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Battery charging systems are integral to the efficient operation and economic
benefit of various applications, from electric vehicles to renewable energy
storage. However, maintaining battery charging according to specifications
during voltage variations, including short or prolonged under-voltage and over-
voltage conditions, presents a significant challenge. These voltage variations can
impact the thermal safety and charging time of batteries, potentially affecting
their overall performance and life span. In order to address these challenges, this
paper proposes a smart charging control method designed to control both the
battery charging voltage and load voltages. This method is equipped to handle
utility interruptions by using regulated AC-DC converters, while an automatic
interconnected DC regulator controls the battery state of charge (SOC) and
load supply. This dual control mechanism ensures efficient performance under
various conditions. Extensive simulations validate the effectiveness of the
proposed method, demonstrating its ability to maintain a constant voltage
supplied to the load and ensures the thermal safety of the system during
under- and over-voltage conditions. Additionally, an analysis of the thermal
effect of the charger under these voltage conditions provides valuable insights
into the thermal performance of the system, which is a critical aspect of
battery charging systems. The proposed charging control method offers a
comprehensive solution for efficient battery charging under various voltage
conditions, thus contributing to the better performance, thermal safety, and
longevity of batteries.

KEYWORDS

battery charging, supply-voltage-variations, state of charge, battery-thermal-variations,
bi-directional converter

1 Introduction

Recently, there has been much research on excessive energy storage to achieve
sustainability (Mahlia et al., 2014). Electrochemical batteries are major energy storage
elements used for powering electrical instruments, from small scale applications such as
flash lights and mobile phones to large scale industrial units, telecommunication systems,
and electric vehicles (Yilmaz and Krein, 2012; Akinyele et al., 2017; Hasan and Altinoluk,
2023). They are useful in providing uninterrupted power to consumers (Yekini Suberu et al.,
2014) and have high energy density, better life span, and a suitable energy cost.
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Electrochemical batteries are either primary (non-rechargeable)
or secondary (rechargeable). This reuse capability makes secondary
batteries more popular to use. There is, therefore, an increase
in research into their development and the improvement of
charging mechanisms. Battery energy storage systems (BESSs),
equipped with power-electronics devices and control systems
(Diaz-Gonzalez et al., 2012), are designed to effectively charge and
discharge a battery. Different techniques are used to mitigate the
voltage variations and undesired state of charge (SOC) during
battery charging, such as maximum power point (MPP) tracking
controllers, and drop-based control systems (Daud etal., 2013;
Jamroen et al., 2018). In MPP control systems, the boost converter
can be operated in on- or oft-MPPT according to the power balance
of the system and the SOC of the battery. A battery temperature
control system that turns the thermo-electric coolers on and off to
reduce internal power loss has been designed by Alaoui (2017).

By using a DC-DC converter between the rectifier and
battery bank, DC-link voltage can be achieved that provides more
freedom to control battery SOC and connected load; however,
DC-DC converters must be bi-directional to control power flow
during charging and discharging (Qian et al., 2011; Zeraati et al.,
2018). Three-level DC-DC converters are highly suitable for
high input/output voltage and medium-to-high-power DC-DC
power conversions. The advantages of three-level converters include
reduced voltage stress on the switches, reduced filter size, and
improved dynamic response (Ruan et al., 2008). In order to charge
time-varying loads, a high-gain battery-integrated DC-DC boost
converter (HGBIBC) has been proposed by Saxena and Kumar
(2021) which has low component counts with two switches and
the two diodes, and is specifically designed to increase battery
life.

The battery charger for the BESS proposed in Shi et al. (2018)
utilizes a propulsion motor as a coupled DC inductor between
AC-DC and DC-DC converters for power factor correction,
and a control system is designed to regulate battery current
and voltage. A proportional-integral (PI) controller-based inner
loop system regulates the output voltage and motor current on
the basis of motor excitation. However, the complexity of the
charger is very high. A novel bi-directional battery charger is
designed in Gallardo-Lozano et al. (2011) that intakes and injects
power to the grid during battery charging and system demand,
respectively. A control system based on battery current is designed
so that the charger injects harmonic free current into the grid,
in phase with the positive sequence fundamental component of
the phase-to-neutral grid voltage in order to attain a unity power
factor.

A major problem faced by consumers is sudden over-voltage or
under-voltage, which may damage equipment and affect batteries.
When a battery is charged at high voltage, it may eventually
burst due to the production of explosive gases. It may also
damage the charging circuit as well as the device supplied by
batteries. On the other hand, under-voltage conditions may delay
the recharge of batteries. Temperature is a critical factor that
significantly impacts the performance of lithium-ion batteries
and also limits their application. Moreover, different temperature
conditions result in different adverse effects. Temperature may affect
a battery’s performance (Ma et al., 2018). Generally, the acceptable
temperature range for lithium-ion batteries is —20°C ~ 60°C (Ji et al.,
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2013). High charging voltage may lead to battery gassing, corrosion,
or unwanted heating (Belov and Yang, 2007). The impact of
high charging voltage on lithium-ion batteries in form of rising
battery temperature is discussed by Zhang et al. (2014). Similarly,
during a fast-charging process, current that is not properly
controlled may lead to a battery burning. Charging batteries at low
temperature reduces the chemical reaction rate due to increasing
internal resistance, which reduces battery capacity and affects
battery life (Petzi et al., 2015). Charging/discharging operations at
high temperature reduces battery life due to accelerated chemical
processes (Timmermans et al., 2016).

This paper proposes a new battery charging mechanism by
considering both the conditions of over- and under-voltage that
may occur in the AC power source. The suggested control would
help prevent any battery overheating due to over-voltage. It will
also regulate battery charging time by controlling any under-voltage.
In addition, the proposed system is further improved to provide
constant voltage to a load from source or the battery. The novelty
of the control scheme lies in its comprehensive approach to battery
charging, effectively managing voltage variations, ensuring thermal
safety, and maintaining a constant voltage supply to the load.
The effectiveness of the proposed method under various voltage
conditions will be demonstrated through simulation.

This paper is further organized as follows. Section 2 outlines the
shortcomings of existing work and solutions proposed to overcome
the issue. Section 3 discusses the system used in this paper along
with the method used to improve battery charging. A control scheme
proposed to overcome voltage variations in power sources is also
discussed in the section. Section 4 gives the simulation results in
order to validate the proposed method. Section 5 concludes the
paper and discusses expected future development of the proposed
device.

2 Statement of interest

Being an important research topic in micro-grids, there has been
much recent research on battery charging control (Urtasun et al.,
2017; Mohammadi et al., 2019; Vrana et al., 2020; Wang et al., 2021;
Alrashidi, 2022; Yenku etal., 2022). A major issue with battery
charging systems is that variations in supply voltage are applied
without taking them into consideration while designing controllers,
preventing the system from working effectively. Consequently,
battery charging voltage also varies and its charging current
increases due to battery internal cell resistance; this may result in
SOC variation. Most work on battery charging systems does not
seem to take this issue into consideration. Some major shortcomings
in existing research are:

e Variations in power source can lead to abrupt changes in battery
charging current due to internal battery cell resistance. This
results in an increase in battery voltage and SOC variations.

o Existing battery charging systems may not effectively control
over- and under-voltage in power supply along with the current
supplied to the battery.

o Existing systems may not supply a fixed voltage across the load
in the case of under-voltage conditions in the power source.
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FIGURE 1
Schematic diagram of voltage variation and battery charging control system.

e The direction of power supply to the load either from source or
from the battery may not be decided automatically in existing
systems.

We here propose a battery charging control system by taking
into consideration the shortcomings of existing research. In
particular, our system will help avoid conditions of over- and
under-voltage that may occur in the AC power supply. The
proposed control mechanism will also help prevent overheating
of the battery in over-voltage, along with regulating battery
charging time during any under-voltage condition. The following
features are introduced in the proposed solutions to bridge these
shortcomings:

The proposed controller mitigates the variations in voltage
and current, reducing them almost to zero. This controller is
designed to improve any variation in the power source.

The proposed charging system prevents any increase in lithium-
ion battery temperature and controls its charging time by
controlling over- and under-voltage in power supply along with
the current supplied to it.

The designed charger supplies a fixed voltage across the load in
case of under-voltage in the power source.

The charger we design automatically decides the direction of
power supply to the load either from source or the battery.

3 Materials and methods

This section discusses a proposed charger design for a
lithium-ion battery. A schematic diagram of the charging system
that effectively manages battery charging under various voltage
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conditions is given in Figure 1. The control scheme uses a PI
controller and Clark and Park transformations, which are existing
techniques; however, they are uniquely applied to address the
specific challenges of battery charging. The proposed system would
prevent any increase in battery temperature and control its charging
time by controlling over- and under-voltage in power supply along
with the current supplied to it.

Three-phase AC power is initially converted to DC through an
AC-DC converter. A DC-DC converter, controlled by a DC-DC
voltage control system, is used to convert DC voltage into the
optimal voltages required for battery charging. A constant-current
constant-voltage control strategy is used for battery charging. For
load-following application, a resistive load is connected between
the charger and the battery. The battery charging scheme is further
designed to supply fixed voltage across the load in case of any
interruption or under-voltage condition in the power source. The
direction of power supply to the load, either from source or
from the battery, is automatically decided through the proposed
scheme.

TABLE 1 Proportional and integral gain for Pl controllers.

Controller Proportional gain (Kp) Integral gain (K))

AC-DC voltage PI Controller 0.015 1.6
d-Current PI Controller 1.0 15
q-Current PI Controller 1.0 15

DC-DC current PI Controller 0.001 10

Battery voltage PI Controller 40 2000

Load voltage PI Controller 0.25 50
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3.1 AC to DC voltage control system

The purposed AC-DC voltage control system is designed to
keep the BESS safe from source voltage variations. A PI controller
is used with the ability to regulate DC voltage by eliminating
forced oscillations and steady state error (Patil, 2014). In the
AC-DC control of Figure 1, the AC current—I, = [I, I, I.]"—is
converted into a rotating reference frame, or positive, negative,
and zero sequence components—Iqo = [1; I, Iy)'—through Park’s
transformation, as follows:

Ligo = Tago (0) Lppes 1
while
cos(0) cos(@— %ﬂ) cos(9+ %ﬂ>
Tyq0 (0) = % sin0) sin(6-2) sin(6+%) | @
1 1 1
2 2 2

where 0 is continuous the angular displacement of the generator.

The Park transformation is used to convert AC current into
a rotating reference frame—positive, negative, and zero sequence
components. This transformation is crucial for managing the
variations in the power source and ensuring the stability of the
charging process. A phase-locked loop (PLL) detects the phase angle
of the AC voltage signal and maintains the generated signal in fixed
phase relation to the reference signal. Two separate PI controllers are
used: one for the positive sequence current (d-current) and the other
for the negative sequence current (q-current) (Sharma et al., 2020).
When DC voltage from the converter output is compared with the
reference voltage V., an error signal is produced which, after
passing through the PI controller, acts as a reference signal for the
positive and negative sequence components. The output of the two
controllers’ positive and negative components are then converted to
three phase components I ;. by adding the phase angle of the PLL
using inverse Park transformation as:

Iabc = qu()(e)7l quO’ (3)
while
cos(0) sin (6) 1
Tao® ' = | cos(0-FF) sin(6-3F) 1| (@

21 : 21
cos(9+?) sm<0+ ?> 1
At the end, the three-level PWM generator converts the refined

signal generated by inverse Park transformation into an appropriate
gate signal for a three-phase AC-DC converter.

3.2 DC to DC control system

Different batteries follow different patterns for their appropriate
charging; inappropriate charging can damage batteries and also

TABLE 2 Variation in input voltage with time.

10.3389/fenrg.2023.1239271

increase their charging time. There are three common methods
of battery charging: constant voltage (CV), constant current (CC),
and constant-current constant-voltage (CCCV). In the CV method,
full charging current is applied to the battery and maintains the
same voltage. In the CC method, full charging voltages are applied
across the battery, while the current is set to 10% of the battery’s
nominal current. In the CCCV method, a combination of CC and
CV methods is used, where the battery is initially charged with a
constant current, then the charging current decreases exponentially
with the increase in battery SOC.

The proposed charging method is CCCV (Figure 1), where
Iy and Ip_, represent the actual charging current and reference
charging current, respectively. In a control scheme, a DC-DC
converter maintains the voltage across the battery with respect to
the source voltage. This converter is also dual, as it also supplies
current to the load. Here, a battery current control scheme, based
on a PI controller, compares the battery charging current with the
reference current I_ ¢ to obtain the error signal. The PI control is
used to regulate DC voltage by eliminating forced oscillations and
steady-state error. This is particularly important in the context of
battery charging, where voltage variations can lead to abrupt changes
in battery charging current due to internal battery cell resistance.
This, in turn, can result in an increase in battery voltage and SOC
variations.

The value of the proportional and integral gain in the PI current
controller is shown in Table 1. The tuning of the PI controller was
achieved using the MATLAB Simulink built-in PID Tuner Tool to
adjust the gains by achieving a balance between performance (speed
of response) and robustness (stability margins) based on the system
response. The reference current Ip_c provided to the PI controller
for current was the output of the PI controller for voltage. A select
switch was used to get the reference current from either the output of
the P controller using battery voltage as a reference V_, ¢ for battery
charging or the PI controller using load voltage as a reference V;_,c
to provide supply to the load. After passing through the PI controller,

QIJ
L
Vs —/— Rioad [ Qe ___—|

o] o= 2

JI&T

FIGURE 2
Topological structure of bi-directional buck-boost converter.

0-0.5[s] 0.5-1 [s] 1-1.6 [s] 1.6-1.8 [s] 1.8-2.3 [s] 2.3-3[s]

Time period (second)

Voltage (per-unit) 1 [pu] 0.8 [pu] 0.6 [pu] 1.1 [pu] 0.9 [pu] 1 [pu]
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FIGURE 3

(A) Battery charging voltage variations with and without controller and (B) battery charging current variations with and without application of voltage
improvement controller.
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FIGURE 5
Battery temperature variations with and without application of voltage improvement controller.

the error signal acts as a modulated signal in the PWM generator of
the DC-DC converter.

3.3 Voltage control system for load flowing
application

Some loads require continuous and constant DC supply for
applications such as operating a substation circuit breaker, an
indication or protection alarm, or protection relay. They are supplied
from both source and BESS. A load is connected between the battery
and the source voltage and is supplied by some fixed DC voltages.
During the battery charging phase, power is supplied to the load
from the charger, while the battery is charged or, during voltage
variation imposed from the source, power is supplied from the
battery to keep load voltage constant. Figure 1 shows the load voltage
control system, where a constant V; _,¢is maintained across the load.
The actual voltage across the load is compared with the required
DC voltage for the load, and the PI controller generates a required
reference signal for the battery charging current control. Therefore,
the proposed control scheme includes an automatic interconnected
DC regulator that controls the battery SOC and load supply. This
feature allows the system to automatically decide the direction of
power supply to the load either from the source or from the battery,
depending on the current conditions.

The summary of control for battery charging and voltage
regulation is given in Algorithm 1.

3.4 Converters

It can be seen in Figure 1 that two different converters are used
in the control scheme. The first is a simple three phase AC-DC
bridge converter, which allows the switching devices to operate at
low frequency, thus reducing the harmonic and switching losses. A
three-level PWM signal generated by inverse Parks transformation
is used as the gate signal for this three-phase AC-DC converter. The

Frontiers in Energy Research

06

Require: Regulate Vgz& Regulate V,
Given: Vg &V, —ref & Vg
Ensure: Vg« lp.u.

Vg = Vg rer

Vi Virer

if Vg#1p.u&Vs#0 then
voltage without interruption

> Over- or under-supply

Voltage sag/swell controller generates 3-level
PWM for AC-DC converter

Tpyer — PTWith Vg of
else if V;=0 then
Tg-rer — PIWIthV, _ of
Load is supplied power from the battery

> supply voltage interruption

else o Normal operation
do the default actions

end if

Algorithm 1. Control algorithm for battery charge and voltage regulation.

second converter is a dual DC-DC converter which changes DC
voltage from one level to another. It is a half bridge bidirectional
buck-boost converter (Figure 2) and is used to charge the battery as
well as to supply voltage to the load from it by adding a governable
switch to it. During battery charging, the voltage is supplied by the
power source while, during discharge, it is supplied by battery. In
our case, the battery voltage is 24 V while that of load voltage is
48 V.

The bidirectional buck-boost converter consists of two simple
buck and boost converters connected in an anti-parallel fashion. A
DC-DC converter maintains the voltage across the battery and load
with respect to source voltage. When Q1 is switched on and Q2 is
switched off, the converter acts in buck mode, and the energy flows
from source voltage (high) to battery (low). When Q2 is switched
on and Q1 is switched off, the converter acts in boost mode, where

frontiersin.org
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FIGURE 6
Battery current controller output under different conditions: (A) without change in input voltage, (B) with voltage variations, and (C) after voltage
improvement.

energy is transmitted from battery (low) to source or load (high)
voltage and the value of the voltage rises (Li et al., 2017).

With V being source voltage (same as load voltage), V; being
battery voltage, and D being the duty ratio of the PWM signal, the
relationship between the input and output voltages in the buck mode
is given as

Vg =DV, (5

while the relationship between the input and output voltages in the
boost mode is given as:

(6)
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4 Results

The working of a smart energy charger was analyzed by
MATLAB simulation to charge a 24 V battery. The battery’s initial
state of charge was adjusted to 45%. The voltage amplitude in the
three-phase voltage source is varied along with the time period,
such that, with initial value 1 [pu], at time 0.5 [s] it is converted
to 0.8 [pu], 4, at time 1 [s] it is changed to 0.6 [pu], at time 1.6 [s]
it is increased to 1.2 [pu], at 1.8 [s] it is again reduced to .9 [pu],
and at 2.3 [s] it is again adjusted to normal at 1 [pu] as shown
in Table 2. The effect on the battery charging with and without
the proposed control was observed for 3 [s], in the simulations. A
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PWM for converters: (A) AC-DC without voltage improvement, (B) AC-DC with voltage improvement, (C) DC-DC without voltage improvement, and
(D) DC-DC with voltage improvement controller AC-DC. With 1) normal voltage, 2) under-voltage, 3) over-voltage, and 4) normal voltage (again).
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resistive load that needs a constant voltage of 48 V is attached to the
system so that it can be observed so that, in the case of any under-
voltage in the supply system, the proposed controller can direct the
battery to compensate. The direction of power supplied to the load
is automatically controlled.

Frontiers in Energy Research

Variations applied without designed controllers disturb the
battery charging control system; as a result, battery charging voltage
also varies, while battery charging current becomes abrupt due to
battery internal cell resistance. This results in increase in battery
voltage and SOC variations. In Figure 3, the effect of various under-
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and over-voltages on battery charging voltage and the current is
given where portions of output at various input voltage levels are
segregated for convenience. It can be observed in Figure 3B that,
at time T = 0.5 s, where the source voltage decreases to 0.8 pu, the
battery charging current remains almost uniform at 16 amp due
to small changes in charging voltage. When variations are applied
without designed controllers, battery charging voltage decreases at 1
[s] where source voltage is decreased to 0.6 pu and increases above
normal value, at 1.6 [s] where source voltage is increased to 1.2 pu.
It again decreases at 1.8 [s] to 0.9 pu and becomes normal 2.3 [s].
This would result in variations of the abruptness in battery charging
current due to battery internal cell resistance (Figure 3). It can be
observed that, when the proposed controller is added to the system,
the variations in voltage and current are almost zero and remain
constant.

When source voltage decreases, battery charging voltage also
decreases, and it increases with increases in source voltage. Thus,
the decrease in source voltage would slow the charging process and
increase charging time. However, if charging voltage becomes less
than the minimum voltage required for battery charging, the battery
starts discharging due to higher internal potential. Battery state of
charge (SOC) is shown in Figure 4. From 1 [s] to 1.6 [s], where
the drop in source voltage is large, the battery SOC slope changes
abruptly, while it increases when charging voltage increases.

With increases in charging voltage and current, battery
temperature also increases, as given by relation:

H=PRT, (7)

where H is heat, I is current through circuit, R is battery
resistance, and T is time. The battery temperature is shown in
Figure 5. At time T = 0.5 s, source voltage decreases to 0.8 pu. The
battery charging current remains almost uniform at 16 Amp due
to small changes in charging voltage. Thus, SOC and temperature
also witness a very small decrement. At time T = 1 s, source voltage
decreases to 0.6 pu, resulting in a clear decrease in battery charging
voltage to 25.91 V. Battery SOC and temperature significantly
changed. At time T = 1.6s, source voltage increases to 1.2 pu,
resulting in a massive increase in battery charging current to 68 Amp
and, as a result, battery temperature and SOC significantly increase.
At time T = 1.8 s, source voltage decreases to 0.9 pu, and battery
charging current also decreases due to abruptness to the charging
voltage. The smart charger maintains the SOC constant and prevents
the battery from heating by keeping the battery charging current
within the specified 22 Amp by using AC-DC and DC-DC voltage
control systems.

The smart charger maintains the SOC constant and prevents the
battery from heating by keeping the battery charging current within
the specified 22 Amp by using AC-DC and DC-DC voltage control
systems. The working of the battery current controller under three
different conditions is shown in Figure 6. If no voltage variation is
applied to the AC power supply, the output value of the PI controller
remains constant (Figure 6A). With any variation in supply voltages
without applying voltage sag/swell controller, the normal operation
of the PI controller will be disturbed (Figure 6B). This alters the
battery charging voltage, as the DC-DC converter did not receive the
required gate signal. Figure 6C shows that, by applying the sag/swell
controller with voltage variations, the output of the battery current
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PI controller remains same as when no variations are applied, with
only small changes at the time of variation.

In Figure 7 the PWM waveform for AC-DC and DC-DC
converters is given with and without voltage improvement
controller. It is apparent that, without the voltage improvement
controller (Figure 7A), the PWM for the AC-DC converter shows
no change in switching time with voltage variations 1, 2, 3, and 4.
However, in this case, the duty cycle for the DC-DC converter PWM
(Figure 7C) generates a different duty cycle. On the other hand, with
the voltage improvement controller (Figure 7C), the PWM for the
AC-DC converter shows a change in switching time with voltage
variations 1, 2, 3, and 4. In such conditions, the duty cycle for the
DC-DC converter PWM (Figure 7D) remains stable. It should be
remembered that the PWM for the whole simulation time period is
not given since it is difficult to see. Furthermore, the PWM for only
three switches is given so that it can be seen easily.

Figure 8 shows the voltage variation in a 15 Q) resistive load
connected between charger and battery which needs a constant
voltage supply of 48 V. In order to achieve this load-following
property, a load voltage control system is designed. At the time
instant of 0.5 s, voltage across the load without improvement was
39 V; load voltage control brings the voltage back to 48 V. During
battery charging, the switch automatically turns off the power supply
from the battery. If the battery is fully charged, the power to
load is supplied by source. At the time of interruption, the switch
shifts the power supply from source to battery and maintains 48 V
across the load. At each increase or decrease in source voltage,
the corresponding load voltage increases, which is corrected by the
proposed controller.

5 Concluding remarks

The present study explores the impacts of system voltage
variation on battery charging. A supply voltage exceeding the
normal range can adversely affect not only the battery but also the
charging apparatus. On the other hand, a supply voltage falling
below the normal range can potentially extend a battery’s charging
time. Moreover, continuous fluctuations in the battery’s state of
charge (SOCQ), attributed to supply voltage instability, can impair its
capacity, and subsequently shorten its life cycle.

To circumvent the issues discussed previously, a novel
charging mechanism for batteries is proposed which is designed
to accommodate the over- and under-voltage conditions of the
incoming power supply. A control system is developed to safeguard
the battery from overheating and to maintain its SOC. AC-DC and
DC-DC control systems yield distinctive results by mitigating the
impacts of voltage variations. The proposed mechanism successfully
prevents temperature rise during over-voltage and any charging
delay. The load is connected to the incoming power supply, and
the charger compensates for the voltage supplied to the load.
Simulations reveal that the proposed charging system effectively
enhances battery charging. Load voltage control proves particularly
beneficial for voltage-sensitive instruments, especially in the context
of security, system protection, and hybrid vehicles. While an increase
in temperature could potentially improve battery performance, as it
draws more current in the case of lithium-ion batteries, it could also
shorten battery life. Therefore, the smart energy charger provides
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thermal protection by restricting the current and voltage to the
specified range. The load-following property is crucial in areas where
DC loads require a constant power supply, such as security systems.
Future work will focus on proposing a more robust controller for
the battery charger and to considering inductive load. The proposed
controller will also be implemented in future experiments.
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