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ABSTRACT

Lead-acid batteries have been used increasingly in recent years in solar power systems,
especially in homes and small businesses, due to their cheapness and advanced development
in manufacturing them. However, these batteries have low voltages and low capacities, to
increase voltage and capacities, they need to be connected in series and parallel. Whether
they are connected in series or parallel, their voltages and capacities must be equal
otherwise the quality of service will be degraded. The fact that these different voltages are
inherent in their manufacturing, but these unbalanced voltages can be controlled. Using a
switched capacitor is a method that was used in many methods for balancing voltages, but
their responses are slow. To increase the response and control of the balancing process, this
research proposes a novel technique that consists of a dynamic capacitor for controlling the
unbalanced voltages of series-connected lead-acid batteries. The proposed technique uses a
main capacitor and an inductor with two switches their on/off states are controlled through
a pulse width modulation. The technique is designed and validated using MATLAB/Simulink
and the results for different cases are compared with other techniques such as switched
capacitor technique. Results show that the proposed method promised the balancing control
in a shorter time and better performance than other techniques which are crucial in the
battery’s voltage balancing.
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capacitor.
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1. INTRODUCTION

Recently, the demand for photovoltaic (PV) technology in producing electricity has increased
substantially (Victoria et al., 2021; Zhang et al., 2021; IEA, 2022). On the other hand, the
continuously reducing costs for building PV power plants make them successfully be used to
supply electricity not just for large areas but for small businesses and households as well.
However, the intermittency behavior of PV power systems especially during the night and
cloudy days remains the main drawback of them. A battery storage system is counted as one
of the best practical solutions to the PV drawback (Salameh et al., 2022; Apribowo, 2022).
In the last decade, the growth of PV power systems and the development of electric vehicles
have made huge progress in adopting new technologies for manufacturing different types of
batteries (Chen et al., 2020). Batteries now have more charge/discharge cycles, longer life,
stronger, higher capacities, and low costs (Lipu et al., 2022; Pan et al., 2022). However,
these batteries are still available in low voltage mostly 12 DC voltage that need to use more
batteries in series and parallel connection combination to increase their voltages and
capacities to follow the ratings of inverters in PV power systems (Manimekalai et al., 2013;
Fortenbacher et al., 2017; Bagalini et al., 2019, Wu et al., 2022).

One of the most drawbacks of almost all types of batteries is self-discharging. This self-
discharging reduces battery voltage and its impact will be worse when batteries are
connected in series and parallel. This impacts the operation of inverters, decreases the
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storage capacity, decreases cycle charging/discharging, and shortens the battery’s life. In
general, parallel operation of batteries may balance their voltages to the level that all have
the same voltage. While in series connecting, self-balancing does not achieve, therefore, an
external procedure is required to maintain the same voltage of all batteries (Wang, et al.
2017).

Different techniques have been used for equalizing batteries’ voltages. (Kim, et al., 2014)
presented a switched capacitor and the method was applied to lithium-ion batteries. (Ye, et
al.,, 2017) proposed a series of switched-capacitors for battery and super-capacitor
balancing strings and to increase the speed of balancing different topologies were proposed
with resistors. A bi-directional Cuk converter was presented by (Zheng et al., 2018;
Rasheed, 2020), and a fuzzy control method was used for controlling the Cuk converter for
voltage balancing of lithium-ion batteries. (Moghaddam and Van den Bossche, 2019; Ho,
etal.,, 2021; Wang et al., 2023) presented different types of switched capacitor models in
which these models were simulated on lithium-ion batteries operating at voltages 3 to 4.2V
(Zau et al., 2022). However, many studies have been done on unbalancing lithium-ion
batteries but a few are dealing with lead-acid batteries. Charge equalization systems were
proposed for serial lead-acid batteries in hybrid power systems (Belmokhtar et al., 2016;
Akash and Sumana, 2021), two systems were included: active and passive systems, the
passive was based on a resistor element to remove the excess charge until matching high
voltage batteries to lower voltages.

Recently, lead-acid batteries have been widely used in households' electricity storage
systems due to their lower prices, and availability in different capacities, moreover, new
technology in manufacturing these types of batteries makes them last longer (Dufo-Lopez,
et al,, 2021; Rajanna and Kumar, 2021). With the growth of using lead-acid batteries,
especially in PV storage systems, and they are subjected to voltage differences during
operations, therefore, an efficient voltage balancing technique is highly recommended for
retaining the voltage balance of all batteries in a shorter time in low power consumption
(Geoffrey et al., 2018; Kavaliauskas et al., 2023).

This study proposes a dynamic capacitor technique for controlling the unbalanced voltages
of lead-acid batteries which are connected in series. The proposed technique is applied on a
12V, 200Ah lead-acid battery and simulated on MATLAB/Simulink® for validating the
results, and results are compared to the switched-capacitor technique. The result outcomes
for different cases show that the proposed technique achieves the voltage balance in a
shorter time than the other technique. The technique can be implemented on most batteries
in PV power storage systems in residences and small businesses.

2. PROPOSED BALANCED BATTERY VOLTAGE SYSTEM

The proposed voltage balancing system for lead-acid batteries connected in series is
depicted in Fig. 1. The system consists of lead-acid batteries connected in series, these
batteries have the same capacities, rated voltages, same type, and same manufacturer. A
voltage detector is used to detect the voltages of all batteries for any inequality. The pulse
Width Modulation (PWM) controller sends signals to the switches in the dynamic capacitor
according to the rate of the imbalanced voltage detection (Alvarez et al.,, 2020). The
dynamic capacitor circuit consists of the capacitor, inductor, and switches to process the
balancing in the batteries' voltages.
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Figure 1. Block diagram of the balanced voltage system
3. LEAD-ACID BATTERY MATHEMATICAL MODEL

The equivalent mathematical model of a lead-acid battery of a cell is shown in Fig. 2 (Raji
and Kubba, 2020; Wang and Zhu,2020). The model is based on a 12 V 200Ah lead-acid
battery. The main element of this battery is a voltage source, Em, which represents the open
circuit voltage of the state of charge for the battery. However, due to a chemical reaction
inside the lead-acid battery, this open circuit voltage is overlaid by the overvoltage.

The battery open circuit voltage is given by (Maraud et al., 2016; Hamed et al., 2018);

Ep = Emo — Ko (273 + Thy) (1 — SOC) (1)

where K. is the voltage temperature coefficient of the battery, The is the electrolyte
temperature in which (273+The) is temperature measured in Kelvin, and SOC is the state-of-
charge which is given by:

Soc=1-2 (2)

C1o

where Qe is the battery consumed charge in Ah, and C1o is the rated charge capacity of the
battery in Ah .

The cell main branch resistors Riz and Riz are given by:

Ri1 = =R40In(DOC) (3)
eA21 (1-S0C)

Riz = Ry g I (4)
1+e o

where Rio, Rzo, A21, and Azz are battery internal parameters and they are constant for a
particular battery, Im is the actual main branch current, I, is the rated battery cell current,
and DOC is the depth of charge and is given by (Collath et al., 2022);

poc=1-% (5)
C1

where C; is the actual battery capacity under the actual discharge current and is given by:

168



Volume 29 Number 10  October 2023 Journal of Engineering

€, =— (6)

where tc is the time constant of the cell.

The output resistance of the equivalent circuit, Ro, is given by (Maraud et al., 2016):

R, = Ryo[1 + Ay(1 —S00)] (7)
where Roo and Ao are constant parameters .

The parasitic branch current, Iy, is given by (Maraud et al., 2016);

Ep + 1-The
— +Ap——F
Ip - EpGperPO Thf (8)

where Epo, Gpo, and Ap are battery cell constants, Ej is parasitic branch voltage, and Thris the
electrolyte freezing temperature (-40°C).

«—>

O

3+
Eb‘
2

Figure 2. A cell lead-acid battery equivalent electrical circuit (Raji and Kubba, 2020).

4. DYNAMIC CAPACITOR

The main components of the dynamic capacitor are an inductor, L, a capacitor, C, LinCin filter,
and two switches, S1and Sz. The electrical circuit diagram for the dynamic capacitor is shown
in Fig. 3 (Aula, 2022).

I—in L
Vin| G N C-" Ve
O;

Figure 3. Dynamic capacitor circuit diagram (Aula, 2022).

The capacitor voltage, v¢, can be computed from the following relationship (Aula, 2022);

1

Ve =T Vin (9)

where v;,, is the input voltage (supply voltage), and D is the duty cycle and is given by;
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_ __ton (10)

where ton and tog are switching times for both switches accounted when S; is on, Sz is off,
and vice versa.
The values of C and L are computed by (Aula, 2022);

Qc
T 2nfvd (11)
Vin Xc
RETTER (12)

2
where Q. = ;—C, Rris aripple factor of the inductor current, xc is the capacitive reactance of C,
(o}

and fis the switching frequency, which is supplied by pulse width modulation (PWM).
5. CONTROLLING UNBALANCED BATTERY VOLTAGES

The principle of controlling the unbalanced voltages of batteries, in this research, is using a
dynamic capacitor by dividing the LC filter according to the number of batteries in series. A
proposed technique for controlling the unbalanced voltages of two series-connected
batteries using a dynamic capacitor is depicted in Fig. 4.

The principle operation of the unbalancing voltage controller is based on four sequential
modes. To simplify the analysis of these modes and since the values of Li» and Cin are very
small in comparison to L and C, thus, the circuit diagram in Fig. 4 can be simplified to one as
shown in Fig. 5

L
+ S2
Vbl T— |n Vbl _J—'WﬁTO/
T | B s1 c
Vb2 TT Cin= Vb2 Tﬁ T

Figure 4. Series-connected two batterles Figure 5. Simplifiéd circuit diagram for
controlling balancing circuit diagram. batteries' unbalanced voltages.

Model

The first mode of controlling the unbalanced voltage represents switch S: ON and switch Sz
OFF, the simplification circuit diagram of mode 1 is shown in Fig. 6. The current passed
through the inductor, no energy storage in this mode, from both batteries can be represented
as:

iL(6) = (1 = €722 (U + ) (13)
vu() = Wy + vpr)e 2" (14

where vs1 and vi2 are battery voltages, i. and v, are inductor current and voltage in mode 1,
and R1 is the inductor internal resistance.
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Mode 2

In the second mode, switch S1 is OFF and switch Sz is ON, and the equivalent circuit diagram
that represents this mode is shown in Fig. 7. The stored energy in the inductor in mode 1 in
time t will increase the capacitor voltage vi, which can be expressed by the following state-
space representation:

: _R 1 1
9 L Ll | -
=1 L]+ e ot v (15)
Ve = 0 Ve 0
c
where vc and ii are capacitor voltage and inductor current in mode 2. In which i = - ic

(capacitor current), and Rz is the summation of inductor and capacitor internal resistance.
The eigenvalues of the system in mode 2 are given by:

2, R 1 _
A +LA+LC—O (16)

From Eq. (16), the undamped natural frequency is 1/VLC rad/sec, and the damping ratio, ¢,
is equal to RZ—Z \/% Usually, the capacitor value is much smaller than the inductor, thus, the two

eigenvalues become:

Moo= -2 |1 Gy (17)

Hence, the response of the second order system and according to the damping ratio is the
underdamped response which undamped natural frequency decays exponentially. The
inductor current in mode 2 after solving the system Eq. (15) with the assumption that
capacitor voltage is initially zero can be represented by the following expression:

i, () = i, (0) + i (1) = —ic(0) (18)

where

i (D) = RJ—;TQ AP L~ Gyrcos [ B2 (1= D)+ Rsin [ - 22 (1 -
D(t](1 — e L) (vpy + Vo) (19)

i (6) :ﬁ e 2PN gin /— (35?2 (1= D)t (vpy + v32) (20)

where iLy represents the unforced inductor current, irf represents the forced current .
The capacitor voltage is given by:

V() = v (B) + Ucf(t) (21)

where
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1 _Raoi_ _R1 : 1 R
Ve () = ﬁe 21 (1~D)t (1 —e 1 t) sin /E — (2—2)2 (1 = D)t(vpy + vp2) (22)
RiC |7e=GD
Ry
— (1 — o5 (1Dt 1 _ (Rey2 1 _ R |1 _ Ry _
vep(t) ={1—e 2 [cos /LC Gp? (1-D)t ) e sin /LC Gp?
LC 2L

Dt]}(vp1 + Vp2) (23)

where vey represents the unforced capacitor voltage, v is the forced capacitor voltage, and
D is the duty cycle for switching ON/OFF as defined in Eq. (10).

I

—> A A A ic L R2

+ R +

Vot 1 v m

VLl § L C Ve

+ +

Vb2 ==_ Vb2 ::_

Figure 6. Mode 1 equivalent circuit Figure 7. Mode 2 equivalent circuit
diagram. diagram.
Modes 3 and 4

After the second mode in which the second cycles of switches begin, the inductor current, i,
in Eq. (18) becomes the initial current to Eq. (13), and the same occurs for inductor voltage,
vi. Also, the capacitor voltage in Eq. (21) will be the initial capacitor voltage in the
consecutive cycles. The sequence of charging/discharging capacitor voltage according to
both switches, S1 and Sz, at 5SkHz PWM pulses are shown in Fig. 8. The switching ON/OFF
operations which control the inductor and capacitor voltages proceed through pulse width

modulation (pulses). The rate of these pulses (pulses per second) determines the inductor
voltage and capacitor voltage simultaneously.

. 2 Vi —Pulses

—VL
—Vc

5 501 502 503 504 505 506 507 508 509 51 511 512 513 514 51
Time (seconds)

Figure 8. Capacitor and inductor voltage correspond to switch operations.
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6. SIMULATION AND RESULTS

For most solar power systems, lead-acid batteries for their cost affordable, and acceptable
capacities effectivity are used as backup storage. Therefore, in this research, lead-acid
batteries were used with a capacity that matches the currently commercially available ones.
A 12V, 200Ah is used for all batteries throughout this research, and their parameters are
given in Table 1. Fig. 9 shows the MATLAB/Simulink model which is implemented for
validating the model and method proposed in this research. For the optimum controlling of
both switches, the PWM is chosen to be 5kHz. The inductor and capacitor values, L and C, are
3mH and 200uF. The internal resistances for both the inductor and capacitor are set to
0.005Q and 0.003 (, respectively. The filter inductor and capacitor are set to 0.03mH and
35uF, respectively. It is wealth to note that, for filtering only one inductor is sufficient to be
used, and the number of capacitors depends on the number of batteries in the series, for
example, for two batteries, two filleter capacitors are used, and for four batteries in series,
four filter capacitors are used, and so on. Fig. 4 is an example of how these elements were

connected to batteries .
o b+
CT12 —|_.1 PWM
OC1. . ;D:t 9

Vb1 e |

|
ib1 ) Lin i L 52
Battery 1 Cin

s0oc12

VTTZ Vb1vb2

SOC2

*‘im — ,7
Current12 b2

Battery 2

Continuous

powergui

Figure 9. MATLAB simulation model for two lead-acid batteries in series with dynamic
capacitor implementation.

Table 1. Assumption 12 V 200Ah lead-acid battery parameters

Parameter Value Parameter Value
Emo 2.18V Rio 0.2 mQ
Ke 0.84x103V/0C A2z -4.225
Roo 1 mQ Tc 7200s
Gro 2 PS R20 7.5 mQ
Ap 2 Ao -0.2
A1 -8 Thr -40°C

For validating the proposed technique, different cases are considered. In the first case, some
homes used an inverter that had a rating of 24 V battery voltage. Hence, the simulation is
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Figure 10. Balancing of two batteries' voltages connected in series for SOC 90% case.
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Figure 11. Batteries SOC for case 90%.

In the second case, the conditions for the first case are repeated by changing the SOC from
90% to 95%. The simulation results are shown in Figs. 12 and 13, respectively.

14
Vb1
>
13
§ v
:‘ % Urror
g'n 12 4% lrro
=
S
=
11
10
0 50 100 150 200 250 300 350 400 450 500

Time (Seconds)
Figure 12. Balancing of two batteries' voltages connected in series for SOC case 95%.
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Figure 13. Batteries SOC case 95%.

In the third case, since other homes use inverters that are rated 48 V for batteries, therefore,
four lead-acid batteries are used in series. Their SOCs are set as 100%, 97%, 95%, and 90%,
respectively. The simulation results are shown in Figs. 14 and 15.
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Figure 14. Balancing of four batteries' voltages connected in series.
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Figure 15. SOC for all four batteries during the balancing control procedure.
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As depicted in all simulation results’ figures, the proposed technique provided the promised
results. When there are two batteries in a series, the balancing control has reached the
settling time within 100 seconds for a lower than 4% error. For comparison, a switched
capacitor with the same type of battery’s voltage and capacity and at the same PWM
frequency is tested (Shang et al.,, 2017). The results show that the switched-capacitor
technique balanced the batteries' voltages much slower and far from the result obtained in
the proposed technique. Fig.s 16, 17, and 18 show the simulation results of the switched
capacitor for balancing voltages for two and four lead-acid batteries that are connected in
series. The switched capacitor method for SOC 90% and 95% after 400s was able to balance
the batteries' voltages for only up to 0.6 voltage difference while it was less than 0.04 voltage
and less than 100s in the proposed technique. Similarly, for four series-connected batteries,
the proposed technique was faster in balancing the variation of all voltages in less time
reaching less than 0.02 voltage difference in less than 100s while in the switched-capacitor
after 500s of operation, the difference of voltages still more than 0.2 voltage.
14

13.5

-
w

—
N
wn

0.64% Ertar

Voltage (Volt)
th R

—

10.5
10
0 50 100 150 200 250 300 350 400 450 500
Time (Seconds)

Figure 16. Two series connected batteries for SOC 90% for switched-capacitor technique.
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192}
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0 50 100 150 200 250 300 350 400 450 500
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Figure 17. Two series connected batteries for SOC 95% for switched-capacitor technique.
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10.5

50 100 150 200 250 300 350 400 450 5700
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Figure 18. Four series connected batteries for switched-capacitor technique.

It is wealth to note that for either technique, voltages of lead-acid batteries can be balanced
in a shorter time when the PWM pulses are increased. However, this is left for future work
to be studied and implemented.

7. CONCLUSIONS

In this study, a dynamic capacitor is proposed for controlling the unbalanced voltages of
lead-acid batteries that are mostly used in residence as well as small business solar power
systems to back up the surplus power and to be used later mainly during the night. The
details of the mathematical model of the lead-acid batteries and the operation of the dynamic
capacitor technique were presented. The dynamic capacitor technique consisted of two
switches in which one is on while the other is off and vice versa during each cycle of
operation. The PWM is used for controlling the ON/OFF of both switches. The simulation was
carried out using MATLAB/Simulink to validate the proposed technique. Simulation results
showed the effectiveness of the proposed technique in which the voltages of all lead-acid
series-connected batteries were balanced in a shorter time as other techniques can provide
such as the switched-capacitor technique. The balancing voltages in two batteries reached
the settling time within 100 seconds for as low as 4% differences, while these took above
500 seconds and just a 20% difference in the switched-capacitor method.
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NOMENCLATURE

Symbol | Description Symbol | Description

Ao Constant parameters Q. Ripple factor of the inductor current

Az Battery internal parameters Qe Battery consumed charge in Ah

A2z Battery internal parameters Ro Output resistance, £}

Ap Battery cell constants Roo Constant parameters

C Capacitor, F R1 Inductor internal resistance, )

Cy Actual battery capacity, Ah R Summation_of inductor and capacitor
internal resistance, ()

C1o biii?y,czirge capacity of the Ri1o Battery internal parameters

Cin Filter capacitor, F Rz0 Battery internal parameters

D Duty cycle Ri1 First main branch resistor, ()

DOC Depth of charge Riz Second main branch resistor, ()

Em Battery voltage, V S1 First switch

Ema Battery internal voltage, V S2 Second switch

Ep Parasitic branch voltage soc The state-of-charge

Epo Battery cell constants ton Switching ON time, s

f Switching frequency, Hertz tofr Switching OFF time, s

Gpo, Battery cell constants The Electrolyte temperature, Kelvin

lc Capacitor current, A Thyr Electrolyte freezing temperature

iL Inductor current, A Vb Battery voltage, V

iLf Forced current, A Ve Capacitor voltage, V

[Lu Unforced inductor current, A | v Forced capacitor voltage, V

Im Actual main branch current, A | veu Unforced capacitor voltage, V

Io Rated battery cell current, A Vin Input voltage, V

Ip Parasitic branch current VL Inductor voltage, V

Ke Z? i;igg;,igg?{(a;ﬁﬁ coefficient Xc Capacitive reactance, ()

L Inductor, H A Eign value

Lin Filter inductor, H 4 Damping ratio

PWM Pulse width modulation Tc Time constant of the cell, s
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