At present, the final drive ratio of the transmission fdrat is chosen in such a way

that the PMSM can operate with maximum efficiency, indirectly making all other

components perform better in terms of energy savings. However, can fdrat itself

be chosen from the start in such a way that the overall performance of the HEV

improves rather than only the PMSM, is the question that can be investigated

further.
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• In the present model, there is no mechanical brake and has been found that

tracking of NEDC cycle can be done successfully by having only regenerative

and dynamic braking. In reality, mechanical brakes are compulsory for an HEV

from a security point of view.

10.3.2 Electric Machines

• Dynamic d−q frame equations are used to model and control the PMSM and

PMSG drives in the present work but there is no model for measuring the thermal

effects of the operation. Due to mechanical friction and eddy currents, the tempe-

rature of electric machines is increased affecting the resistance and inductance

of the machine, thereby finally affecting the machine performance. So a simple

thermal model can be incorporated to capture this important thermal behavior of

the machines under different operating conditions.

• Size, weight, volume and power ratings of the electrical machines can be parame-

terized to evaluate the performances of the powertrain with different available

options.

• There is significant amount of energy loss in the PMSG and engine due to friction

and other such factors. The possibility of implementing a CVT between the

PMSG and engine can be investigated so that both engine and PMSG can operate

in their most efficient zone, leading to fuel savings.

10.3.3 Electronic Converters

• The switching models of the converters are ignored in the current work to increase

simulation speed. Additionally, average efficiency factors are used to calculate the

losses involved. Although the usage of average efficiency factors is well justified,

there is still room for inclusion of simple average models for the calculation of
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more realistic switching losses and conduction losses depending on the voltage

levels and power transfer at input and output ports of the converters.

10.3.4 Battery Model

• The battery is the biggest hurdle in the direction of achieving long range and cost

effective electric vehicles. There was an effort to develop an electrochemistry

based 1-D mathematical model for the Li-ion battery. The control volume method

has been employed to solve the simultaneous coupled partial differential equations

to capture the realistic charging and discharging behavior of the battery under

normal operation conditions. The code has been developed in C++ and it is

general enough to simulate any other lithium battery cell by just changing the

electrochemical parameters used in the battery model. But this model was found

extremely computationally expensive for Simulink platform based simulation in

conjunction with other components, so another model has been used to complete

the powertrain. In the future, efforts can be made to solve those equation in a

more simplistic way so that computational complexity can be minimized and the

detailed model can be used with the rest of the powertrain.

• The present generic model is very good in predicting the battery behaviour in

normal operating conditions but is insensitive to the temperature conditions and

lacks any kind of thermal modelling. The electrochemistry based 1-D mathema-

tical model has an in-built thermal model and therefore, has a very important

advantage over this generic model.

• It will be highly useful and interesting to include a mechanism to predict life

cycle of the battery depending on the intensity of the charging and discharging

pattern which current model ignores completely.
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10.3.5 Engine

A control-oriented dynamic 0D turbocharged diesel engine model is presented

in the work and is validated against the steady state data of 1D Ricardo-Wave model

of PUMA2L engine. The engine model with the inclusion of engine-shaft inertia and

turbo-shaft inertia has the capacity to capture the real dynamics of the turbocharged

diesel engine. At present, this engine model is not yet fully utilized to its full capacity

and a few more important developments that can be pursued in the future are:

• Required changes should be done to include completely shutting down the engine

when it is not used during the ECE-15 cycle.

• Since this model has a dynamic turbocharger, the effect of downsizing the engine

with increasing boost pressure can be analyzed with this model.

• Any real engine has various kinds of losses but the present engine has included

only the frictional losses, so the effect of all other kinds of losses can be included

in the present model.

• An efficiency map can be built by running the engine model with various speed

and torque combinations and then a control scheme should be designed to choose

the suitable speed to deliver the required torque at the highest possible efficiency.

Since the generator and engine shaft are coupled, the speed must be chosen

in such a way that the DC-link voltage can be maintained constant while the

generator is delivering the required power to the PMSM.

• The EGR model is proposed in the engine model but due to the lack of EGR data,

it has not been activated. In the future, by inclusion of the EGR data, the engine

model will be more close to reality.

• A compound turbocharger can be employed to extract more power from the

exhaust of the engine. The turbo-machinery group under Dr Ricardo Martinez-
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Botas is already investigating this possibility and has shown interest in using the

engine model proposed in this work for their purpose.

10.3.6 Supervisory Control Strategy

• The present model is quite complex due to the inclusion of the dynamics, so

two online control strategies, ‘thermostat supervisory control strategy’ (TSCS)

and ‘load follower supervisory control strategy’ (LFSCS), is implemented. More

advanced, optimization based offline non-causal supervisory control strategies,

such as ECMS, can be implemented.

• There are complex interactions between the component level controllers and

supervisory level controller. This interaction should be studied further in order to

design the best control strategy.

• The range of the SOC and the timings to recharge the battery highly depend on

the speed profile used for tracking. For example, if the battery is depleting and

soon there will be recharging due to regeneration, there is no point in recharging

the battery by the engine at that point. Optimized performance of the battery

depends on the SOC and requires preview of the future drive cycle. Therefore,

the overall constraint on the SOC has to be examined further in association with

the driving profile.

In the present work, a series HEV powertrain is presented but due to the modular

approach of component modelling, these components can be easily rearranged in parallel

and series-parallel combination with proper adjustment to the control architecture.
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APPENDIX

A

LONGITUDINAL VEHICLE
DYNAMICS

A.1 VehicleSim® code for the longitudinal ve-
hicle

;;; Setting up the conditions for AutoSim code ;;;
(reset)
(si)
(add-gravity)
(setsym *stiff-integrator* t)
(setsym *multibody-system-name* "Longitudinal car model")
(setsym *safe-divide* t)

;;;;Building longitudinal model by defining all the rigid
bodies which will constitute the longitudinal mode ;;;

(setsym ms "tmafa + tmara - maf - mar")
(setsym a "(tmara-mar)*l/@ms")
(setsym f_t_load "0.5*tmafa*g")
(setsym r_t_load "0.5*tmara*g")
(setsym f_s_load "@f_t_load - 0.5*maf*g")
(setsym r_s_load "@r_t_load - 0.5*mar*g")

;;; Also defining the points where forces will act on the
vehicle ;;;

;;; take n0 at mid-wheelbase on ground ;;;
(add-point pfhc :body n :coordinates ("l/2" 0 -rcfw)) ;front

hub carrier mass centre
(add-point pfcp :body n :coordinates ("l/2" 0 0)) ;front wheel

contact point

(add-point prhc :body n :coordinates ("-l/2" 0 -rcrw)) ;rear
hub carrier mass centre

(add-point prcp :body n :coordinates ("-l/2" 0 0)) ;rear wheel
contact point
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;;; s is the sprung mass, with all longitudinal freedoms only.
Its origin coincides with that of n ;;;

(add-body s :parent n :name "sprung mass" :mass @ms :translate
(x z)

:inertia-matrix (0 isy 0) :joint-coordinates (0 0 0)
:body-rotation-axes y :parent-rotation-axis y :reference-

axis z
:cm-coordinates ("l/2-@a" 0 -h))

(add-point aero_f :body s :coordinates ("l/2" 0 0))
(add-point aero_r :body s :coordinates ("-l/2" 0 0))

;;; Front hub carrier with contact point with the road
combined from left and right = x2 ;;;

(add-body fhc :name "front hub carrier"
:parent s :translate z :mass "maf"
:inertia-matrix (0 "ifhcy*2" 0) :joint-coordinates pfhc)

(add-point fcpc :body fhc :coordinates pfcp :name "front
contact point")

;;; Rear hub carrier with contact point with the road combined
from left and right = x2 ;;;

(add-body rhc :name "rear hub carrier"
:parent s :translate z :mass "mar"
:inertia-matrix (0 "irhcy*2" 0) :joint-coordinates prhc)

(add-point rcpc :body rhc :coordinates prcp :name "rear
contact point")

;;; Add wheels to hub carriers with spin freedom and inertia
only combined from left and right = x2

(add-body fwhl :name "front wheel" :parent fhc :joint-
coordinates pfhc

:mass 0 :body-rotation-axes y :parent-rotation-axis y :
reference-axis z

:inertia-matrix (0 "ifwhly*2" 0))
(add-body rwhl :name "rear wheel" :parent rhc :mass 0 :joint-

coordinates prhc
:inertia-matrix (0 "irwhly*2" 0) :body-rotation-axes y :

parent-rotation-axis y :reference-axis z)

;;; Defining motor and transmission system ;;;
(add-body motorshaft :name "motorshaft" :parent s :mass 0 :

body-rotation-axes x
:parent-rotation-axis x :reference-axis y :inertia-matrix ("

Js" 0 0))

;;; Defining the final drive ratio "fdrat" parameter to be
used in the CVT transmission ;;;

;(add-input fdrat "L" :name "gear ratio")
(setsym fd_rat "fdrat")



(add-speed-constraint "ru(motorshaft)- ru(rwhl)*@fd_rat" :u "
ru(motorshaft)")

(add-position-constraint "rq(motorshaft)- rq(rwhl)*@fd_rat" :q
"rq(motorshaft)")

(kinematics)
;;; Defining spring and damper suspension systems ;;;

;;; linear spring/damper front suspension combined from left
and right = x2 ;;;

(add-line-force fsusp :name "front suspension force" :
direction [sz]
:point1 fwhl0 :point2 s0
:magnitude "@f_s_load*2 - ksuspf*(x-x0)*2 - csuspf*v*2" :no-

forcem t)

;;; linear spring/damper rear suspension combined from left
and right = x2 ;;;

(add-line-force rsusp :name "rear suspension force" :direction
[sz]

:point1 rwhl0 :point2 s0
:magnitude "@r_s_load*2 - ksuspr*(x-x0)*2 - csuspr*v*2" :no-

forcem t)

;;; Defining spring and damper tyre systems - negative tyre
forces= 0, this implies tyres have lost contact with ground
;;;

;;; front tyre load that can lose ground contact (always
positive) combined from left and right = x2 ;;;

(add-line-force ftload :name "front tyre load" :point1 fcpc :
point2 n0
:direction [nz] :magnitude "min(-0.1,-@f_t_load*2 - k_tyr*(x

-x0)*2 - c_tyr*2*v)" :no-forcem t)

;;; rear tyre load that can lose ground contact (always
positive) combined from left and right = x2 ;;;

(add-line-force rtload :name "rear tyre load" :point1 rcpc :
point2 n0
:direction [nz] :magnitude "min(-0.1,-@r_t_load*2 - k_tyr

*2*(x-x0) - c_tyr*2*v)" :no-forcem t)

;;; Compliant tyre radius ;;;
;;; distance of tyre contact point to axis of rotation ;;;
(setsym rTyF "-dot(pos(fhc0),[nz])")
(setsym rTyR "-dot(pos(rhc0),[nz])")

;;; Magic Formula ;;;
;;; Longitudinal slip expressions ;;;
(setsym kappafr "z(-(dot(vel(fcpc),[nx])+ru(fwhl)*@rTyF)/max(

tysl_min, dot(vel(fhc0),[nx])))")



(setsym kapparr "z(-(dot(vel(rcpc),[nx])+ru(rwhl)*@rTyR)/max(
tysl_min, dot(vel(rhc0),[nx])))")

;;; Wheel loads ;;;
(setsym frl "-fm(ftload)/2")
(setsym rrl "-fm(rtload)/2")

;;; Front tyre ;;;
(setsym C_fkappafr "z(@frl*(b1*@frl+b2)/exp(b3*@frl))")
(setsym C_falphafr "z(b4*sin(2*atan(@frl/b5)))")
(setsym C_malphafr "z(@frl*(b6*@frl+b7)/exp(b8*@frl))")
(setsym C_fgammafr "z(@frl*(b9*@frl+b10))")

(setsym D_fxfr "z(@frl*(b11*@frl+b12))")
(setsym D_fyfr "z(@frl*(b13*@frl+b14))")
(setsym D_mzfr "z(@frl*(b15*@frl+b16))")
(setsym k_pfr "z(k_p0+k_p1*@frl+k_p2*@frl**2)")
(setsym a_pfr "z(a_p0+a_p1*@frl+a_p2*@frl**2)")
(setsym a_efr "z(gammafr*(@C_fgammafr+b17*@frl)/@C_falphafr)")

(setsym c_kfr "z(log(l_barp*@D_fxfr/(@k_pfr*@C_fkappafr))/
@k_pfr)")

(setsym c_afr "z(log(l_barp*@D_fyfr/(@a_pfr*@C_falphafr))/
@a_pfr)")

(setsym m_kfr "z(@C_fkappafr*exp(@c_kfr*@k_pfr)*(1+@c_kfr*
@k_pfr)/@D_fxfr)")

(setsym m_afr "z(@C_falphafr*exp(@c_afr*@a_pfr)*(1+@c_afr*
@a_pfr)/@D_fyfr)")

(setsym int_kfr "z((@C_fkappafr*exp(@c_kfr*@k_pfr)/@D_fxfr-
@m_kfr)*@k_pfr)")

(setsym int_afr "z((@C_falphafr*exp(@c_afr*@a_pfr)/@D_fyfr-
@m_afr)*@a_pfr)")

(setsym k_barfr "z(ifthen(@k_pfr-abs(@kappafr), @C_fkappafr*
@kappafr*exp(@c_kfr*abs(@kappafr))/@D_fxfr, ˜
@m_kfr*@kappafr+sign(1.0,@kappafr)*@int_kfr))")

(setsym a_e_barfr "z(ifthen(@a_pfr-abs(@a_efr), @C_falphafr*
@a_efr*exp(@c_afr*abs(@a_efr))/@D_fyfr, ˜
@m_afr*@a_efr+sign(1.0,@a_efr)*@int_afr))")

(setsym l_barfr "z(sqrt(@a_e_barfr**2+@k_barfr**2))")
(setsym l_fnfr "z(0.5*(1+tanh(2.207*log(max(eps,@l_barfr))

-1.636)))")
(setsym phi_barfr "z((1-E)*@l_barfr+(E/BB)*atan(BB*@l_barfr)))"

)

(setsym Fnfr "z(sin(CC*atan(BB*@phi_barfr)))")
(setsym D_mfr "z(sqrt((@D_fxfr*@k_barfr/@l_barfr)**2+(@D_fyfr*

@a_e_barfr/@l_barfr)**2))")
(setsym Fmfr "@D_mfr*@Fnfr")



(setsym Fx1fr "@Fmfr*@k_barfr/@l_barfr")
(setsym lambdafr "sqrt(@kappafr**2+alphafr**2)")
(setsym Fx2fr "@Fmfr*@kappafr/@lambdafr")
(setsym Fxfr "z(@Fx1fr+(@Fx2fr-@Fx1fr)*@l_fnfr)")

;;; Rear tyre ;;;
(setsym C_fkapparr "z(@rrl*(b1*@rrl+b2)/exp(b3*@rrl))")
(setsym C_falpharr "z(b4*sin(2*atan(@rrl/b5)))")
(setsym C_malpharr "z(@rrl*(b6*@rrl+b7)/exp(b8*@rrl))")
(setsym C_fgammarr "z(@rrl*(b9*@rrl+b10))")

(setsym D_fxrr "z(@rrl*(b11*@rrl+b12))")
(setsym D_fyrr "z(@rrl*(b13*@rrl+b14))")
(setsym D_mzrr "z(@rrl*(b15*@rrl+b16))")
(setsym k_prr "z(k_p0+k_p1*@rrl+k_p2*@rrl**2)")
(setsym a_prr "z(a_p0+a_p1*@rrl+a_p2*@rrl**2)")
(setsym a_err "z(gammarr*(@C_fgammarr+b17*@rrl)/@C_falpharr)")

(setsym c_krr "z(log(l_barp*@D_fxrr/(@k_prr*@C_fkapparr))/
@k_prr)")

(setsym c_arr "z(log(l_barp*@D_fyrr/(@a_prr*@C_falpharr))/
@a_prr)")

(setsym m_krr "z(@C_fkapparr*exp(@c_krr*@k_prr)*(1+@c_krr*
@k_prr)/@D_fxrr)")

(setsym m_arr "z(@C_falpharr*exp(@c_arr*@a_prr)*(1+@c_arr*
@a_prr)/@D_fyrr)")

(setsym int_krr "z((@C_fkapparr*exp(@c_krr*@k_prr)/@D_fxrr-
@m_krr)*@k_prr)")

(setsym int_arr "z((@C_falpharr*exp(@c_arr*@a_prr)/@D_fyrr-
@m_arr)*@a_prr)")

(setsym k_barrr "z(ifthen(@k_prr-abs(@kapparr), @C_fkapparr*
@kapparr*exp(@c_krr*abs(@kapparr))/@D_fxrr, ˜
@m_krr*@kapparr+sign(1.0,@kapparr)*@int_krr))")

(setsym a_e_barrr "z(ifthen(@a_prr-abs(@a_err), @C_falpharr*
@a_err*exp(@c_arr*abs(@a_err))/@D_fyrr, ˜
@m_arr*@a_err+sign(1.0,@a_err)*@int_arr))")

(setsym l_barrr "z(sqrt(@a_e_barrr**2+@k_barrr**2))")
(setsym l_fnrr "z(0.5*(1+tanh(2.207*log(max(eps,@l_barrr))

-1.636)))")
(setsym phi_barrr "z((1-E)*@l_barrr+(E/BB)*atan(BB*@l_barrr)))"

)

(setsym Fnrr "z(sin(CC*atan(BB*@phi_barrr)))")
(setsym D_mrr "z(sqrt((@D_fxrr*@k_barrr/@l_barrr)**2+(@D_fyrr*

@a_e_barrr/@l_barrr)**2))")
(setsym Fmrr "@D_mrr*@Fnrr")

(setsym Fx1rr "@Fmrr*@k_barrr/@l_barrr")



(setsym lambdarr "sqrt(@kapparr**2+alpharr**2)")
(setsym Fx2rr "@Fmrr*@kapparr/@lambdarr")
(setsym Fxrr "z(@Fx1rr+(@Fx2rr-@Fx1rr)*@l_fnrr)")

;;; Translating Magic Formula to tyre longitudinal forces and
driving moments on wheel center ;;;

;;; Front tire longitudinal force and driving moment;;
combined from left and right = x2 ;;;

(add-line-force ffx :name "front tyre longitudinal force" :
point1 fhc0 :point2 n0
:direction [nx] :magnitude "z(@Fxfr*2*1/p_i*(atan(lf_fact

*(tu(s,1)-sp_tol))+p_i/2)-c_wheel*mag(rot(fwhl))*2/p_i

*(-atan(lf_fact*(tu(s,1)-sp_tol))+p_i/2))" :no-forcem t
)

(add-moment fmy :name "front tyre driving moment" :body1 fwhl :
body2 n

:direction [fwhly] :magnitude "fm(ffx)*@rTyF" :no-forcem t)

;;; rear tire longitudinal force and driving moment, combined
from left and right = x2 ;;;

(add-line-force rfx :name "rear right tyre longitudinal force"
:point1 rhc0 :point2 n0

:direction [nx] :magnitude "z(@Fxrr*2*1/p_i*(atan(lf_fact*(
tu(s,1)-sp_tol))+p_i/2)-c_wheel*mag(rot(rwhl))*2/p_i*(-
atan(lf_fact*(tu(s,1)-sp_tol))+p_i/2))" :no-forcem t)

(add-moment rmy :name "rear right tyre driving moment" :body1
rwhl :body2 n

:direction [rwhly] :magnitude "fm(rfx)*@rTyR" :no-forcem t)

;;; Aerodynamic forces - drag and lift ;;;
(setsym aer "0.6135*XA*tu(s,1)**2")
(add-line-force drag :name "aero_drag" :direction [sx] :point1

s0
:point2 n0 :magnitude "-cd*@aer" :no-forcem t)

(add-line-force liftf :name "aero_lift_front" :direction [sz] :
point1 aero_f
:point2 n0 :magnitude "-clf*@aer" :no-forcem t)

(add-line-force liftr :name "aero_lift_rear" :direction [sz] :
point1 aero_r
:point2 n0 :magnitude "-clr*@aer" :no-forcem t)

;;; Input of the external torque by PMSM ;;;
(add-input drv_tq "F*L" :name "Torque generated by the motor")
(add-moment mottq :name "motor drive torque" :body1 motorshaft

:body2 s :direction [sx]
:magnitude "-input_ext(drv_tq)" :no-forcem t)



;;; Implementation of the CVT, pushing PMSM to operate in most
efficient zone ;;;

(setsym idealw "abs(fm(mottq)/(ratio*ru(rwhl)))")
(setsym fdrr "min(fdrmax, @idealw)")
(setsym fdr "max(fdrmin, @fdrr)")
(add-state-variable fdrat dfdrat "l")
(set-aux-state-deriv dfdrat "(@fdr-fdrat)/cvt_lag")

;;; Power Supply/Dissipation Analysis ;;;
(setsym DragPow "fm(drag)*(dot(vel(s0),[sx]))")
(setsym TySlPowF "fm(ffx)*(dot(vel(fhc0),[nx])+dot(rot(fwhl),[

ny])*@rTyF)")
(setsym TySlPowR "fm(rfx)*(dot(vel(rhc0),[nx])+dot(rot(rwhl),[

ny])*@rTyR)")
(setsym TySlPow "@TySlPowR + @TySlPowF")
(setsym SustPowF "fm(fsusp)*tu(fhc)")
(setsym SustPowR "fm(rsusp)*tu(rhc)")
(setsym SuspPow "@SustPowF + @SustPowR")
(setsym TyrtPowF "fm(ftload)*dot(vel(fcpc),[nz])")
(setsym TyrtPowR "fm(rtload)*dot(vel(rcpc),[nz])")
(setsym TyrPow "@TyrtPowF + @TyrtPowR")
(setsym LiftPowF "fm(liftf)*(dot(vel(aero_f),[sz]))")
(setsym LiftPowR "fm(liftr)*(dot(vel(aero_r),[sz]))")
(setsym LiftPow "@LiftPowF + @LiftPowR")
(setsym AeroPow "@DragPow+@LiftPow")

;;; Kinetic Energy of Car ;;;
(setsym sprungKE "0.5*@ms*dot(vel(scm),vel(scm))+0.5*isy*dot(

rot(s),rot(s))")
(setsym frontHubKE "0.5*maf*dot(vel(fhccm),vel(fhccm))+0.5*

ifhcy*2*dot(rot(fhc),rot(fhc))")
(setsym rearHubKE "0.5*mar*dot(vel(rhccm),vel(rhccm))+0.5*

irhcy*2*dot(rot(rhc),rot(rhc))")
(setsym wheelsKE "0.5*ifwhly*2*dot(rot(fwhl),rot(fwhl))+0.5*(

irwhly+Icshafty)*2*dot(rot(rwhl),rot(rwhl))")
(setsym motKE "0.5*(Js)*dot(rot(motorshaft),rot(motorshaft))")
(setsym totalKE "@sprungKE+@frontHubKE+@rearHubKE+@wheelsKE+

@motKE")
(setsym gravPow "(@ms*dot(vel(scm),[nz])+maf*dot(vel(fhccm),[

nz])+mar*dot(vel(rhccm),[nz]))*g")
(setsym Power_in "fm(mottq)*ru(motorshaft)")
(setsym KePow "-dxdt(@totalKe)")
(setsym Power_out "@gravPow+@KePow+@TySlPowF+@TySlPowR+

@SuspPow+@TyrPow+@AeroPow")
(setsym netPower "@Power_in+@Power_out")

;;;(add-standard-output)
;;;˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜



(add-out "tu(s,1)" "speed" :long-name "Forward speed" :body s :
units "L/T")

(add-out "-ru(rwhl)" "+ve rear wheel speed" :long-name "
angular speed of motor" :body s :units "a/T")

(add-out "-ru(motorshaft)" "motorshaft speed" :long-name "
angular speed of motorshaft" :body s :units "a/T")

(add-out "@fd_rat" "fd_rat" :long-name "cvt drive ratio")
(add-out "@Power_in" "Power_in" :long-name "Input Power")
(add-out "@Power_out" "Power_out" :long-name "Output Power")
(add-out "@netPower" "netPower" :long-name "Net Power")
(add-out "-@totalKE" "totalKE" :long-name "total KE")
(add-out "@DragPow" "DragPow" :long-name "Drag Power")
(add-out "@TySlPow" "TySlPow" :long-name "Tyre Slip Power")
(add-out "@SuspPow" "SuspPow" :long-name "Suspension Damping

Power")
(add-out "@TyrPow" "TyrPow" :long-name "Tyre Damping Power")
(add-out "@LiftPow" "LiftPow" :long-name "Aero Lift kiath

Power total test")
(add-out "@AeroPow" "AeroPow" :long-name "Total Aero Power")
(add-out "@KePow" "KePow" :long-name "Rate of change of Ke")
(add-out "@gravPow" "gravPow" :long-name "power due to gravity"

)
;;;˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜˜

(dynamics)
(finish)
;;; (write-model-code) ;;;

;;; Defining default values of all the constants used in the
programme ;;;

;;; set units, defaults, and names of parameters ;;;
(set-defaults
rcfw 0.3 Ki 20 Kp 30 rcrw 0.3 ifhcy 0.1 irhcy 0.1 h 0.576 l

2.695 icrank 0.16 icrowny 0.08 ifwhly 0.653 irwhly 0.653
isy 2152.1 kstcol 1500 cstr 10 tmafa 884.3 tmara 591.3 maf 60

mar 60 k_farb 12000 k_rarb 4000 k_tyr 180000 c_tyr 800
ksuspf 19480 ksuspr 16800 csuspf 1500 csuspr 1500 dsfdz 0

dsrdz 0.0087 gammafr 0 gammarr 0 alphafr 0 alpharr 0 cd
0.35

clf 0.1 clr 0.16 XA 2.0 eps 1e-14 Ipx 0.01 cpin 16 diffrat 4
stgr 15.35 wf 0.765 wr 0.7375 "tu(s,1)" 0.5

"ru(fwhl)" -1.6666666666 "ru(rwhl)" -1.6666666666 step
0.00002 iprint 1000 stopt 12 sp_tol 0.02 lf_fact 1e4

p_i 3.141592653589793 js 0.0018 Icshafty 0.01 "iv_inpt(2)" 4
cvt_fact 10000 cvt_maxm 250 c_wheel 50000 tysl_min 0
fdrmax 20

fdrmin 0.39 ratio 0.477555 CVT_LAG 0.3 )



(set-defaults CC 1.47 BB 0.68027 E -0.462 l_barp 2.325 Cm 2.46
Em -2.04

b1 3.769e-3 b2 23.73 b3 4.744e-5 b4 63310 b5 5094 b6 2.135e
-4 b7 -5.1e-3

b8 1.76e-4 b9 4.861e-5 b10 0.2537 b11 -2.347e-5 b12 1.153
b13 -2.035e-5

b14 0.9966 b15 2.804e-6 b16 1.551e-3 b17 0.848 k_p0 0.13
k_p1 -6.5e-6 k_p2 0

a_p0 0.0786 a_p1 1.657e-5 a_p2 0)

(set-defaults Bt 1.8 Et -12 Bxe 0.0014 Cxe 1.6 Dxe 100000 Exe
-8 cdiff 10 kbrf 2000 kbrr 500)

***
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