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ABSTRACT

The problems encountered with turbocharged diesel engines especially for their
vehicle application have been examined. To obtain a better understanding of
the transient behaviour of turbocharged diesel engines under vehicle loading
conditions, a vehicle simulation model was developed by programming an
eddy-current dynamometer to simulate the load torque based upon on-line
measured engine speed and deduced acceleration. The inherent synchronization
problem between engine speed and load torque demands due to the unavoidable
response delay of the dynamometer has been improved by the introduction of a

pre-loading technique.

The effect of electronic-controlled timing of fuel injection and maximum
fuelling on the engine transient performance has been investigated using
different engine test-modes and control strategies. A fully-instrumented, 8.2
litre six-cylinder direct-injection turbocharged diesel engine was used in
conjunction with a network of five microprocessors for both controlling and
data-logging. Extensive experimental tests were conducted wunder ©both
steady-speed and transient operations and a qualitative and quantitative
analysis of the engine performance data was performed for different control
strategies. The results showed that a proper control strategy can improve

engine transient response and reduce exhaust smoke levels.

An existing engine simulation program based on the emptying-and-filling method
was modified and developed further to include an all-speed fuel governor and
pump characteristics, a smoke correlation and controls such as variable
geometry turbine, injection timing, charge-air cooling and maximum fuelling.
Extensive steady-speed and transient performance predictions have been carried
out and compared with the experimental results. The use of the simulation
program to predict the individual and overall combined effects of the above
controls and related strategies have allowed further optimisation of the
engine transient performance. For example, a combination of maximum fuelling
and variable geometry turbine controls have showed that an improvement in both
engine transient response and exhaust smoke levels can be observed under

vehicle rapid acceleration.

Finally, the engine simulation program was integrated into a complete
transmission simulation program which allows the study of
engine/turbocharger/transmission matching and the optimisation of the vehicle

transient performance for different control systems and related strategies.
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A Impeller slip factor
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2] Road gradient
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p
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intercooler (if fitted) and manifolding, and the overall bulk of the system.
An additional disadvantage is the difficulty in engine/turbocharger matching
where one of the turbines, either the high pressure (HP) or the low pressure

(LP) one, may choke which, in turn, will affect engine performance. Watson et

al [1978a] found that the optimal mass flow parameter (mVTin/Pin) is achieved
with an effective turbine area ratio of two (ALp/AHP=2) when both the LP and
HP turbines choke simultaneously; this maximises the overall pressure ratio at

the onset of choking, thus widening the efficient operating range.

(3) Variable-geometry turbocharging

Varying the turbine area can be achieved by several means and the most common
one is the pivoting stator concept, e.g. [Watson, 1988] (Fig 1.7(a)). By
varying the stator blade angle with respect to speed or mass flow rate, both
the rotor inlet gas angle and the turbine effective area can be controlled. In
particular, by reducing the effective turbine area at low engine speeds,
better utilisation of the exhaust gas energy can be achieved by the turbine
and by increasing the effective turbine area at high engine speeds,
over-speeding of the turbocharger or over-boosting of the engine can be
prevented. This is equivalent to controlling tangential gas momentum at rotor
inlet, and hence turbine torque, which allows the compressor boost to be
varied independently of engine speed and turbine flow rate. The potential
benefits are particularly worthwhile for vehicle engines, whose load and
engine speed change substantially, if the cost factor is not taken into
account. Another less common method is the mating nozzle scheme (Fig 1.7(b)),
in which only the passage width is varied (not the blade angle). A common
disadvantage of all variable geometry schemes is that, since the stator
geometry alone is altered (not the rotor), rotor incidence losses increase as
area is changed away from the design point. This reduces efficiency as shown
in Fig 1.7(c). In the case of pivoting stator scheme, the loss of efficiency
due to exhaust gas leakage can be serious, while for the mating plate scheme
the loss of efficiency suffers from area turn-down due to the sudden expansion

loss at the nozzle exit, where the area increases.

Apart from improving the utilisation of exhaust gas energy at the turbine
inlet by varying the effective turbine area, other benefits which may come
from VGT include the improvement in efficiency as the turbine geometry is
varied, and the ability to bypass limiting engine parameters such as maximum
cylinder pressure and turbocharger speed, at certain engine operating

conditions.
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improves engine performance in terms of the torque backup. Other benefits
which may come from hyperbar turbocharging are to maintain the inlet manifold
pressure at a pre-determined excess level over the exhaust manifold pressure,
to ensure good scavenging through the engine, and to make the compressor
airflow less dependent on engine airflow which simplifies the compressor
matching. The disadvantages, apart from the additional cost of the system,
include (1) the increase in BSFC due to the penalty of fuel consumption of the
exhaust burner (combustor), and (2) the complexity of the control system.
Hence, it has been seriously considered only for military applications

[Watson, 1979] and ship propulsion [Andre-Talamon, 1983].

(6) Turbo-compounding

Turbo-compounded engines are characterized by some mechanical linkage and
power transmission between the exhaust gas driven turbine and the crankshaft
of the engine. This allows power transfer from the crankshaft to the
turbomachine at some operating conditions, and from the +turbine to the
crankshaft at others, via a gear-train. Therefore, the gearbox ratio and
transmission efficiency are two important parameters in determining the power
balance between the engine and turbine, and the losses of the system. There
are a number of turbocompound schemes available such as a single turbocharger
geared to the engine (compound turbocharger), a two-stage turbocharger with
the low pressure (LP) turbocharger geared to the engine (compound LP
turbocharger), or a free-floating turbocharger and a low-pressure power
turbine geared to the engine (compound LP power turbine). The aim of these
systems is not to achieve very high power output, but to increase the overall
engine efficiency by harnessing exhaust gas energy into useful work output

from the engine [Watson, 1982bl.

A major difficulty of turbo-compounding is the problem of power turbine
matching and the cost of the power transmission system [Watson, 1985]. A
scheme based on the connection of the turbocharger directly to the engine
crankshaft is impractical since at part-load the engine will be driving the
compressor to provide excessive boost pressure with accompanying loss of
engine efficiency. An alternative scheme which was proposed by Cummins [Kamo
and Brysik, 1978], is to use a second LP turbine in series with a conventional
turbocharger turbine, which is compounded with a fixed gear ratio to the
engine crankshaft. This prevents power transfer from the engine to the
compressor, but the excessive power generated by the LP turbine, especially at
engine rated power, can be transmitted to the engine crankshaft. The

disadvantage of this arrangement lies with the introduction of the LP turbine
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which acts as a flow restriction and raises the exit pressure of the
turbocharger turbine and, hence, the turbine inlet pressure; this increases
the piston pumping work during the gas-exchange process which offsets part of
the benefit from compounding on the overall engine efficiency. Another
disadvantage of the LP turbine is at low-load conditions, where the power
turbine speed remains constant (geared to the engine crankshaft) while the
exhaust energy reduces. Thus, the increase in turbine blade-speed ratio (U/C)
can lead to the fall of the turbine efficiency. This problem can be solved by
either using a variable gear-ratio compound power transmission to reduce the
turbine speed at part load or using a variable geometry power turbine by
reducing its turbine area in order to increase the available energy and,
hence, reduce blade-speed ratio at part load [Watson, 1985]; both methods

increase the turbine efficiency.

The advantages gained from turbo-compounding are good fuel consumption at full
load and an improvement in air/fuel ratio at lower speeds due to the
decoupling action of the power turbine on the small turbocharger turbine
[Holtman, 1987; Tennant and Walsham, 1989]. It should be noted that
turbo-compounding is usually associated with insulated engines since the
reduced heat loss results in greater heat rejection to the exhaust, which

increases the scope of compounding [Watson, 1988].

(7 Comprex supercharging

The Comprex system comes from the name COMPREX® which is a registered trade
mark and was developed by the Brown Boveri Company. It is neither a mechanical
driven supercharger nor a turbocharger, although it does make use of the
exhaust gas energy to compress the inlet air by means of pressure wave action
generated by sudden opening of ports at the ends of the rotor cells [Watson,
1979; Watson, 1988]. Due to the mechanism of compressing the inlet air, it is

also known as pressure wave supercharging (PWS).

The advantages, apart from the fast transient response, include the
improvement of BSFC at low speed in particular, high torque and low smoke
levels at lower speeds [Wallace and Aldis, 1982]. In addition, due to the
mixing process between the exhaust gas and the fresh air in the rotor cells,
some reduction of NOx emissions can be expected which is equivalent to exhaust
gas recirculation (EGR) [Watson, 1988]. Note that the driving power
transmitted by the belt is used merely to drive the comprex, thus all the

exhaust gas energy is available for the compression process. Therefore, the
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initial rate of injection or pilot injection ([Wakuri et al, 1989; Jones,

1989].

Oxides of nitrogen (NOx) are determined by the peak cylinder pressure and peak
local temperature in the combustion chamber and may be controlled by retarding
the injection timing and/or reducing the amount of fuel injected during the
ignition delay and before TDC [Wakuri et al, 1989; Jones, 1989]; the effect is

similar to that of noise reduction.

Particulates, a product of incomplete combustion, are a combination of
carbon-based solid and liquid particulates and can be reduced by rapidly
mixing of the remaining fuel and oxygen at the end of the diffusion burning
process, in conjunction with advancing the injection timing and injecting more

fuel during the ignition delay period [Russell et al, 1989].

Herzog [1989] has defined the ideal rate of injection (Fig 1.9), for
swirl-supported diesel engines by studying the influence of nozzle
configuration and the geometric pumping rate of the injection system on engine
performance. His results show that the smaller the injector nozzle-hole
diameter is, the longer the injection duration which implies that the injected
fuel quantity during the ignition delay period decreases and the rapid
premixed phase of combustion would not be so dominant. The end result is
reduced noise levels and NOx emissions. On the other hand, compared to a
larger hole, a smaller hole gives rise to improved atomization of the fuel

spray which has a reverse effect on noise level and NOx emission.

Wakuri et al [1989] have investigated the influence of injection pressure and
nozzle-hole diameter on smoke and BSFC. By applying the momentum theory to the

fuel spray, they suggested the following expressions :

. .+ 2 CAP ,0.25, td 0.5

(1) Penetration X = (p—a ) ( on 6 ) (1.6)
where tan 8 = 0.427 (z_;)o.ss
. . . 2 tan o6 X

(2) Excess-air ratio Asp & m—cx/(pa/pf) T (1.7)

where C: contraction coefficient for the fuel flow through the hole
t: time interval from start of injection
6: half of spray cone angle

Lth: theoretical air quantity
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By reducing the nozzle-hole diameter (d), the effective fuel injection
pressure (AP) increases but the fuel spray penetration (X) would not be
affected very much. For a given X, the excess-air ratio (Asp) increases with a
reduction of the nozzle-hole diameter. Therefore, the fuel-rich regions in the
spray reduce which, in conjunction with the improved atomization, would give
rise to lower smoke levels and better BSFC through an improvement in the

combustion characteristics.

Frankl et al [1989] studied the different requirements of swirl and no-swirl
in a quiescent combustion chamber. In the former case, fuel/air mixing is
achieved by inlet port-generated swirl; fuel is injected at a modest injection
pressure and the nozzle has 4/5-spray holes. In the latter case of low air
swirl, fuel/air mixing is achieved by the high injection pressure and high
rate of injection and the nozzle has 6 to 10 spray holes. Frankl et al [1989]
concluded that future engines will be low swirl as they can give a better fuel
consumption/emissions compromise. They proposed the use of Lucas electronic
unit injectors (EUI) which could give flexibility in controlling injection
timing, fuel quantity and rate of injection, while it is possible to operate
the spill valve twice, so producing a separate pilot injection. By controlling
the quantity of fuel injected during the ignition delay period, both noise and
NOx can be reduced, and by terminating the injection rapidly from a high rate,

it helps reducing smoke and HC emissions.

Krieger [1989] proposed the following performance requirements for an

injection system which could meet the emission standards of 1991/1994 :

(1) Increase of the injection pressure from 1200 to 1400 bar for 1991, and
from 1300 to 1500 for 1994.

(2) Reduction of nozzle dead volume together with 6 to 8 small and short spray
holes.

(3) Injection duration not more than 30° crank angle at rated power.

(4) Variable injection timing.

Jones [1989] investigated the various types of pilot injection devices and

categorised them into :

(1) Devices applied at the pump; a modified plunger design to generate two
separate fuel injections.

(2) Double-lobe fuel cam designs coupled with an accumulator-type fuel
injection system; two control valves are available which can be actuated

by separate cams for high speed opening and closing.
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problem is caused by the slow response of the turbocharger in supplying
sufficient air to maintain a preferable air/fuel ratio when the governor
increases fuelling from no-load to full-load value. Obviously, the higher the
engine rating, the more severe the problem is due to the increasing difference
between no-load and full-load fuelling. Large reduction of the air/fuel ratio
well beyond the stoichiometric value, will result in combustion inefficiency
from the chemical equilibrium point of view. Hence, overfuelling of the engine
may occur and combustion deteriorates, causing smoke emissions and limiting
the instantaneous engine-developed torque. At the same time, poor acceleration
or response to a load acceptance may result. In the extreme case the engine
might stall, but normally the problem is a smoky exhaust and an unacceptably

slow response time.

Since a smoky exhaust results from poor engine transient response, any method
which can improve the transient response will reduce the extent of the
problem. Methods of improving the transient response of highly rated

turbocharged diesel engines include one or a combination of the following :

(a) Reduction of turbocharger inertia.

(b) Increase of turbine driving power while maintaining high turbocharger
speed over all the operating conditions.

(c) External assistance/energy addition to the turbocharger.

(d) Improvement of the turbocharging system including manifold volumes and
exhaust gas utilisation.

(e) System optimisation for response/exhaust smoke trade-off.

Reducing the turbocharger polar moment of iner‘tia2 seems to be the most
efficient way of improving transient response. Three methods are available to
reduce the turbocharger inertia, and in particular that of the turbine rotor :
(1) by selecting a smaller size of turbine rotor, (2) by reducing the number

of blades, and (3) by using low density turbine rotor materials.

Watson [1981] investigated the inertia of a turbine rotor which is
proportional to the fifth power of the rotor diameter. Therefore, reduction of
the turbine rotor diameter, D, will substantially reduce the inertia, I, and,
hence, the turbocharger/engine response. However, the impeller tip speed, U,

of the compressor must be kept constant for a desired pressure ratio (P2/P1),

to simplify the nomenclature, inertia is used henceforth.
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the maximum torque curve is also described.

Chapter 6 presents the simulation part of the project. It includes both a
comprehensive turbocharged diesel engine model and the integration of this
model into a ’special purpose’ vehicle simulation model with a torque
converter or a centrifugal clutch as the coupling mechanism and a hot-shift
gearbox transmission system. The principles of operation of the engine and the
transmission components are presented. Heat transfer and combustion models are
briefly reviewed. Emptying-and-filling engine modelling, engine thermodynamics,
engine/turbocharger dynamics, dynamics of transmission components and their
interactions are also described in some detail. Validation of the predicted
results using a simulation technique with experiments is presented. An
application of the engine simulation program to show the individual and
combined effects of different control systems and their related strategies on
engine performance, under both steady-speed and transient operations, is
described. Finally, a couple of examples are presented which show the
simulated heavy-duty vehicle responds to different control systems and related

control strategies.

Chapter 7 presents the overall conclusions of the work and recommendations for
future work with emphasis on further development of the engine simulation
programme and in particular the combustion model, to include exhaust emission
predictions, such as NOx, particulates and HC. A multi-zone combustion model
and a complex chemical equilibrium calculation programme associated with the
introduction of chemical kinetics can be incorporated into the engine/vehicle
simulation program for predicting engine/vehicle performance and emissions

under steady speed and transient conditions.
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2.2 Computer-controlled Engine Test-bed

An overall schematic of the test-bed arrangement is shown in Fig 2.1. It
consists of a fully instrumented engine with associated turbocharger and
charge-air cooler, an eddy-current type dynamometer, three separate
analogue-to-digital converters (ADC) for data-logging systems, relevant
actuators for engine parameter control purposes, and a complex network of five
microcomputers/microprocessors. Figure 2.1 also shows a DEC LSI 11/23 (NODE
0), the master computer which is responsible for the overall test control and
interaction with the operator. This computer handles the data-logging as well
as supervisory tasks. Two TEXAS TMS 9900 (TI1 and TI2) 16-bit microprocessors
are used to control speed (NODE 1) and load torque (NODE 2). Information
transfer takes place between NODE O, NODE 1, and NODE 2 via a software
communication network. NODE O has an automatic monitor handler for the TIBUG
running on NODEs 1 and 2, that simulates a file-oriented operating system to
user accessing these nodes through the NODE O keyboard and using an RS 232
serial interface which loads the control programs off-line to the two TIs
prior to engine testing. During engine testing, NODE O sends the required test
schedule in terms of speed and torque demands to NODE 1 and NODE 2,
respectively, while the current speed and torque signals return to it from the

engine as data values.

A DEC LSI 11723 computer (NODE 3) is used for either injection timing or
variable-geometry turbocharger control. A DEC LSI 11/03 computer (NODE 4) is
devoted to the control of maximum-fuelling (or fuel pump rack-stop). Both NODE
3 and NODE 4 are sharing an 8-channel ADC, whenever the feedback signals from
the engine are received. Since there is no synchronisation or communication
network between the master computer and NODE 3 (nor NODE 4) computer, the
feedback signals to the 8-channel ADC are purely for controlling purposes and
not for data-logging, except for steady-speed tests where the acquisition data
are not related to the test elapsed timing. Figure 2.2 shows a photograph of

the automatic test-bed control and data-logging facility.

The system is connected through a direct pad-line to the Imperial College
Computer Centre (ICCC) via the NODE 3 computer for data transfer and
post-processing by the CDC CY960 mainframe computer. Since the time spent for
the data-files transfer to the mainframe computer is long (hours ),
especially transient test results with cycle-to-cycle data recorded, the
transferring software has, therefore, been modified to include the batch-files

transfer facility.
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predetermined value which has been set to 75°C for engine oil and 65°C for
engine water, respectively. When these temperatures are reached, the valves

open allowing coolant to circulate through the heat exchangers.

The fuel injection equipment consists of a multi-element mechanically-governed
injection pump, an aneroid which is a boost pressure sensing rack-limiter, a
five-hole nozzle with a 0.37 mm diameter spray hole and a lift pump on the

side of the injection pump which incorporates a hand priming lever.

The turbocharger consists of a fixed-geometry turbine AiResearch TO4 system
(Fig 2.4), with a capability of switching to a variable-geometry turbine
Holset turbocharger, and a Serck aftercooler with cross-flow air-to-water heat
exchanger. A controller has been designed to bypass the aftercooling, if
necessary (Fig 2.5). Details of the engine operating and geometric

characteristics are given in Table 2.1.

2.2.2 Dynamometer

The Vibrometer eddy-current dynamometer (4WB25) with an excitation unit (CEB
105) are used to load the engine throughout the whole engine testing. It has
two main disadvantages, namely, no motoring capability and relatively slow
response. However, when compared to a direct-current dynamometer, the rotating
inertia of the VIBRO-METER unit is very low, hence the system is capable of

simulating engine acceleration and deceleration when de-clutched (Fig 2.6).

In an eddy-current dynamometer, the braking  torque depends upon the
magnetic field generated by the excitation current, while the absorbed power

is dissipated by a cooling water system.‘ Figure 2.7 shows the relationship
between braking torque and excitation current at a constant rotational speed.
Part I includes the non-linear part of the curve which is due to the residual
torque (friction resistance, etc) when non-excited. Part II corresponds to the
linear part of the curve and is well suited for closed-loop operation. Part
III represents the upper limit of the curve and exhibits characteristics of
magnetic saturation resulting in relatively long response times. The torque
characteristics of the brake is shown in Fig 2.8. The nominal power/torque of
the brake is fixed for thermal reasons, and reaches 1007 excitation of 2 KNm
(203.9 mkp) at a speed of 1800 rev/min corresponding to a power output of 511
KW. Thermal safety and dynamometer cooling water flow sensors have been
incorporated to cut-off the excitation current if the cooling water
temperature exceeds a pre-determined limit (45°C) or the cooling water flow

stops.
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The excitation unit was provided with an auto/manual mode of control for
on-line use and overload protection. The main power is supplied by a 250V/12A

transformer/rectifier unit.

2.2.3 Data Acquisition System (DAS)

Since engine data are classified as high and low frequencies variables, two
separate data-logging systems were used accordingly (Fig 2.9), with the
capability of running at different speeds. The low-speed package consists of
an analogue-to-digital converter (SADC), used for converting analogue signals
of engine events to an equivalent digital value. It is capable of handling 32
channels of data by using a multiplexer at a maximum conversion rate of 50 KHz
with a 10-bit word register. However, the actual sampling rate is controlled
by engine speed and the data are recorded on a cycle- or time-base. The
high-speed package (FADC) is similar in concept, using a very high speed ADC
enabling 8 channels to be multiplexed with a maximum data acquisition rate of
800 KHz. The data are recorded on a crank-angle base. This system is equippe'd
with its own 8K-memory enabling it to receive data at this high rate and store
them temporarily, if the NODE O micro-computer is busy with a control function
at that instant of time. Thus, engine control will not override the
acquisition of a certain piece of data and both functions can operate

simultaneously.

At these acquisition rates, in particular that of FADC, data handling and
storage become a major problem with the 64K~word RAM available within the NODE
0 micro-computer. Hence, hard-disks have been incorporated which use bursts of
data sampled at much higher rates with pauses between b&f fer storage and
memory spooling. The FADC is connected through a buffer store into the NODE O
computer via dynamic memory access (DMA), which is limited to 250 KHz, while
writing into the hard-disk is limited to 64 KHZ with the NODE O internal store
acting as a buffer. Pauses are introduced by not recording every engine cycle
(skip cycling) which reduces the transfer rate out of the buffer stores onto
the hard-disk substantially. To increase the data acquisition rate further,
batches of data within a cycle can be skipped. All these functions are
controlled by the data-logging control unit (DLCU) which also manages the

synchronisation between NODE O and the data acquisition system.

2.2.4 Speed Control

The speed of the engine is varied by changing the governor control lever
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control laws are presented in Appendix I. The open- and closed-loop modes of

operation are described below :

Open-loop control —— the optimal torque controller requires a steady-state
flux/current map of the dynamometer as input which is similar to that used in
the speed controller. The mapping, however, is performed as a 3-D array of
speed, torque and excitation current (Fig 2.12) which is wused by the
controller via linear interpolation. The method of establishing the 3-D maps

will be described later.

Closed-loop control —— in this time optimal control mode, magnetic flux and
its derivatives with respect to time are selected as the key parameters rather
than torque, since this simplifies the model derivation. A second key decision
was to use a second-order dual mode control model, i.e. Bang-bang control mode

plus Pseudo-singular mode [Koustas and Watson, 1984].

A second-order model is a much better representation of the actual dynamometer
behaviour. For a large setting, the Bang-bang mode controller is activated
whose steady-state accuracy depends on the sampling time (20 ms at present)
until a target range (or target box, see Appendix I) is achieved. Within this
range, a Pseudo-singular mode controller is activated until the actual target
is achieved which is defined as the torque requirement within the set point
band.

In addition to open loop 3-D map and closed loop constants, the
dynamometer/torque controller requires the maximum and minimum eXcitation
current. The maximum current that the CEB 105 brake excitation control unit
can supply is variable up to 12 Amps and the minimum is zero. In practice, the
specification of the maximum and minimum excitation current will affect the
load control indirectly. For a rapid vehicle deceleration (load-off), the fast
decay of the eddy-current can be achieved by applying reverse polarity to the
dynamometer windings. Figure 2.13 shows the engine and torque controller
specifications for the present set-up, with the constants determined

" experimentally.

2.3 Instrumentation

This section is devoted to describe the various types of sensors or
transducers mounted on the engine to allow experimental data to be obtained
for engine performance analysis as well as to monitor and control the engine

operating conditions.
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The measured parameters are categorised into 3 groups in Table 2.2. They are
measured by means of both conventional methods such as gauges and manometers
for parameters which do not vary rapidly with time and with fast response
transducers which are capable of producing output signals electronically; the

latter are used in conjunction with control and data-logging systems.

2.3.1 Temperature Measurement

Temperature measurements were made at several locations by means of both
thermocouple and conventional thermometers. The parameters measured with a
thermometer included the ambient temperature, economy cooling water
temperature, engine oil temperature, dynamometer cooling water temperature,
cooling water temperature approaching and exit from the engine. The parameters
measured with a thermocouple included inlet and exhaust manifold temperatures,
compressor outlet temperature, aftercooler outlet temperature and the

temperature at the exhaust pipe.

Most temperature measurements were performed by K-type, fast response
chromel/alumel thermocouples with 0.1 mm diameter wires and an ice container
at one end providing the cold junction. Since the flow velocity, conduction
and radiation will induce some errors on the measurement especially at the
exhaust manifold, specially-built sheathed thermocouples were used to minimise

the environmental effects on the temperature measurements.

2.3.2 Pressure Measurement

By means of conventional manometers and fast response transducers, the
pressure variations in the engine system were measured. Except for the
cylinder pressure measurement by mean of a piezoelectric transducer, all the
other measurements including manifold pressure and injection fuel-line
pressure were measured by strain-gauge type pressure transducers. The Fylde
bridge conditioners and amplifiers were used in conjunction with the strain
gauge transducers in order to adjust the bridges and amplify the unbalanced

output signals.

Cylinder pressure —— this measurement is required for heat release rate
calculations, ignition delay model development and determination of indicated
mean effective pressure (IMEP). Small water-cooled piezoelectric transducers
are used exclusively since they have the advantages of high natural frequency,

can withstand high temperature, have excellent linearity between pressure and
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Injection fuel-line pressure —— a strain-gauge type transducer was mounted
in the high-pressure fuel line just prior to the injector in order to measure
the fuel injection pressure. The major drawback of this measurement results
from the distance separating the measurement point from the injector needle
seat. The output signal, therefore, cannot be considered as the actual
injection pressure due to pressure wave action effects inside the injector.
This signal was used only for triggering purposes, to activate a clock to
record the engine working time (in terms of hours) which provides the
information for servicing the engine periodically. Once the engine is running,
the fuel line pressure is high, hence the clock is elapsed until the fuel is
cut-off and the engine is forced to stop. This signal can also be used to

check the duration of injection parallel to the injector needle-lift signal.

Pressure loss measurement —— the pressure loss due to the friction at the
intake nozzle, the pressure drop across the aftercooler and the pressure drop
due to the suction created by pump at the exhaust pipe were measured by means
of water manometers in order to compensate the pressure reading at the

compressor inlet, aftercooler outlet and turbine exit pressure, respectively.

2.3.3 Mass Flow Rate Measurement

Airflow rate —— as already mentioned in the previous section, a differential
pressure transducer was used to determine the airflow rate into the engine.
The discharge coefficient, Cd, of the air intake nozzle was calculated
according to the flow velocity or more accurately, the Reynolds Number, Re, at
the location immediately after the flow straightener. Figure 2.15 shows the
variation of Cd against Re; these curves were determined in the past using the

hot wire technique. The mass flow rate was calculated as follows :

M = 0.1148 C § d° h°° (3%—)“5 (2.1)
_,_ 0.07h B 22T M
and 6 == 1 m C - f(Re) Re -— _d—p,_

where P2 = B - 0.0785 h (in Hg) T = ambient temperature [°F] + 460 (R)
M : mass flow rate (1b/s) d : throat bore (in)
h : manometer head (in H20) B : barometric reading (in Hg)
p = 1.8325 x 107" poise at 23°C

Fuel flow rate —— knowledge of the fuel flow rate is required for the

calculation of fuel consumption. It was measured gravimetrically with a

Cussons Compuflow system including a weigh control unit, a measuring head and
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spline via a gearbox and a series of levers. The position of the helical
spline and, hence, the fuel pump camshaft was measured by a high resolution
rotary potentiometer and continuously displayed on the injection timing

control panel (Fig 2.16).

Rack-stop position (RSP) —— to control the RSP, a rotary disc was designed
with a variable thickness at the outer diameter (Fig 2.17); a small opening
was used in the fuel pump casing to get access to the fuel rack. At its stop
position during transients, the fuel rack rests on the outer diameter of the
disc and, therefore, by rotating the disc the RSP is effectively changed. A
stepping motor was used to rotate the disc and a fine rotary potentiometer
coupled to the stepping motor output shaft was measuring the RSP. This signal

is used for both control and data logging purposes.

Governor setting —— a stepping motor was used to control the governor lever
position via a reduction gearbox. It allows fast and fine adjustments to be
made to the governor lever position. A 1 kQ Penny and Giles fine rotary
potentiometer was coupled to the stepping motor shaft in order to measure the

governor lever position.

Fuel rack position —— the instantaneous fuel rack position was measured by
using a LVDT displacement transducer. This is a robust inductive transducer,
which was selected in preference to potentiometers because of its high
resolution and longer lift due to the non-sliding electrical component
contact. The transducer was mounted adjacent to the fuel pump, with its axis
parallel to the fuel rack. A small opening was used in the pump casing to link

the transducer shaft to the fuel rack.

Injector needle-lift —— this signal was needed to determine the dynamic
injection timing and the duration of injection. An inductive nozzle pin
displacement transducer was used for the measurement of needle-lift which
consists of a pin core moving inside an inductive coil in the form of a
half-bridge circuit. The start of the needle-lift displacement was associated
with the point at which the analogue signal exceeds a preset threshold value.
The preset voltage can be adjusted by wusing a variable resistor. The
adjustment of the needle lift threshold value was a very sensitive job since,
if the threshold is too low, the signal noise due to the engine vibration
could trigger the wrong signal before the needle-lift starts moving. If a
large threshold value is set, it is possible to skip the reading of the
needle-lift at low engine speeds and low loads where the needle-lift signal is

very weak.
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3’ =r (uM g cos@) (6.71)

where r : sprocket radius, M : vehicle gross mass, ® : inclined angle of road

gradient, g : gravitational acceleration.

The accelerations are given by :

e = RXez + rI'z - RXa1 and 04 = &”I;ﬂ (6.72)

There are two cases of track/ground interface operation, i.e. (1) clutch

nominally closed, and (2) clutch already slipping.

(1) Clutch nominally closed (or 83 = 04)

(RX22 +T3) Is - T4 I3

RX31 = RX32 = T3+ s

(6.73)

As before RX31 can be used to detect whether slipping has just started by

comparing its value with I's’.

(2) Clutch already slipping

if 03 > 03 then RX31

= RX32 = '3’ (6.74)
if 63 < 64 then RX31 = RX32 = - '3’ (6.75)
6.8 Validation of Engine Performance

Any mathematical model of a physical system must be representative of the
major processes involved. In the case of the present ’dynamic system-studies’,
this means that the engine performance, rather than the details of the heat
transfer and combustion process or the gas dynamics in the manifolds, should
be represented. Hence, the engine performance should be evaluated according to
the accuracy by which it reproduces the behaviour of the system. Extensive
validation of engine performance has been made by comparing the predicted and
measured data, under both steady-speed and transient operations, with or

without fuel injection controls.
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6.8.1 Steady-speed Operation

Figure 6.18 shows the comparison between measured and predicted results of the
steady speed performance of BSFC, air/fuel ratio, turbocharger speed and smoke
opacity which covers the whole engine operating range from 1000 to 2400
rev/min and from O- to 12-bar BMEP (except BSFC which was from 3-bar BMEP);
note that the results above 12-bar BMEP were extrapolated from the part-load
data. Overall the predicted results follow the trend of the measured data

quite well.

Table 6.3 shows the error in percentage between measured and predicted BSFC

results which confirm that the error is within 5% .

Figure 6.19 shows the comparison between measured and predicted engine
performance at the maximum torque curve. The engine fuelling as a function of
engine speed is the given condition for both measured and predicted data. Very
satisfactory results can be observed for all parameters except for the peak
cylinder pressure at the mid engine-speed range. Due to the pulsating effect
in the exhaust manifolds, three pressure transducers were installed at
different positions and their average values were used for comparison with the

predictions.

6.8.2 Transient Operation

The difference between steady-speed and transient inputs to the simulation
program is engine fuelling. The former is specified by the user while the
latter is determined by the governor and fuel pump models. Hence, governor
setting is the only input to the program and the fuel-rack position is
calculated by the governor model and is then input to the fuel pump model for

calculating the transient fuelling.

Figure 6.20 compares the measured fuel-rack response with the predictions as a
function of engine speed and governor setting at two fixed load levels. Note
that the response time of the engine and fuel rack is more or less of the same

magnitude.
To extend the engine simulation program for parametric studies and system

optimization in particular their transient performance, the turbocharged

engine model was validated under the following transient operating conditions:
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(a) Engine acceleration at 3.1-bar BMEP, with a 1000 rev/min speed change
(Fig 6.21)

(b) Engine acceleration at 6.2-bar BMEP, with a 1000 rev/min speed change
(Fig 6.22)

(c) Engine acceleration at 9.3-bar BMEP, with a 1000 rev/min speed change
(Fig 6.23)

(d) Engine load acceptance at 1600 rev/min, with a 9-bar BMEP load change
(Fig 6.24)

(e) Engine load acceptance at 2000 rev/min, with a 12-bar BMEP load change
(Fig 6.25)

(f) Engine acceleration and load acceptance, simultaneously, with 1000
rev/min speed and 12-bar BMEP load changes (Fig 6.26)

(g) Engine transient operation according to the power-speed law (Fig 6.27)

(h) Engine gear 1 acceleration under vehicle loading conditions (Fig 6.28)

(i) Engine gear 3 acceleration under vehicle loading conditions (Fig 6.29)

The above nine cases have covered almost all the transient operating regime of
an engine. Again, the governor setting is the single input to the engine
defnand while on the other hand, engine load is the input to the resistance
demand. Five parameters have been chosen for comparison : engine and
turbocharger speeds, boost and exhaust pressures, and fuel rack positions. The
results showed that, with the exception of engine deceleration in Fig 6.27,
the five predicted parameters follow closely the measured data. In Fig 6.27,
the predicted turbocharger deceleration response is faster than the measured
one and, hence, the predicted boost and exhaust pressures during this period
decay faster than the measured values. The results of engine deceleration
presented by Jensen et al [1990] showed opposite trends compared with those
predicted here, with the measured turbocharger speed, boost and exhaust
pressures decaying faster than the predictions. The weakness of both engine
models in predicting turbocharger speed, boost and exhaust pressures during
engine deceleration may be associated with (a) the fuelling system, (b) the
flow characteristics, and (c) the turbocharger dynamics, which are quite
different between acceleration and deceleration. Therefore, it is difficult to
say whether the exhaust pressure affects the turbocharger speed and, hence,
the boost pressure, or the boost pressure affects the exhaust pressure and,
through that, the turbocharger speed. It seems that the turbocharger plays the
dominant role in determining the deceleration performance of the engine since
no significant improvement can be observed by either adjusting the boost or
exhaust pressures to be equal to the measured results. By increasing the value
of the turbocharger ’equivalent’ inertia (including frictional effect), the

predicted results approach those of the experiment. Fortunately, the predicted
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engine response follows the measurements quite well during both engine

acceleration and deceleration.

Figures 6.30 and 6.31 compare the measured engine transient performance in
terms of engine response and smoke opacity with predictions under injection
timing and maximum-fuelling controls at S-bar and 10-bar BMEP, respectively.
The agreement between the measured and predicted engine response, rack
position, and camshaft position is considered satisfactory. The prediction of
the transient smoke levels in most of the operating conditions is also
acceptable. However, since the smoke correlation relies on overall engine
parameters rather than the details of combustion [Brysik and Smith, 1977], its
quantitative prediction capability to various operating conditions should be

regarded as limited.

6.9 Parametric Studies

Parametric studies are conducted into two parts using (a) the engine model,

and (b) the vehicle model.

6.9.1 Engine Model - POWERB

The following sections show the individual and combined effects of the control

systems on the overall engine performance optimization.

6.9.1.1 Steady-speed Operation

Figure 6.32 shows the comparison of engine performance at 9-bar BMEP between
the baseline and three injection timing demands, i.e. retard, advanced and
optimum timing settings. The comparison is based on fixed engine fuelling
rather than fixed engine torque at a specified engine speed. The results
showed that retard timing has a greater effect on engine performance in all
respects and that engine BSFC can be improved using optimum and advanced

timings.

Figure 6.33 compares engine performance at 9-bar BMEP amongst the baseline,
the CAC-bypassed and a CAC coolant temperature of 80°C (353 K). The results
showed that as far as BSFC and smoke opacity are concerned, bypass CAC is
necessary if the coolant temperature is higher than the boost temperature,
which means in this case bypassing CAC at engine speeds about 1800 rev/min. A
slight improvement in turbocharger speed can be observed at low engine speeds

with the CAC by-passed relative to CAC 80°C.
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Figure 6.34 shows the effect of different variable geometry turbine (VGT)
settings on engine performance at 9-bar BMEP. The results confirmed that too
much flow restriction at the turbocharger inlet would increase the BSFC due to

the pumping losses.

Figures 6.35 to 6.37 present contours of BSFC, smoke opacity and turbocharger
speed. Overall, these figures show the effects of injection timing on BSFC,
CAC on smoke opacity, and VGT on turbocharger speed; and of the engine
operating condition on BSFC, smoke opacity and turbocharger speed,

respectively.

The results confirm that the boost pressure decreases from mid engine speed
towards the rated speed at maximum torque curve while the exhaust pressure at
this speed range is increasing and stays flat at the rated speed, due to the
poor turbocharger efficiency. In addition, the maximum torque and, hence, the
BSFC at this speed range is constrained by the turbocharger speed. Figure 6.38
shows that BSFC and engine maximum torque curve are improved by advancing the
injection timing at this speed range through (i) a slight increase of the

fuelling to increase engine torque, and (ii) reduction of the pumping loss.

6.9.1.2 Transient Operation

Figure 6.39 shows the dynamic response of various engine parameters and their
delays relative to the demand load under periodic load acceptance and removal.
The response of the rack position is quite impressive and can be used as a
control parameter in VGT application. Note that the boost pressure and/or
turbocharger speed may not be good control parameters as the feedback signal
lags behind the transient engine load and/or the speed demands quite

drastically.

Table 6.4 presents the engine response time and maximum smoke opacity as a
function of the control excess-air factor (A). The results show that a low
fixed control A gives a fast response but high smoke levels while a high
control A gives reduced smoke but impairs engine response under high load
conditions leading to engine stall. A strategy based on load-modulated control
A provides a better compromise between these two extreme cases and is an

appropriate option for smoke/response optimization.

Table 6.5 gives a summary of the engine transient performance with different

injection timing control strategies. The results indicate that injection
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timing control does not affect significantly the response of the engine
provided that retarded timing is avoided. The best response can be achieved
using retard-to-optimum, optimum or advanced timing options. The predicted
smoke opacity is not satisfactory and also not in agreement with the measured
data [Arcoumanis et al, 1990al particularly with the retarded-timing option.
This is probably due to (i) simplicity and inadequacy of the smoke correlation
and/or (ii) simplicity of the modelling of the exhaust system including the
turbocharger; hence, the injection timing affects the smoke prediction through
its effect on exhaust temperature, boost pressure and overall equivalence
ratio. Based on the above results and due to the difficulty in implementing
the retard-to-optimum timing option and considering the excessive peak
cylinder pressures caused by advanced timing, the optimum-injection timing

represents the most sensible choice for engine optimized performance.

Figure 6.40 shows the effect of VGT controls on transient performance using
various control strategies as tabulated in Table 6.6. The results indicate
that VGT improves both the response and the smoke opacity. Care should be
taken, however, when applying strategy S since the build up of boost pressure
will cause the VGT area to increase and, vice versa, leading to instability of
the controller. The best engine response can be achieved with strategies which
demand the controller to hold the turbine area at a minimum under low speed
and/or low load conditions (Table 6.7). This prevents the time lag associated
with the controller and actuator since the controller does not need to reduce
the turbine area in response to a boost demand. On the other hand, the
increase in the initial turbocharger speed before transients decreases the
turbocharger speed change during transient operation. Strategies 1, 2 and 5
are examples of such controllers. However, the fuel consumption under
steady-speed part load operation suffers with these options due to the
restriction on the exhaust flow which is unnecessarily high. Strategy 3, which
is based on steady-speed good part-load operation, is not suitable for
transient operation although the engine response under higher loads suffers
less compared with the lower-load operation. The response with strategy 4 is
slightly slower than that with 1, 2 and 5, due to the fuel injection equipment
and controller response times. It gives a better steady-speed fuel consumption
and, hence, it represents a good compromise between fuel economy and response

for overall engine optimization.

Table 6.8 summarizes the effect of CAC on engine transient performance. The
results indicate that the engine response improves with CAC provided a source
of cold cooling medium is available. As the temperature of the cooling medium

increases, the response suffers and, as a consequence, at higher temperatures
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the engine response benefits from CAC bypass. The CAC-bypass system exhibits
significant improvement in engine response when compared with CAC 60°C
particularly under medium and lower-load accelerations. It can be concluded
that in the absence of a source of cold cooling medium for the charge cooler,
such as in automotive engines which rely on a closed water circuit for
cooling, the use of a CAC bypass system is a useful technique for improving

engine transient response.

6.9.1.3 Combined Effects of Control Systems

Based on the preceding analysis and in order to quantify the effect of each
controller in achieving the optimized engine transient performance, the

following controllers were selected :

(a) Maximum-fuelling controller with load-modulated excess-air factor control;

(b) Injection timing controller with optimum timing map;

(c) CAC controller with temperature-sensitive bypass-valve control system;

(d) VGT controller with two strategies, i.e. turbine area as a function of
engine speed (strategy 1) and as a function of engine speed and rack
position (strategy 4), respectively.

In addition, alternative charge cooling water temperatures of 20°C and 60°C

were considered. The combinations of the above control systems are tabulated

in Table 6.9.

Table 6.10 shows the engine response and maximum smoke opacity for engine

acceleration under O, 5 and 10-bar BMEP constant loads for all the selected

options. The table clearly shows that:

(1) With the load-modulated fuelling control strategy, smoke is reduced while
the response time increases particularly under lower loads (compare

options 2 and 3),

(2) CAC bypass control enhances engine response while smoke levels are not

affected significantly (compare options 3 and 4},

(3) Injection timing control does not have a significant influence on engine

response (compare options 4 and 5),
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(4) VGT control is the most effective way of enhancing transient response

(compare options 5 with 6 and,; particularly, 7).

Table 6.10 also shows that the combined effect of all controllers on engine
performance results in a significant reduction of both the response time and
the transient exhaust smoke opacity for most of the cases investigated in this

study.

6.9.2 Vehicle Model - POWERDRIVE

The vehicle model can be used for examining transmission matching changes,
such as varying gear ratios, torque converter characteristics as well as
engine and vehicle parameter changes. Since the model represents the various
components in considerable detail, it can be wused to study the effect of
various clutch timings associated with the gearbox and torque converter on the
vehicle performance. In fact, the main applications of the model is to help
component design and overall system optimisation. Since no experimental data
are available for comparison between a simulated and a real vehicle
performance, only the applicability of the model is presented here without any

validation.

Figure 6.41 shows the effect of maximum-fuelling control on the engine under
vehicle (17 tones) acceleration from gear 1 to gear 4 consecutively. Slightly
slower engine/vehicle response can be observed using fuelling control strategy
3 with excess-air factor 1.5 compared to 1.0. Note that the engine torque
cannot be built up at the start of the transients due to the inappropriate
fuelling control at engine speeds below 1200 rev/min for gear 1 acceleration.
By inhibiting the control of maximum fuelling below 1200 rev/min, the drop of

the engine torque has been improved substantially (Fig 6.42).

Figure 6.43 shows the effect of different VGT control strategies on engine
transient response. The results showed that no improvement (sometimes even
worse) in engine response can be observed with VGT controls due to
mis-matching and the high flow restriction at the turbocharger inlet causing
engine back preésure increase and, hence, pumping losses. To make a more
reasonable comparison, maximum-fuelling control should be combined with VGT
control for a certain ’'demand excess-air factor’. Any increase in the cylinder
trapped air due to VGT control should have a proportional increase in fuelling
provided that the peak cylinder pressure and thermal loading are contained

within the acceptable engine limits. Figure 6.44 shows the comparison of
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engine speed and torque with and without VGT control for a constant demand
excess—-air factor while Fig 6.45 compares vehicle speed and boost pressure
amongst the various strategies examined. In all cases a significant

improvement in engine/vehicle response can be observed with the VGT control.
6.10 Summary
The work described in this chapter can be summarised as :

(1) A microcomputer-based engine, with control systems, simulation program was

developed and validated for both steady-speed and transient operations.

(2) The transient response of turbocharged vehicle diesel engines can be
improved using air and fuelling control systems. On the air-side, the VGT
control is the most effective one and the engine can benefit from a CAC
bypass control system especially if the temperature of the available
coolant is not low enough. Control of the maximum-fuelling primarily helps
to reduce the transient smoke levels while in the case of injection timing

control some improvements in response can also be achieved.

(3) Overall optimization of the engine, using the above control systems,
allows significant improvements in both engine response and transient

smoke opacity.

(4) The validated engine simulation program was integrated into a detailed
transmission model to form a vehicle simulation program for examining the
matching of engine/turbocharger system to the vehicle and for overall

system design and optimization.
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COUPLING GEARBOX TRACK/GRQUND
INTERFACE
RX11 RX21 RX31
It 12 I3} 1 12
p RX12| RXz2z2| RX32|
"4 "4 "4 v
ra r2 rs Ta
where ['1 = Engine developed torque
T2 = Torque accounted for gearbox loss at input
'3 = Torque accounted for gearbox loss at output,braking,track
rolling resistance
Ta = Torque accounted for vehicle rolling reslistance, gradient
induced torque
I1 = Engine/Coupling-output inertlia
I2 = Coupling-output/Gearbox-input inertia
I3 = Gearbox-output/Track lnertia
Ia = vehicle Inertia
RXs : Reaction torques
Fig 6.12 Definition of components in the vehicle transmission system
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Refer to text and Fig 6.12 for the notation of symbols
Fig 6.13 Definition of reaction torques in the vehicle transmission system
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o N ° Static injection timing 19° BTDC
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