
Abstract—Electric springs based on power electronics have 

been proposed as a demand response method for stabilizing 

power grid fed by substantial intermittent renewable energy 

sources. Associated with energy storage, they can provide both 

active and reactive power compensation. Due to the limited 

storage capacity of the battery, this project explores a new 

control scheme for the third version of the electric springs (ES-

3) to operate under the physical constraints of the state-of-

charge of the battery for microgrid stability applications. The 

ES-3 is based on a bi-directional grid-connected power 

converter with a battery bank. Unlike the traditional control of 

grid-connected power inverters for injecting renewable power 

to the power grid, the proposed control scheme puts the stability 

of the power grid as a high priority while maintaining its normal 

bi-directional power flow functions. Such a scheme has been 

tested in an experimental prototype and a power grid simulator. 

Results are presented in this paper to illustrate the use of the 

scheme in battery’s monitoring, charging/discharging 

management, and output power control. 
Index Terms—Electric spring, battery management system, 

voltage control, frequency control. 

I.  INTRODUCTION  

The increasing penetration of renewable energy of 

intermittent nature has triggered new concerns about power 

system stability. The traditional control paradigm of having 

power generation to follow power demand has to be reversed. 

Future power grids must have the loads adaptive to the 

availability of power generation, particularly when renewable 

power such as wind and solar power becomes substantial. 

Researchers in the power systems community have responded 

to this new challenge with various demand-side management 

methods such as scheduling of delay–tolerant power demand 

tasks [1], use of energy storage to alleviate peak demands [2], 

real-time pricing [3] and direct load control or on-off control 

of electric loads [4]. 

Energy storage has been suggested as a solution to tackle 

the power imbalance issue of power generation and load 

demand in view of the emergence of microgrids with 

intermittent renewable energy sources. In [5], a microgrid 

formed of parallel line-interactive uninterruptible power 

supplies (UPS) has been investigated. Battery-based UPS have 

been incorporated to provide the voltage source when the 

microgrid enters the islanding mode. The state-of-charge 

(SOC) range from 30% to 100% of the battery has been 

considered in the operation of the UPS inverters which also 

provide virtual inertia through the droop method.  This SOC 

model is also used in [6] in which a decentralized control of a 

two-area storage-based power system (with diesel generators 

and batteries to provide long-term and short-term power 

demand) is studied. The SOC model considered in [5] and [6] 

is a linear one. In a study of using a hybrid storage (with 

supercapacitors in parallel with batteries) [7], a simple and 

linear battery model is used to evaluate the effects of 

smoothing out the transients of pulsed loads. Battery-based 

photovoltaic (PV) system [8] and wind power system [9] have 

also been considered. In [8], the battery is regarded as an ideal 

voltage source, while a simple equivalent circuit model is 

adopted in [9]. 

In order to tackle the possible voltage and stability issues 

arising from the increasing use of intermittent renewable 

energy in the distribution networks, researchers in the power 

electronics community have responded with an alternative 

approach known as electric springs (ES) [10]. ES can be 

considered as active suspension systems in the electrical 

regime. Unlike traditional FACTS devices that primarily deal 

with reactive power compensation, some versions of ES are 

associated with non-critical loads, forming smart loads that 

use active power adaptively according to the availability of 

power generation. Such a feature automatically plays a 

constructive role in achieving the new control paradigm of 

having the power demand following power generation for 

smart grids. Three versions of ES have been reported so far. 

The simplified control schematics of the first and third 

versions of ES are shown in Fig. 1 [10]. The first generation 

of ES (ES-1) does not involve battery storage. It uses reactive 

power to stabilize the local mains voltage and adjusts the non-

critical load power to balance power supply and demand. The 

version-two (ES-2) utilizes batteries as energy storage, which 

allows the ES to output/absorb both active/reactive power 

[11]. In other words, the ES-2 is able to not only regulate both 

voltage and frequency of the grid, but also participate in power 

factor correction and load compensation [12]. ES-3 applies to 

bidirectional AC/DC converter with battery storage and 

without association with non-critical load [13], [14]. 

 In this paper, a new control scheme for the active power 

control of ES-3 with energy storage capacity constraints is 

described and practically evaluated. In Section II of this paper, 

a practical battery model used for the SOC estimation is 

presented. Section III describes the design of the coordinated 

battery management control for ES-3. Section IV provides the 

experiment and simulation results. Finally, the conclusion is 

included in Section V. 
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Fig. 1.  Simplified control schematics of (a) ES-1 and (b) ES-3. 

II. BATTERY MODEL 

Sophisticated battery models can generally be classified 

into two types, namely the electrochemical models [15]-[17] 

and equivalent circuit models (electrical models) [18]-[20]. 

While the electrochemical models are based on the physical 

and chemical processes of the batteries, the equivalent circuit 

models have an advantage of being easy to be understood by 

electrical engineers and easy to be incorporated into circuit 

simulation. The equivalent circuit models for dynamic battery 

response prediction are mostly Thevenin-based, using SOC-

dependent voltage source and RC circuits. However, many of 

such equivalent circuit models focus too much on dynamic 

voltage-current performance but ignore the nonlinearity of 

the batteries' capacity, such as the charge recovery effect [18], 

[19]. 

Among various equivalent circuit battery models, the 

hybrid model [20] shown in Fig. 2 has been chosen for this 

work. The hybrid model combines the equivalent circuit 

model and a kinetic battery model. It tracks the nonlinear 

charge recovery behavior while retaining the dynamic voltage 

response of the battery. In summary, as the SOC is an 

essential feedback signal for both the battery model and the 

coordinated control of ES, such hybrid model could achieve 

relatively better accuracy than common equivalent circuit 

models, and then improve the overall performance of the ES. 

 In this work, the battery parameters extracted from priori 

experimental data have been incorporated into the DSP 

controller and Simulink model for experiment and simulation. 

With the battery model developed, the SOC will be used as a 

feedback signal for the coordinated operation with the ES. 

From [20], the key equations of this model are shown as (1) 

and (2), 

 

0

max

( ) ( )
( )

un
I t dt C t

SOC t SOC
C


 

  

 

(1) 

where I, SOC0 and Cmax are the discharging/charging current 

(positive when discharging), the initial value of SOC and the 

full capacity of the battery, respectively; Cun is the 

unavailable capacity of battery, given by,  
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where t0, td, and tr are the start time of discharging, the end 

time of discharging, and the rest time of the battery, 

respectively; c is the ratio of the available capacity to the full 

capacity; k’ is a constant to be extracted by experiment. 

Equation (2) could be transformed into an incremental 

equation, which is more convenient in coding for DSP, as 

shown as (3), 

    
'

'
1 1

( 1) ( ) , 0
'

s

s

k T

k T

un s un s s

e c
C n T C nT e I T n

k c




 

       

  (3) 

where Ts is the sample time. Hence, the SOC of the battery 

cell could be tracked by (1), 

The electrical circuit parameters are the functions of SOC 

as shown as (4), 
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where an, bn, cn, dn and en are parameters going to be extracted 

from experiments. 

The state-of-health (SOH) and aging of a battery are not 

included in the mentioned equations, since this model is for 

dynamic rather than a long term performance prediction. 

Such influence could be treated as constants in the extraction 

process. Also, the influence of the temperature is ignored in 

the following experiments because all the experiments are 

conducted in the condition of 24oC. 

 
Fig. 2.  Hybrid battery model. 

III. COORDINATED BATTERY MANAGEMENT SYSTEM   

ADPTED IN ELECTRIC SPRINGS 

Unlike many other grid-connected power inverters which 

inject active power at unity power into the power grid 

regardless of the voltage and frequency situations, the ES is 

primarily designed to provide active and reactive 

compensation for mitigating voltage and frequency 

fluctuations in power grids in the face of substantial 

penetration of intermittent renewable energy sources. Due to 

the limited capacity of batteries, it is necessary to consider the 

SOC variation so that the battery will not be overcharged or 

over-discharged. The original control scheme of the ES-3 is 

shown in Fig. 3. The active and reactive power reference in 

the control of the ES, namely Pref and Qref, are decoupled 

adopting the direct–quadrature–zero (dpo) transformation, 

where 
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The utility frequency reference fref and grid voltage 

reference Vs_ref are given to the control in such a way that the 

frequency regulation and voltage stabilization is handled by 

Pref and Qref, respectively. 

Fig. 4 shows the simulation results of a microgrid with an 

ES that uses the original control scheme as shown in Fig. 3. In 

this simulation, the loading power at the demand side is 

increased by 0.12 p.u. at t = 4 s. Fig. 4(b) indicates that the ES 

has to provide active power from 0% to around 75% (0.037 

p.u.) during the transient in order to regulate the frequency at 

50 Hz. After the transient, the ES is still continuously 

delivering an active power of around 60% (0.03 p.u.) due to 

the integration function of the PI compensator. If such an 

approach is adopted, the battery will be fully discharged in a 

long run if there is no mechanism to manage the active power 

of the ES. A fully discharged battery cannot provide active 

power for the power grid. On the other hand, if the battery has 

to absorb energy, it will be fully charged in the long run. A 

battery with 100% SOC cannot absorb more energy. A battery 

with SOC of 0% or 100% cannot be used for discharging and 

absorbing energy respectively for reducing voltage and 

frequency fluctuation in a microgrid. Therefore, a modified 

control scheme for the ES with coordinated BMS is proposed 

in this work to resolve this issue. The schematic of this 

modified control is shown in Fig. 5. 

 
Fig. 3.  Original control scheme of ES-3. 

 
(a) Utility frequency 

 
(b) ES active power. 

Fig. 4.  Simulation results of a microgrid with an ES installed. A step load 

power increased at t = 4 s. 

In the proposed control scheme, an instant SOC signal 

(SOCf, which is normalized from 0 to 1) is introduced. A SOC 

reference of SOCref = 0.5 is set as a long term target to maintain 

the battery at 50% SOC so that it is readily available to either 

absorb or deliver the active power for the power grid 

regulation purpose. There are two factors to determine the 

active power reference of the ES-3, namely Pf and PSOC. Pf is 

a signal that controls the amount of active power delivered or 

adsorbed for the regulation of utility frequency while PSOC is a 

signal that controls the SOC of the battery storage system. The 

actual active power reference signal Pref is the weighted sum 

of these two signals. Hence, 
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where a is the weighted factor. It should be noted when a = 0, 

the BMS is deactivated, namely Pref equals to Pf, and the active 

power control scheme is the same as the original scheme (as 

shown in Fig. 3). The adaptive weighted factor a provides a 

way to coordinate between the battery management and the 

frequency regulation process, which is defined as a function 

depending on the absolute SOC error signal (SOCe = SOCref  – 

SOCf , i.e. the deviation between the SOC reference and the 

instant SOC status). It can be expressed as 
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where k is a parameter which determines the profile of a as 

shown in Fig. 6. This function ensures that the charging and 

discharging of the battery can be performed exponentially in a 

way that the charging/discharging rate is relatively faster when 

the absolute SOC error is large while it is slower when the 

instant status of the SOC closes to the reference value SOCref. 

The choice of k depends on the configuration of the system 

and the design requirements. A higher value of k results in a 

wider range of the SOC error, as well as a more aggressive 

charging/discharging manner when the SOC is getting closer 

to the upper and lower limits of the working region. Compared 

with some other SOC control schemes, the proposed method 

not only provides an adaptively weighted priority between the 

mitigating of grid fluctuation and maintaining the storage 

system within the healthy SOC range, but also avoids abrupt 

change of output power for SOC control during transient 

operations [21]. 

  

Fig. 5.  New control scheme of ES-3 with the coordinated BMS. 
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The proposed control scheme has two modes of operation 

on active power control, namely the active mode and reset 

mode. During the active mode, active power of the ES is 

mainly used to regulate the utility frequency to its nominal 

value within a deviation of Δfdz_low (Fig.7). During the reset 

mode, the control loop gradually reduces the absolute value of 

Pf to 0, which helps the PSOC to maintain the SOC to 0.5.  

A dead zone control block with a hysteresis band is used to 

determine the mode of the operation. The dead zone control 

block defines two frequency deviation ranges, namely Δfdz_low 

and Δfdz_high as shown in Fig 7. The control enters the active 

mode if the frequency error fe exceeds the range of Δfdz_high. In 

contrast, the control returns from the active to the reset mode 

if fe is reduced to a value within the range of Δfdz_low. The 

hysteresis band, namely the gap between Δfdz_high and Δfdz_low, 

provides a smooth transition of both modes and prevents 

mode-switching oscillation. In the simulation and experiment, 

Δfdz_low is set to ±20 mHz, which is a typical dead-band of the 

primary frequency control of governors [22]. The modified 

frequency control scheme is shown in Fig. 8. 

 

 
Fig. 6.  The weighted factor a versus the SOCe with different values of k. 

 
Fig. 7. Operation of the proposed dead zone control with a hysteresis band. 

 
Fig. 8.  Modified control scheme of frequency control loop. 

IV. EXPERIMENT & SIMULATION RESULTS 

A. Experiment system setup 

A single-phase micro power system with an installed ES as 

shown in Fig. 9 is set up to validate the proposed coordinated 

battery management control scheme. A programmable AC 

power supply controlled by a synchronized Simulink model 

via IEEE 488 bus is used to emulate a generator. The 

frequency characteristic of this generator is based on the swing 

equation (8),  
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where Pm, Pg, J, and ωr are the mechanical power, electrical 

power, rotational inertia, and the angular velocity of the rotor, 

respectively. Any imbalance between Pm and Pg could cause 

the generator frequency to vary. The control scheme of the 

generator emulator is shown in Fig. 10. Due to the hardware 

limitation in the communication link between Simulink and 

the instrument, the sample time of this model is 0.4 s. The 

simplified generator emulator based on the swing equation (8) 

will be used for transient tests. 

In the setup, the distribution line is emulated by an inductor 

connected in series with a power resistor, with an 

inductance/resistance ratio of 2 mH/. A constant resistive 

load and a variable AC active load controlled by Simulink are 

incorporated (Fig.9). A bi-directional full-bridge converter is 

used as the ES and is connected to a lead acid battery bank 

based on the control scheme shown in Fig. 5. For safety 

reasons, the capacity of the battery bank is sufficiently large 

and only a small part (namely 0.025 Ah) is involved in the 

experiment. This amount of storage capacity is set as the full 

SOC for calculation in this study. Fig. 11 shows the flow chart 

of the proposed control scheme in DSP.  

B. Experiment Results 

The objectives of the experiment are to analyze both the 

grid voltage and utility frequency regulation performance with 

the ES adopting the proposed control method and to validate 

the proposed battery management control scheme. Before the 

ES is tested for grid voltage and frequency regulation, the SOC 
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Fig. 9.  Experiment system setup. 
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estimation of the battery model is first verified in order to 

confirm its accuracy. Then the hardware setup is tested for 

practical evaluation. 

1) Performance of the battery model 

A 12V, 7.2 Ah/20 hr, lead acid battery cell with Model No. 

LC-R127R2NA is used in this part. The parameter extraction 

begins with the ratio of the available capacity c. According to 

the official datasheet, the rating capacity is 7.2 Ah, namely 

25920 As when discharging with 360 mA. Therefore, the 

total available capacity y0 is confirmed. To determine the 

available capacity, the battery should be discharged to the 

cutoff voltage at a large current. According to the datasheet, 

a new battery could discharge 7.2A (1C) for 32 minutes. So 

the available capacity y1,0 is 13824 As. Accordingly, 

unavailable capacity y2,0 is 12096As, and c is 0.533 

(=13824/25920). In the test, the battery cell (which is fully 

charged and then left 24 hours for rest) discharges with 7.2A 

in 1483 s (or 25 minutes) as shown in Fig. 12. Such result 

indicates some reduction of the capacity, which reflects the 

aging of the battery cell. Hence, dividing the actual available-

capacity by the typical available-capacity, the SOH is 0.78. 

All the typical capacity values, namely y0, y1,0 and y2,0, are 

multiplied by the SOH for correction. The corrected capacity 

values could be found in Table I in the appendix. 

 
Fig.10.  Control scheme of the generator emulator. 

 
Fig.11.  Flow chart of the modified frequency control scheme. 

 

Secondly, the parameter k’ in (2) could be extracted with 

existing measurements. It is obvious that Cun obtained from 

(1) agrees with experimental results by discharging the 

battery cell with constant currents from full SOC until the 

cutoff voltage is reached. Since Cun is zero at t0 =0 with 

sufficient rest of battery cell, td is known according to 

measurements and the value of c has been derived. Only k’ 

remains unknown in (1). Therefore, k’ can be extracted easily 

by a numerical method from the measurements. Although k’ 

may vary slightly when discharging with different current, it 

still could be regarded as a constant for the same type of 

batteries [19].  

To extract the parameters of the RC networks, least-square 

curve fitting of the experiment data is the key method used. 

Fig. 13 shows a typical curve of terminal voltage response 

used for extraction.  Equation (9) provides the mathematical 

expression for estimating the parameters from the measured 

curve at the selected SOC.  
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where Vcell is the output voltage of the battery cell. The value 

of Vcell (∞) is regarded as the static output voltage of the 

battery (VOC) with the SOC at the beginning of the interval 

point (tr). 

In the full discharging process, experimental data could be 

obtained by discharging the battery for a certain period and 

then letting the battery cell rest for enough time, e.g., 15 min, 

to allow the voltage and part of the available capacity to 

recover. Hence, the parameters at the selected points against 

different SOC can be determined, which could be used for the 

final round of curve fitting to extract an, bn, cn, dn and en. All 

of these extracted parameters are tabulated in Table I in the 

appendix. 

 

Fig. 12.  Cell voltage curve when discharged with constant current of 7.2 A. 

 

 
Fig. 13.  A typical curve of battery output voltage with interval discharge. 

 

Based on the hybrid model, the simulated cell voltage 

profile in the discharge process is plotted with the measured 

one in Fig. 14. The battery is discharged with 2.88 A for 10 

minutes and left for rest for 15 minutes repeatedly until the 

cutoff voltage (9.8 V) is reached. The good agreement 
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between the measured and simulated results in Fig.14 

confirms the accuracy of the hybrid model. Fig. 15 shows the 

simulation results of the dynamic of Cun and SOC. These 

results show that the hybrid battery model is valid for full 

discharging process and over a wide range of SOC. The 

accuracy of this hybrid model gives us the confidence of 

using the estimated SOC as a variable in the battery 

management control of the ES in mitigating fluctuations in 

the mains voltage and frequency.  

 

 
Fig. 14.  Comparison of simulation and experimental curves of terminal 

voltage response with interval discharging. 

 
Fig. 15.  Simulation results of the dynamic SOC and Cun with interval 

discharging. 

2) Performance on grid voltage and frequency regulation 

In the first practical test, the micro power system with a 

capacity of 650 W, is initially operated at 450 W. Then a 

sudden load increase of 140 W occurs at t = 10 s. This test is 

first conducted without the ES, and is repeated with the ES 

activated. The practical mains voltage and frequency are 

captured and shown in Fig.16. The load change causes a 

corresponding drop in mains voltage and frequency. Such 

fluctuations are much larger when the ES is not activated. 

With the use of the ES, the mains voltage and frequency can 

be restored much faster and the magnitudes of the fluctuations 

are significantly reduced.  
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Fig. 16.  Experimental results from t = 0 to 60 s. 

3) Proposed battery management control scheme 

After the transient response by the ES to restore the mains 

voltage and frequency after the sudden load change, the 

battery management control takes actions to gradually 

regulate the SOC to 0.5. Fig. 17 shows a full test period from 

t = 0 to 1400 s.  The ES active power is expressed in 

percentage based on the active power limit (±180 W, or 

±0.277 p.u.). At t = 10 s, the ES starts to deliver active power 

of around 68% (0.188 p.u.) to cope with the sudden change of 

load power at the demand side. The grid frequency is corrected 

into the lower deviation range, namely 50±0.02 Hz at t = 25 s 

(Fig. 16(b)) and the active power control of the ES is switched 

to reset mode. During t = 25 s to t ≈ 300 s, the reset integrator 

(Fig. 8) is in action, causing Pes to approach zero. The rate of 

reduction of Pes during this period is controlled by kx. The 

tuning of the positive parameter kx is related to the original 

frequency response of the grid. For example, if a grid (without 

ES installed) takes a long time to recover from a certain 

frequency drop, the kx should be decreased so that Pes 

approaches zero smoothly in order to avoid potential 

chattering. As the SOCf keeps deviating from SOCref = 0.5, the 

weighted factor a increases, which forces the system to charge 

the battery more aggressively. Hence, after t ≈ 300 s, Pes 

becomes negative and SOCf keeps increasing. As SOCf 

approaches 0.5, the charging power is significantly reduced 

due to the reduction of the weighted factor a, which results in 

a much longer period to reach 0.5. Compared with the original 
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Fig.17.  Experimental results from t = 0 to 1400 s. 
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active power flow of ES as shown in Fig. 4(b), the active 

power flow of ES with proposed control scheme (i) is needed 

for stabilizing the grid voltage and frequency during the 

transient period and (ii) is gradually reduced to zero in the 

reset mode while restoring the SOC to 0.5. The battery 

management is targeted for this purpose and the battery is not 

used for providing active power continuously for long period 

of time. This feature differentiates its application from the 

traditional use of battery in a grid-connected PV system. 

Consequently, batteries with small capacity can be used for 

this ES application under the proposed control scheme.  

 

C. Microgrid Simulation Study 

To further validate the proposed control scheme at a higher 

power level, a microgrid model is developed in Simulink as 

shown in Fig. 18. In this model, a synchronous generator (5 

MVA) with excitation control is driven by a steam turbine 

with a governor. The full specifications of the generator model 

are provided in the appendix. The demand side is connected to 

the generation side via a 5 km distribution line and a step-

down transformer. The battery bank, which has an initial SOC 

of 0.5 with a full capacity of 80 kWh, is constructed with 28 

parallel battery packs. Each battery pack consists of 30 series-

connected battery cells. The limits of the active and reactive 

power outputs are 250 kW and 500 kVar respectively. In the 

simulation study, the switch S1 is closed at t = 4 s to cause a 

sudden change of the load power (0.12 p.u.) on the demand 

side. 

 
Fig.18.  Simulation diagram of microgrid system with ES-3 installed. 

 

Fig. 19 shows the simulation results of the grid voltage and 

frequency from t = 0 to 60 s. The results indicate that the 

control scheme is also effective in high power level. The 

simulation results with a duration of 1500 s for the proposed 

battery management control scheme are shown in Fig. 20. As 

the active power of the ES is limited to 250 kW, the peak value 

of the active power delivered from the ES at t = 4 s is around 

75% (0.0375 p.u.) for compensating the frequency drop. The 

ES enters into the reset mode as the frequency error reaches 

the preset small deviation range at t = 20 s. Similar to the 

experimental results, after t ≈ 220 s, Pes becomes negative and 

the battery is being charged. With the similar performance 

observed from the experimental result, the simulation results 

indicate that the proposed control scheme is applicable at a 

high power level for providing grid stability enhancement. 

 
(a) Grid voltage. 

 
(b) Utility frequency. 

Fig.19.  Simulation results from t = 0 to 60 s. 

V. CONCLUSIONS 

In this project, the third version of the electric spring (based 

on the use of a gird-connected bidirectional power converter 

and battery) is operated with a coordinated battery 

management system. A new control scheme with a new state-

of-charge control algorithm is proposed to operate the battery 

within a SOC range that will not degrade the lifetime of the 

battery.  The proposed scheme has been practically verified 

with a realistic hybrid battery model with accurate SOC 

estimation. A modified dead zone control circuit with a 

hysteresis band embedded on the existing active-reactive 

power decoupling control scheme for ES-3 has been 

successfully demonstrated. Experimental and simulation 

results have indicated that the proposed control method 

preserves the original functions of ES-3 on both grid voltage 

and frequency regulation while providing an effective way for 

managing a healthy state-of-charge of the battery system. 

With the automatic charging and discharging strategy 

integrated in the active power control loop, many bidirectional 
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0 500 1000 1500
-50%

0

50%

100%

0.2

0.4

time (s)

ES Real Power Instant SOC

0.3

0.5

E
S

 R
ea

l 
P

o
w

er

P
es

In
st

an
t 

S
O

C

S
O

C
f

220

Discharging

Charging



ES with limited energy storage capacities can in principle be 

equipped with the electric spring functions. They can play an 

important role collectively as distributed devices to provide 

active and reactive power compensation for improving the 

stability of future power grid.  

VI. APPENDIX 

TABLE I.   
Extracted Battery Model Parameters 

y0 y1,0 y2,0 c k' SOH 

20476.
8 

10920.9
6 

9555.8
4 

0.533 0.0001
6 

0.78 

a0 a1 a2 a3 a4 a5 

-1.0262 249.937

0 

11.493

7 

1.7477 1.0154 0.3423 

b0 b1 b2 b3 b4 b5 

0.2202 58.3115 0.1614 -0.3474 -0.3904 -0.1383 

c0 c1 c2 d0 d1 d2 

0.1137 11.6634 0.0372 -

247.8046 

7.8288 260.4930 

e0 e1 e2 f0 f1 f2 

0.4275 55.2052 0.0360 -0.0086 6.1542 0.0094 

 

TABLE II.   
Simulink Model Synchronous Machine Specifications 

Synchronous Machine 

Rotor Type Round 

Nominal power, line to line voltage and 

frequency [Pn(VA), Vn(Vrms), fn(Hz)] 
[5×106, 13800, 50] 

Reactaces 
[Xd,Xd’,Xd’’,Xq,Xq’,Xq’’,Xl](p.u.) 

[1.65 0.25, 0.2, 1.59, 0.46, 
0.2, 0.14] 

Time constants 

[Tdo’, Tdo’’, Tqo’, Tqo’’] 
[4.5, 0.04, 0.67, 0.09] 

Stator resistance Rs() 0.0045 

Inertia coefficient, friction factor, pole 

pairs [H(s), F(p.u.), p()] 
[3.2, 0, 1] 

 

TABLE III.   

Simulink Model Excitation System Specifications 

Excitation System 

Low-pass filter time constant Tr(s) 0.020 

Regulator gain and time constant [Ka(), 
Ta(s)] 

[1000, 0.01] 

Exciter [Ke(), Te(s)] [1, 0] 

Transient gain reduction [Tb(s), Tc(s)] [0, 0] 

Damping filter gain and time constant 

[Kf(), Tf(s)] 
[0.001, 0.1] 

Regulator output limits and gain [Efmin, 

Efmax(p.u.), Kp()] 
[-11.5, 11.5 0] 

 
TABLE IV.   

Simulink Model Steam Turbine & Governor Specifications 

Steam Turbine and Governor 

Generator type 
Tandem-compound (single 

mass) 

Regulator gain, perm. Droop, dead zone 

[Kp, Rp(p.u.), Dz(p.u.)] 
[1, 0.08, 0] 

Gate opening limites [vgmin, 
vgmax(p.u./s), gmin, gmax(p.u.)] 

[-0.2, 0.2, 0, 1] 

Nominal speed of synchronous 

machine(rpm) 
3000 

Steam turbine time constant [T2, T3, T4, 

T5](s) 
[0 ,10, 3.3, 0.5] 

Turbine torque fractions [F2, F3, F4, F5] [0, 0.36, 0.36, 0.28] 

 

 

 
 

 

 
 

 

 
TABLE V.   

Simulink Model Transformer Specifications 

Transformer 

Windings connection Delta to Star ground 

Nominal power and frequency [Pn(VA), 

fn(Hz)] 
[5×106, 50] 

Winding 1 parameters [V1 Ph-Ph(Vrms), 

R1(p.u.), L1(p.u.)] 
[13260, 0.0027 0.08] 

Winding 2 parameters [V2 Ph-Ph(Vrms), 

R2(p.u.), L2(p.u.)] 
[381, 0.0027, 0.08] 

Magnetization resistance Rm(p.u.) 500 

Magnetization resistance Lm(p.u.) 500 
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