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Abstract 
 

The lead-acid batteries are a widely spread energy storage technology due to their low cost and good reliability. For most 
of the applications using battery-based energy storage systems, it is important to assess the battery performance and 
dynamic behavior. However, the laboratory research on actual batteries is time consuming, costly and may lead to wrong 
results due to battery capacity attenuation, aging and environmental conditions. These reasons make battery emulation an 
attractive alternative to reduce the mentioned difficulties. Therefore, in this paper the design and implementation of a lead-
acid battery emulator are presented. The proposed battery emulator is based on a Flyback converter, the control schemes 
and battery model were implemented using a Texas Instruments TMS320F28335 DSP. Design considerations of the 
proposed emulator are discussed and key experimental results about the battery emulator confirm the system feasibility. 
Finally, main conclusions are presented.  
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1. Introduction 
 
Rechargeable batteries are electrochemical devices capable of 
producing an electrical current from a reversible 
electrochemical reaction. These devices are widely used in 
electrical and electronics applications as a mean of energy 
sourcing and storage. In particular, lead-acid batteries are a 
widely spread technology in distributed generation schemes, 
uninterrupted power supplies, flexible AC transmission 
systems, lighting and ignition applications, amongst others, 
due to its high energy density, tolerance to overcharge and 
deep discharge, capability of delivering large currents and low 
cost, the latter being critical in the determination of the overall 
application cost. 
 The proper design and operation of these systems rely on 
a battery model [1]–[4] capable of describing the dynamic 
behaviour of the battery [1]. Modeling and simulation-based 
methods are becoming increasingly popular in the analysis of 
battery-based systems. For instance Collet et al. [5] created a 
battery emulator based on individual cells that allow 
representing the current-voltage characteristics of the battery 
stack. Baumhofer et al. [6] designed a sealed lead-acid (SLA) 
battery emulator based on a bi-directional high power DC/DC 
converter, which was capable of sourcing and storing energy 
in two backup batteries attached to the low voltage side of the 
converter. Park et al. [7] proposed a programmable power 
source based on the PIC16F877, called B# that is capable of 
reproducing a lithium-ion dynamic current-voltage 
characteristic. B# is based on dual-foil, an electrochemical 
battery model developed by Doyle et al. [8] that solves partial 
differential equations to compute the terminal voltage, state 
of charge and temperature of the battery. 

 In [9]–[13] the authors review the energy storage 
technologies for different applications as well as strategies to 
manage energy in battery-based systems. They also discuss 
the use of battery-based systems as means of energy sourcing 
to extend the grid stability. In [14]–[16] some battery models 
for different battery electro-chemistries are reviewed based on 
various criteria, such as their ability to model non-linear 
effects of batteries and the change in the battery due to 
environmental changes. Shekoofa et al. [17] presented the 
design and implementation of a lead-acid battery emulator, 
which is capable of reproducing the dynamic voltage and 
current characteristics of a lead-acid battery. The emulator is 
based on a flyback converter topology, and the model 
equations and control algorithms were implemented using a 
Texas Instruments TMS320F28335 DSP. 
 This paper is organized as follows: In section 2 a brief 
explanation about the determination of battery model 
parameters and model validation is presented. Section 3 
presents the design considerations corresponding to the power 
stage of the emulator for both, charge and discharge. Section 
4 presents the experimental results achieved with the 
proposed emulator. The last section presents the obtained 
conclusions. 
 
 
2. Battery model parameters 
 
The determination of the model parameters was done based 
on the battery model proposed by Tremblay et al. [1], [4]. This 
model consists of a controlled voltage source in series with a 
constant resistor. The controlled voltage source represents the 
inner battery voltage that, in lead-acid batteries, is closely 
related to the State of Charge - SOC; a non-linear term called 
the polarisation constant is introduced in the model to 
represent the non-linear voltage drop when current is 
extracted from the battery [4]. 
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 The model accurately represents the dynamic behavior of 
the battery; however, it does not allow modeling the variation 
of the battery capacity with respect to the current amplitude. 
Self-discharge and temperature effects are not taken into 
account either [1], [4]. The model parameter estimation is 
well documented in the work presented in [4]. For a lead-acid 
battery, all of the model parameters can be extracted from the 
typical constant current discharge given in the battery 
datasheet or by means of experimental data. In this work the 
former was used. Five parameters were obtained from the 
constant current discharge curve: The full charge open-circuit 
voltage (Ef), the charge (Qexp) and voltage (Eexp) at the end of 
the exponential zone and the charge (Qnom) and voltage (Enom) 
at the end of the nominal zone. These parameters are 
presented in Tab. 1. 
 
Table 1. Battery parameters extracted from the constant 
current discharge data 

Parameter Value 
𝐸"(𝑉) 13.5 
𝐸&'((𝑉) 0.068049 
𝑄&'((𝐴ℎ) 0.94956 
𝐸,-.(𝑉) 100 
𝑄,-.(𝐴ℎ) 3.15 

 
 The main equation governing the terminal voltage of the 
battery model is given by Eq. Error! Reference source not 
found.. 
 
𝑉/011 = 𝐸3 − 𝑅𝑖 − 𝐾

8
89:1

[𝑖𝑡 + 𝑖∗] + 𝐴𝑒9A:1                    (1) 
 
 Where 𝐸3 is a constant voltage given by: 
 
𝐸3 = 𝐸" + 𝐾 + 𝑅𝑖 − 𝐴        (2) 
 
 Also 
 
𝐴 = 𝐸" − 𝐸&'(	       (2) 
 
 Ri is the internal resistance of the battery; the parameters 
A and B represent the amplitude and time constant of the 
exponential, respectively. The parameter K is the polarisation 
constant given by:  
 

𝐾 = CD9CEFGHIJ&KLMEFG9NO(898EFG)

8EFG
   (3) 

 
 Finally, the term 𝑖∗ represents the low-frequency 
component of the output or input current of the battery. In this 
study, a CSB GP1272 12 V - 7.2 Ah sealed lead-acid battery 
was used. Tab. 2 summarizes the model parameters obtained 
for this battery. 
 
Table 2. Model parameters for the battery understudy 

Model Parameter Value 
𝐸3(𝑉) 12.5826 
𝑅:(Ω) 0.023 

𝐾(Ω/𝐴ℎ) 0.068049 
𝐴(𝑉) 0.94956 

𝐵(𝐴ℎ)9N 100 
   

 To verify that the model accurately reproduces the battery 
behavior, a pulsed current discharge was carried out in the 
battery under study using standard laboratory equipment, the 
same pulsed discharge was simulated using 
MATLAB/Simulink in the battery module from the 
Simpower Systems library with the aforementioned 
parameters. Fig. 1 depicts the Simulink setup. 
 

 
Fig. 1. Simulink Set-Up for pulsed discharge test simulation 
 
 The pulsed discharge was adjusted so that every pulse of 
current extracts about 10% of the nominal battery capacity, 
the voltages obtained from both lab test and simulation, are 
presented in Figures 2 to 4. 

 
Fig. 2. Real battery voltage response under pulsed discharge at 1.5 A (Left). Simulated battery voltage (Right) 
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Fig. 3. Real battery voltage response under pulsed discharge at 3 A (Left). Simulated battery voltage (Right) 
 

 
Fig. 4. Real battery voltage response under pulsed discharge at 6 A (Left). Simulated battery voltage (Right) 
 
 
 It can be seen that the voltage from the battery model and the real battery are very similar, a maximum difference of 1 V 
between the battery voltage and the simulation was found, 
mainly in the transitions from load to open circuit, which is 
attributed to the model limitations mentioned above. The 
battery model reaches a terminal voltage of 0 V, a behavior 
that never is observed on the battery understudy, even at very 
low SOC. It can be concluded that the adjusted model 
represents accurately the actual battery behavior. The internal 
resistance plays an important role in the battery voltage-
current characteristics, especially at the end of the discharge 
process; these effects are not modeled in this study. 
 
 
3. Proposed battery emulator 
 
The research in energy storage systems, especially those 
based in batteries, can be costly and difficult because of many 
different reasons including the reduced battery life due to 
continuous charge and discharge cycles, costly charging and 
discharging devices, different results produced by the 
variation of environmental conditions, required space for 
battery storage, among others [2], [5]–[7]. A battery-emulator 
device represents an interesting alternative that, at a 
reasonable cost, may help overcome most of the 
aforementioned issues. It brings flexibility in the study of 
different kinds of batteries, charge and discharge processes 
may be carried out without degrading the battery life, and 
parameters like the state of charge, and the dynamic battery 
behavior can be studied too. The proposed battery emulator is 
a device capable of behaving like a real lead-acid battery; it is 

mainly composed of two parts: The charging stage, which 
consist of a constant current sink that draws current from an 
external source and updates the SOC to gradually reduce the 
amount of current drawn from the external source, 
reproducing the actual response of a lead-acid battery while 
charging. The discharge stage is based on a DC/DC converter, 
which dynamically varies the output voltage by adjusting the 
converter duty cycle according to the current and the battery 
model response, and therefore the discharge process of a lead-
acid battery can be simulated under different load conditions. 
 
3.1. The discharge stage 
The block diagram from Fig. 5 presents the discharge stage of 
the proposed battery emulator, which can be represented as a 
current-controlled voltage source since the output current is 
measured and fed back to the battery model in the control loop 
whose output is a voltage reference for the power stage. 
 

 
Fig. 5. Block diagram of the discharge stage 
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 The power stage consists of an off-line flyback converter 
with an input of 120 V – 60 Hz. The maximum output power 
is 100 W. The flyback topology was selected among other 
galvanically-isolated topologies due to its simplicity and 
power range [2], [8] and its low cost, since the transformer 
primary to secondary turns ratio allows to work with 
relatively large duty cycles [18]. The parameters of the power 
stage are presented in Tab. 3. 
 
 
Table 3. Flyback converter parameters 

Parameter Value 
𝐿(𝜇𝐻) 180 
𝐶(𝜇𝐹) 3800 
𝑁 3 

𝑓(𝑘𝐻𝑧) 65 
   

 In Fig. 6, it is observed that the power stage includes a 
second filtering stage composed by the choke inductor, in 
order to attenuate the high-frequency noise from the primary 
switching stage. In addition, the capacitor C4 provides a low 
impedance path to ground for the high-frequency noise and 
helps prevent it from reaching the output stage. The line filter 
located before the diode bridge DB1 helps attenuate the high-
frequency noise from the switching stage. The snubber circuit 
(Rs, Csn and Dsn) for the high-frequency transformer is 
essential to ensure the safe operation of the power MOSFET. 
 The proposed converter is based on a voltage-mode digital 
controller implemented in the DSP (TMS320F28335) from 
Texas Instruments. The block diagram of the controller is 
presented in Fig. 7. The digital implementation of the battery 
model and the voltage-mode controller allow manipulation of 
the controller transfer function. Also, some battery model 
parameters can be dynamically changed to simulate different 
scenarios, such as full, medium or low charge. 

 
Fig. 6. Simplified circuit diagram of the discharge stage 

 
Fig. 7. Block diagram of the proposed control scheme for the discharge 
stage 
 
 In the block diagram presented in Fig. 7 the converter was 
modeled using the PWM switch technique introduced by 
Vorpérian et. al [19], Gvd(s) is the converter transfer function, 
which is known as duty cycle to output voltage transfer 
function. Av(s) represents the transfer function of a 
compensator type III, Fm is the PWM modulator gain, β 
represents the voltage sensing gain, Vbatt represents the battery 
model, which gives the voltage reference.  
 
Gvd(s) is described by: 
 

𝐺]^ = 𝐺^-
_NH `

abc
d_N9 `

abe
d

`e

aEe
H `
aEM

HN
    (4) 

 
where Gdo is given by: 
 
𝐺^- =

fg
h(N9i)e

     (5) 
 

 The power stage resonant frequency ωn is given by: 
 
𝜔, =

N9i

klG
me

n
			     (6) 

 
 The Equivalent Series Resistance (ESR) of the output 
filter capacitor introduces a zero in the transfer function that 
is given by: 
 
𝜔oN =

N
pqn

      (7) 
 
 Additionally, the power stage of the converter has a zero 
on the complex right-half plane, meaning that this is a non-
minimum phase system, this zero is given by: 
 
𝜔or =

(N9i)ep

ilGme
      (8) 

 
 The quality factor Q is given by: 
 
𝑄 = (N9i)p

s
lG
me
t

     (9) 

 
ωz1 was chosen to be under the natural resonance frequency 
of the power stage ωn. ωp1 was chosen carefully so it cancels 
the zero introduced by the equivalent series resistant of the 
output filter capacitor. ωz2 was chosen to cancel the negative 
phase introduced by the conjugated poles of Gvd(s). Finally, 
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ωi was adjusted to reach a phase margin above 50. The 
parameters of the compensator are summarized in Tab. 4. 
 
Table 4. Type III compensator performance parameters 

Parameter Value 
Phase margin 50.7° 
Gain margin 14.27 dB 
Bandwidth 3.01 kHz 

 
 The Bode diagram for the system represented by equation 
(5) is shown in Fig. 8.  

 
Fig. 8. Bode plot for Gvd(s) under different load conditions 
 
 It can be seen that at the cut-off frequency of the converter 
a sharp overshoot may arise, especially under low load 
conditions. As stated in [19]–[21] the PWM switch model is 
only valid on Continuous Conduction Mode (CCM). The 
power stage stays in CCM only for small variations above or 
below its operating point. If the converter does not operate in 
CCM, the system may become unstable. Due to this 
limitation, the battery voltage response under discharge 
conditions may not be represented with the converter, 
meaning that very low SOCs cannot be emulated using the 
proposed battery emulator. 
 The main components of the control scheme are the gain 
of the compensator type III, Av(s), and the PWM modulator 
gain, Fm. The gain of the compensator type III is given by: 

 

𝐴](𝑠) =
vg
w

_NH `
abc

d_N9 `
abe

d

xNH `
ayc

zxN9	 `
aye

z
     (10) 

 
 The gain of the voltage mode control loop is given by: 
 
𝑇](𝑠) = 𝐴](𝑠) ∙ 𝐹. ∙ 𝐺]^(𝑠) ∙ 𝛽   (11) 

 
 The PWM modulator gain and voltage sensing gain 
parameters are given in Tab. 5. 

 
Table 5. Flyback converter control loop parameters 

Parameter Value 
PWM Modulator Gain 1 

Β 0.1304 
 
 The Bode diagram for Av(s), Gvd(s) and Tv(s) is presented 
in Fig. 9.  

 
Fig.  9. Bode plot for Av(s), Gvd(s) and Tv(s) 
 

 
 The complete circuit schematic for the discharge stage is 
presented in Fig. 10. 

 
Fig. 10. The complete circuit schematic for the discharge stage 

 
3.2. The charging stage  
As stated previously, the charging stage is based on a voltage-
controlled constant current sink. When an external charger is 
connected to the battery emulator, a constant current is drawn 
from the external charger, the magnitude of the current can be 

controlled through the Digital Signal Processor depending on 
the battery SOC, and can be gradually reduced to emulate the 
final steps of the charging process. 
 Fig. 11 shows the block diagram of the charge stage, Ve 
and Ie are the input variables of the battery model. The current 
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charge is determined based on the difference between the 
voltage on the charger terminal and the internal voltage of the 
battery model, the latter depending on the SOC. The 
integration in time of the input current gives the current SOC 
of the battery. In this way, by means of an equation that stores 
the previous and the current charge values, the SOC on the 
battery model is calculated and updated. 

 
Fig. 11. Block diagram of the charging stage 
 
 Fig. 12 presents a simplified circuit diagram of the charge 
stage. The current drawn from the external charger by the 
current sink is controlled by a driver and the DSP. An active 
low-pass filter and a follower amplifier in totem-pole 

configuration drive a power MOSFET Q. The pulse-width-
modulated signal coming from the DSP is converted into a 
DC control signal that is applied to the non-inverting input of 
the follower amplifier. The inverting input of the amplifier is 
linked to the source of Q1. In this way, the current flowing 
through a dummy load resistor R1 is adjusted. By varying the 
duty cycle of the input signal, the input current changes 
accordingly to the emulated battery SOC until reaching a full 
charging state. 
 

 
Fig. 12. Simplified circuit diagram of the charge stage 
 
 The complete circuit schematic for the charge stage is 
presented in Fig. 13.  

 
Fig. 13. The complete circuit schematic for the charge stage 

 
4. Experimental validation of the proposed Battery 

Emulator 
 

Fig. 14 shows the experimental set-up built to test the battery 
emulator. 

 
Fig. 14. Experimental Set-Up of the Battery Emulator 

 
 Fig. 14 shows the battery emulator. A stage change-over 
switch was implemented to use the same terminals in the 
emulator for the charge and discharge stages; this switch is 
controlled with a digital output from the DSP and the proper 
code. The current and voltage characteristics of the battery 
emulator were recorded using the DSP and MATLAB. 
Several laboratory tests were performed on the developed 
prototype to verify its functionality. The pulsed discharge 
tests previously discussed were reproduced using the battery 
emulator. In addition, a constant current discharge and charge 
test was carried out. 
 The first test corresponded to the pulsed discharge current, 
in which a 1.2 A pulse current was applied to the battery 
emulator during 2500 s. Fig. 15 shows the obtained results 
from the pulsed discharge test at 1.2 A. 
 



Andrés Ignacio Santos León, Álvaro Andrés Peña Acosta, Cesar Leonardo Trujillo Rodríguez & Francisco Santamaría Piedrahita/ 
Journal of Engineering Science and Technology Review 13 (3) (2020) 172 - 180 

 
 

178 

 
Fig. 15. Real (Left) and Simulated (Right) battery response under a pulsed discharge of 1.2 A 
 
 The measuring devices sensitivity and the resolution of 
the analog inputs of the DSP contributed to the error in the 
data collected from the experimental tests, especially in the 
current measurement. These effects were reduced using active 
filters between the measuring device and the DSP. However, 
for currents of smaller magnitude, sharp oscillations that do 
not correspond to the dynamic behavior of the lead-acid 
battery were obtained.  
 In the second test, a pulsed discharge current of 3.5 A was 
applied to the battery emulator during 2500 s. Fig. 16 shows 

the results of that test. As the input current increases, the 
emulator reproduces in a better way the behavior of a real 
battery, this is observed in the voltage and current signals 
presented in Fig. 16. However, a sharp overshoot is observed 
at each pulse transition in the converter, this is associated with 
the transient response of the compensator type III.  
 Fig. 17 shows a detailed comparison between the real and 
the simulated voltage. Both signals have the same behavior, 
except for the oscillations that occur in the real case. 

 
Fig. 16. Real (Left) and Simulated (Right) battery response under a pulsed discharge of 3.5 A 
 
 In the next test, the prototype was adjusted to ensure a 
constant current discharge, in order to verify that it was able 
to emulate the actual response of a lead-acid battery. In the 
test, a discharge current of 4 A was used and the theoretical 
run-time of the battery was around 1.8 h. During the test, the 
energy was dissipated for a dummy load resistor. Fig. 18 
shows the results obtained from the test. It can be seen that 
the battery emulator adequately represents the behavior of a 
real lead-acid battery under a constant current discharge.  
 To fully verify the functionality of the battery emulator, 
tests for different SOC levels were performed, in order to 

observe the battery internal voltage variation to SOC 
increments. Since the current drawn for external loads is 
controlled in part by the internal battery voltage, it is expected 
that the emulator will gradually reduce the charging current 
and emulate a typical charging process. Initially, a test with a 
SOC of 50% was carried out. The results are presented in 
Figure 19. As can be seen, the battery reaches its full charge 
voltage after about 3 h. 
 Next, a new charging process was conducted from a SOC 
of 20%. The results show that the battery internal voltage 
increases more rapidly. Fig. 20 shows these results. 
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 From the results of Figures 19 and 20, it can be seen that 
the emulator accurately represents the battery internal model 
and it is capable of adjusting the charging current while 
increasing the internal voltage.  

 
Fig. 17. Real (Blue) and Simulated (Red) Battery Voltage with a pulsed 
discharge of 3 A 
 

 
Fig. 18. Results of constant current discharge applied to the proposed 
Battery Emulator 

 
Fig. 19. Results of constant current charge applied to the proposed 
Battery Emulator with a SOC of 50% 
 
 In general, the developed battery emulator accurately 
represents the lead-acid battery behavior; however, it is not 
capable of reproducing the full voltage range of lead-acid 
batteries when the SOC is very low. This is because the PWM 
switch model used is only valid for CCM. However, the 
battery emulator can be improved by implementing a 
secondary digital controller that allows the operation in DCM. 

 
 

 
Fig. 20. Results of constant current charge on the proposed Battery 
Emulator with a SOC of 20% 
 
 
5.  Conclusion 
 
In this article, the design and implementation of a lead-acid 
battery emulator were presented. Through experimental tests, 
the parameters of the selected battery model were adjusted 
and its operation validated. 
 The emulator is based on an Offline Flyback DC/DC 
converter, for its design, the PWM switch model was used to 
obtain the continuous-time output-voltage transfer function 
and to design the voltage mode controller. This model is valid 
for small-signal analysis and, therefore, imposes a limitation 
on the validity of the model for small variations above or 
below the operating point, which in turn limits the emulator 
operation within a small voltage range. 
 Comparing the results obtained with the emulator against 
a real battery, it can be concluded that the former reproduces 
accurately the dynamic behavior of the battery; however, the 
transient response of the digital voltage-mode controller may 
produce a small excess in the voltage response of the emulator 
in the transition from load to open circuit, which can interfere 
with the correct operation of the battery emulator. 
 Despite these limitations, the proposed emulator is a 
useful tool to be used in typical battery tests, without the 
degradation of real batteries. It can also be used for the 
development of battery-based energy storage systems, such as 
electric vehicles, UPS, distributed generation schemes and 
renewable energy systems. 
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