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ABSTRACT The present paper considers the evaluation of temperature regulated and unregulated charging
strategies to select the appropriate one to ensure extended battery life with reduced charging time. Temper-
ature regulated pulse charging (TRPC) and temperature regulated reflex charging (TRRC) are compared
with the Constant current–constant voltage (CC-CV) charging strategy. In the case of CC-CV charging
temperature of the battery rises with the magnitude of the current being injected and cannot be regulated
without any external cooling arrangement. Impact on the State of health (SOH) and the expected lifespan of
the battery are considered as the parameters of evaluation. Temperature regulated strategies are implemented
through a discrete electro-thermal model, which acts as a temperature estimator. The co-efficient of the
estimators corresponds to the battery parameters such as internal resistance and thermal time constants,
entropy, etc. Temperature regulation is ensured in the three identified sections of charge deposited vs
magnitude of the injected current. Three sections are identified as sections where the injected current is not
sufficient to raise the battery temperature to set limit or not and the level of charge submitted as compared
to normal charging. Experimentation is carried with 12 V, 26 Ah Valve regulated lead-acid battery to justify
that increase in temperature reference of regulation allows submission of higher charge for the same charging
rate. It is demonstrated that TRPC results in a significant reduction (≈60%) in charging time as compared
to CC-CV and TRRC. For the same charging time as achieved with TRPC, TRPC results in almost double
the expected life of operation and better SOH as compared to CC-CV and TRRC.

INDEX TERMS Discrete electro-thermal model, state of health, pulse charging strategy, reflex charging
strategy, valve regulated lead acid battery.

I. INTRODUCTION
Electric vehicles (EVs) and plug-in electric vehicles are in
high demand due to zero contribution to air pollution. Mainly
Li-ion, Ni-metal hydride, Ni-Cd, and Lead-acid batteries are
used as a power source in EVs. Among these batteries, Li-ion
batteries are characterized with higher energy/power density,
lightweight, and longer life as compared with the batter-
ies of other chemistry. However, there are some constraints
such as, requirement of Battery Management System (BMS),
issue of overcharging, and regulation to full charging to keep
per-cell voltage stress to a lower level [1], [2]. Whereas
for the low-cost transportation solutions, still use of Valve
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Regulated Lead Acid (VRLA) battery is common for mass
population due to its advantages over the constraints with
Li-ion batteries. Longer charging time is a major concern in
the adaption of EVs. This issue can be addressed through
the concept of battery swapping or the fast charging of the
batteries to reduce the charging wait time. Battery swapping
requires a large infrastructural cost. Therefore, the empha-
sis is on charging strategies to reduce wait time. Batteries
can be charged at a faster rate by injecting current at a
higher rate than normal charging i.e. xC/10, where C is the
capacity of the battery in Ah. In case of normal charging
of the battery x = 1 and for faster charging x > 1. For
example, if the battery capacity is 100Ah, then charging at
10A charging is normal and any injection more than this can
be considered as faster charging. Normally, for a lead-acid
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battery x is equal to one, whereas for the Li-ion battery
the value of x can be greater than 10. If the current is
injected at the rate above the normal rating of the battery,
it not only can cause accelerated battery degradation, but
also leads to other issues such as overcharging, temperature
rises, and over-voltage. To resolve the above issues and ensure
safe operation, a proper battery charging strategy should be
implemented.

Several charging strategies have been discussed in the lit-
erature such as constant current (CC), constant voltage (CV),
constant current-constant voltage (CC-CV), pulse charg-
ing, multi-step charging, and reflex charging [3]–[6]. Issues
related to these charging strategies are high initial current,
long charging time, corrosion of grids in plates, and higher
temperature rise. In the case of a multi-step constant current
(MSCC) charging strategy [4] a constant current is injected in
steps to charge the battery, which reduces the charging time
and improves the life cycle. The MSCC charging suppresses
the sulfation of the negative plate and softening of positive
plate material, which leads to the corrosion of grids in the
positive plate. It also involves the memory effect caused by
the shallow depth of discharge. The pulse and reflex charg-
ing strategies limit the problem of corrosion, sulfation, and
dendrite formation which are responsible for the reduction in
capacity and battery failure [7], [8]. Pulse charging strategy
provides a short resting period after each charging pulse to
reduce over potential problems whereas, in the case of reflex
charging a short discharging pulse and rest period followed
by charging pulse.

On the basis of the battery model, some of the researchers
have optimized the charging time and comment on the effec-
tiveness of the charging strategies. The battery model falls
mainly into three categories: i) mathematical model, ii) elec-
trical model, and iii) electrochemical model. The electro-
chemical model can predict run time and v-i performance by
changing the chemical properties and provides microscopic
parameter information [9]. However, it is time consuming and
requires complex computational algorithms. A mathemati-
cal model is useful in system designs, adopts an empirical
equation to predict system-level behaviors such as battery
efficiency, run time, and capacity [10]. However, this model
cannot offer any v-i information which is necessary for the
simulation and optimization. Parameters of this model are
obtained either by solving a system of equations or regression
techniques of high computational complexity. The main dis-
advantage of a mathematical model is that the performance
depends upon the algorithms used for the model extraction
and varies from battery to battery. The electric equivalent
circuit model can be easily simulated for the real-time behav-
ior of the battery and information such as state of charge
(SOC), terminal voltage, current, internal resistance, etc can
be easily extracted. The electric equivalent circuit models
are categorized as Thevenin’s, impedance, and runtime-based
model [11]. For reducing the charging time and to improve the
battery performance several intelligent techniques have been
proposed, such as the Ant colony [12], Gray prediction [13],

Fuzzy [14], Neural Fuzzy [15], Trial-error method [16],
and Taguchi method [17]. These intelligent techniques have
reduced the charging time and increased the battery life to
a great extent. However, battery thermal and health are not
discussed in the above charging techniques.

Battery temperature not only affects the life but also
reduces efficiency, energy, and battery capacity. In practice,
battery operation and health are adversely affected by the low
as well as the excess temperature [18]. Therefore, it is very
important to consider the battery temperature variations while
charging/discharging for the EV application [19].

Furthermore, some researchers considered an equivalent
battery model to study the thermal behavior of a battery
during the charging operation. An equivalent circuit model
coupled with the thermal model is considered for analyz-
ing the electrical and thermal behavior of the Li-ion bat-
tery [20]. The lumped thermal model is discussed [21] to
simulate high precision temperature changes in the battery
with the assumption of initial voltage values and by keep-
ing the internal resistance constant. While both of these
parameters affect battery current as well as voltage response.
In [22], the thermal behavior of a Li-ion battery was pre-
dicted using a finite time approach. Hu et al. [23] proposes
a dual objective-based optimal charging strategy for Li-ion
which offers a tradeoff between charging time and energy
loss.

Mentioned charging strategies with thermal models do
not consider the situations with advanced control strategies
such as sinusoidal current, multi-stage current injections, and
temperature regulated controls for optimal charging. Such
charging strategies for EV applications are discussed in the
literature for efficient charging of the battery. In [24] a multi-
stage fast charging technique is proposed for Li-ion batteries
for electric vehicles. It reduces the charging time to 65%,
extended the battery life, and improved the efficiency. How-
ever, in this charging technique battery health is not consid-
ered. AC ripple current to the charging current systematically
results in new charging techniques i.e. pulse current charging
and sinusoidal ripple current charging technique [25], [26].
An AC ripple current can be square or sinusoidal with a
fixed frequency range from 100 to 1200Hz depending on
the battery parameters. It reduces the charging time to 24%
and lower the temperature rise to 50% as compared to the
conventional CC-CV charging technique. Fine control with a
quick response is however necessary to generate the precise
current waveform and uses open-loop control based on a pri-
ori knowledge of cell parameters. Patnaik et al. [27] proposed
a closed-loop constant temperature constant voltage charging
technique which increases the charging speed to about 20%
and reduces the temperature rise to 20%, through inexpensive
computation as compared with optimization algorithms. The
Predictive control for optimal charging [28] is implemented
for the Li-ion battery, which improves the charging time
and service life of the battery. In [29], genetic algorithm
with specific objectives of charging time and temperature
rise is presented for optimization. In [30], a closed-loop
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optimal control was proposed to solve the optimum charging
of a Li-ion battery with three objective functions namely
energy loss, charging time, and thermal control by the CC-
CV strategy. However, the variation in the internal resistance
is not considered. Ouyang et al. [31] implements a distributed
average tracking approach for optimal charging control of
battery pack with the drawback of coupling characteristics.
All the above strategies significantly optimize the charging
time (CT), increase the efficiency, reduce losses, and con-
trol the temperature of the batteries by developing a proper
battery model with different objectives function. However,
the impact of charging strategies on battery health is not
considered.

In addition, some of the researchers have studied the
impact of optimal charging on battery health. Perez et al.
[32] presents the optimal charging strategy by considering
the electrical, thermal, and aging behavior of the Li-ion
battery. However, model parameters which vary with aging
are not updated. In [33], optimal multistage charging based
on the electro-thermal-aging model is proposed for Li-ion
battery. Partial swam optimization has been implemented
with three objective CT, minimum battery aging, and bal-
anced charging performance. However, the battery parameter
with aging must be investigated. Liu et al. [34] proposed a
multi-objective optimization considering economic costs of
electrical energy loss and battery degradation based on the
electro-thermal-aging model of a Li-ion battery. All these
algorithms based on optimal charging strategy developed a
proper battery model with different objective functions for
optimal battery charging. However, most of the strategies are
too complex to use in real-time monitoring.

Overall, it can be summarized that battery efficiency,
health, and life mainly depend on the selected charging
strategy. Therefore, it is necessary to develop a proper bat-
tery charging strategy which should control and monitor the
battery temperature, improve battery health, and life. The
electro-thermal and aging model serves as a temperature
estimator during the charging process and plays an important
part in an effective battery charging strategy. By considering
all these important factors the present paper proposes the tem-
perature regulated pulse charging (TRPC) and temperature
regulated reflex charging (TRRC) strategies. It utilizes the
discrete electro-thermal and aging model to study the electri-
cal and thermal behavior of the VRLA battery and deposited
charge as a function of charging current and temperature.
Further, study the impact of proposed charging strategies on
battery health through the aging model. The present case
battery model and the charging strategy are not only appli-
cable for a VRLA battery, but it is also applicable for other
batteries such as Li-ion. This model is equally relevant to
other charging strategies such as multi-step charging and can
also be implemented for the battery pack.

Present work contributes to the current state of the art
by i) utilizing a discrete electro-thermal and aging model to
capture the electrical and thermal behavior of a VRLA battery
through TRPC and TRRC strategies. By injecting higher

current more than normal charging (C/10) for fast charging
with set temperature reference and temperature band result-
ing in three operating sections: section 1, 2, and 3. Out of
these sections, section 2 is considered as an effective operat-
ing region, since in this region charge deposited in the battery
ismore than normal charging, ii) It has demonstrated that with
the upward shift in the temperature reference keeping temper-
ature band fixed, faster charging can be achieved. iii) With
the proposed TRPC strategy, it is possible to achieve up to
60% faster charging as compared to the normal C-rate (C/10).
By proper cooling arrangement further, the charging time can
be reduced, iv) Work is further extended through the aging
model to study the impact of charging strategies on the battery
health, v) It has demonstrated that for the same charging time
and SOC level as achieved with TRPC strategy, the CC-CV
results in higher operating temperature 53◦C resulting in a
reduction in the expected life around 10 months and a rela-
tively higher drop in the state of health. In the case of TRRC
strategy at the same time and SOC level, the battery tempera-
ture is operated within the temperature band (42-45.2◦C)with
3.3(C/10) with an expected life of 16 months. Whereas in the
case of TRPC strategy (2.65C/10) the battery temperature is
within the band of (36-39◦C) and extending the life of the
battery to 24 months, and vi) It has demonstrated that the
TRPC strategy apart from reducing the charging time, it also
improves the battery health and life.

The Present paper is organized as: Section-II elaborates
the discrete electro-thermal and aging model of the VRLA
battery. Charging strategies are discussed in section-III.
Section-IV describes proposed charging strategies. Experi-
mental procedures are carried out in section-V. Results and
discussion are presented in section-VI. The final conclusions
are drawn in Section VII.

II. DISCRETE ELECTRO-THERMAL AND AGING MODEL
The electro-thermal and aging model of a battery consists of
an equivalent electric model, thermal model, and agingmodel
of the battery. Fig.1 shows the block diagram representation
of a battery model. With the information of sensed battery
current and terminal voltage, the equivalent electric model
determines the state of charge (SOC), open-circuit voltage
(VOC), and internal resistance of the battery Rint, where
Rint = Rc1 + Rc. The thermal model uses this information
together with the entropy of the battery material, ambient
temperature, and internal resistance to estimate the battery
temperature (Tbat). Rint also depends upon the battery temper-
ature, so the equivalent electric model uses the information
of Tbat to update the value of Rint. With the estimated battery
temperature and sensed battery current the aging model esti-
mates the state of health of the battery. However, the battery
parameter with aging has to be investigated.

A. EQUIVALENT ELECTRIC CIRCUIT MODEL
An equivalent electric circuit model of a battery is shown
in Fig.2. Where Rc is the internal resistance of the battery
during charging, Rd internal resistance of the battery during
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FIGURE 1. Block diagram representation of a battery model.

FIGURE 2. Equivalent electric circuit model of a battery.

discharging, Rc1 is over voltage resistance of the battery
during charging, Rd1 is over voltage resistance during dis-
charging, C1 is over voltage capacitor, and Rself is self-
discharging resistance. The capacitance ‘C1’ of the Rc1C1
pair of the battery model is considered as relatively constant
over a battery lifetime. Since it depend on the mass of the
rolled electrode assembly, casing, and thermal properties of
the material [35], [36].

The electric model determines the battery terminal voltage,
SOC, open-circuit voltage (Voc), and internal parameters of
the battery during charging/discharging.

The SOC can be calculated by current integration
method [37].

SOC (t) = SOC(0)+

∫
ibatdt
Aho

(1)

where initial SOC is SOC(0) and Aho is the specified battery
capacity for the present case it is 26Ah. SOC in each step
should be added to the previous value.

This value is further utilized to calculate the open-circuit
voltage of the battery by means of curve fitting method
through information provided by manufacturer datasheet and
is given as,

Voc (SOC) = α × SOC + β (2)

where, constant α = 1.4 and β = 11.9

B. THERMAL MODEL
The heat generated inside the battery depends on the battery
chemistry, ambient temperature, and battery types. The total
heat generated is mainly due to heat generated by joule and

entropy heat. Total heat generated Hgen inside the battery is
given by,

Hgen = Hjoule + Hentropy (3)

where, Hjoule is heat generation and Hentropy is entropy heat.
Heat generation due to joule is given by,

Hjoule =
∫
i2bat .Rintdt (4)

where, total internal resistance during charging is Rint =
Rc1 + Rc

The energy equation used to calculate the battery temper-
ature is given by [38],

m · Cp
dT bat
dt
= i2batRint(n)+ Tbat

1Sibat
eF

−A {Tbat (n)− Tamb} h (5)

where, m is the mass of the battery, Cp is the specific heat
capacity, e is the number of electrons, F is Faraday’s constant
for the battery, and Tamb is the ambient temperature. First term
in (5) is heat due to joule, second term is entropy heat, and the
last term is heat transferred to surrounding.

As per Newton’s law of cooling dynamics of the battery
temperature during charging is given by,

dT bat
dt
= −λ(Tbat − Tamb) (6)

Equation (4) is in continuous time domain and for the
use as estimator in micro-controller discretization of it is
required.

Hgen (n+ 1)− Hgen (n)
ts

= i2bat (n)Rint(n) (7)

Trise (n+ 1) = Trise (n)+
Rint (n)ts
mCp

i2bat (n) (8)

Trise (n)+ Tamb = Tbat (n) (9)

Substitution from (9) to (8) further results in estimated battery
temperature

Tbat (n+ 1) = Tbat (n)+
Rint (n)ts
mCp

i2bat (n)− {Tbat (n)

−Tamb} (λts) (10)

where, rate of cooling λ is given by,

λ =
Ah
Cpm

(11)

From equation (5) and (10) discrete electro-thermal model
is given by

Tbat (n+ 1)

= Tbat (n)+
Rint (n)ts
mCp

i2bat (n)

+Tbat (n)
{

1S
mCpeF

ts

}
ibat (n)− λts {Tbat (n)− Tamb}

(12)
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FIGURE 3. Impact of operating temperature on the expected life of a
battery [41].

In equation (12) the second term related with heat due
to joule, third term is entropy heat and the last term is
related to heat dissipation. where, mass of the battery is m =
9.6kg, specific heat capacity is Cp = 0.22Wkg/K , ambient
temperature is Tamb = 25◦C, area of the battery is A =
0.062m2, Heat transfer coefficient is h = 100W

/
m2K, ts is

the sampling time, rate of cooling is λ = 0.003/sec, change
in entropy 1S = eF(∂Eeq

/
∂T ) and ∂Eeq

/
∂T is the tem-

perature coefficient of a VRLA battery. These specifications
are taken from the battery datasheet and referred standard
textbook [39], [40].

In equation (12), term {(1S
/
(mCpeF)}ts (≈ −0.157 ×

10−9) is negligible, so it is neglected. Thus, the discretemodel
can further be simplified to

Tbat (n+ 1) = Tbat (n)+
Rint (n)ts
mCp

i2bat (n)

−λts {Tbat (n)− Tamb} (13)

Temperature is the key parameter and it should be consid-
ered during the development of the optimal charging strategy.
If the battery is injected with a higher C-rate, it leads to
increase in the battery temperature, affects the battery life,
and even causes the thermal runaway. The impact of oper-
ating temperature on the expected life of the battery, which
reduces with the increase in operating temperature, is shown
in Fig.3 [41]. Therefore, while increasing the speed of the
charging, regulation of temperature within the permissible
limit must be ensured.

C. AGING MODEL
Battery health is an important issue that should be addressed
during the optimal battery charging strategy. The aging pro-
cess of a lead-acid battery is mainly due to the anodic
corrosion, irreversible formation of lead sulphate in the
active mass, loss of water, and short circuit. The state of
health (SOH) is an estimator, which supplies the informa-
tion of degradation to the battery and whether the battery
should be replaced or not. As per the Arrhenius equation,
the expected lifetime of the battery at operating temperature
TL is given by,

tlife = γ × exp
(
−Ea

/
RTL

)
(14)

FIGURE 4. Constant current strategy.

where, Ea is the activation energy, R is the gas constant, and γ
is the pre-exponential factor, and are equal to 10500 cal/mol,
1.987 cal/mole/kelvin, and 1.5×104 respectively for a VRLA
battery.

The battery life is model by,

1Ah(tserv) = γ · exp
(
−E/

RTL

)
· tzserv (15)

This equation (15) follows simple laws based on power of
time and Arrhenius kinetics.Where, z is the exponent of time.
For simple diffusion control z= 0.5 [42]. In this case, instead
of using time used Ah throughput as a parameter for the age
modeling of a battery.

Battery capacity with service time is given by,

Ah (tserv) = Ah0−1Ah (tserv) (16)

where, 1Ah (tserv) is the drop in the capacity of the battery
after the operation/service period of tserv since the first use.
Ah0 is the specified capacity of the battery. Further if the
charging is being carried out for time duration t2 − t1, and
is equivalent to N number of (charge/discharge cycle) then
the battery state of health is given by [32],

SOH (tserv) = SOH0 −

∫ t2
t1 ibatdt

2NAh0
(17)

For a fresh battery SOH0 = 1. Where, N is the number of
cycles which is the function of temperature.

In the present discussion aging model is used to evaluate
the impact of charging strategies on the battery health.

III. CHARGING STRATEGIES
A. CONSTANT CURRENT (CC) STRATEGY
One of the most common method of battery charging is the
constant current charging. Depending upon C-rate of the bat-
tery, a constant current is supplied to it. The constant current
strategy is shown in Fig.4.

It normally takes 8 to 10 hrs to charge a VRLA (C/10)
battery, whereas in the case of Li-ion (1C) it charges within
one hour. However, in this method, if the current is supplied
beyond the C-rate of the battery the temperature of the battery
rises and the average life of the battery is decreased due to
overcharging and gassing problems. Hence, this method is not
suitable for the fast charging of the battery.
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FIGURE 5. Constant voltage strategy.

B. CONSTANT VOLTAGE (CV) STRATEGY
A constant voltage strategy is shown in Fig.5. In this strat-
egy, a constant voltage is maintained throughout the opera-
tion. While maintaining constant voltage, the initial current
becomes very high. A high initial current result in high tem-
perature rises and hence the life of the battery is affected. This
form of charging method however needs to have a very stable
output voltage. This charging strategy is not practical because
of the requirement of high current capacity that results in a
high cost.

C. CONSTANT CURRENT-CONSTANT VOLTAGE
(CC-CV) STRATEGY
Another charging strategy is the constant current constant
voltage (CC-CV) charging strategy as shown in Fig.6. It is
the most widely used strategy for Li-ion batteries. In this
method, the constant current is supplied to the battery and
when the terminal voltage reaches the maximum limit the
control is governed by a constant voltage charging. Later,
the charging current reduces to a threshold value. However,
this strategy requires a long charging time if normal C-rate is
supplied to the battery. And, if the higher current (more than
C-rate) is supplied continuously, it leads to the temperature
rise and even causes thermal runaway. Chen and Lai [43] pro-
posed a new digital controlled charger technique for CC-CV
operation without the need for current control by limiting the
duty cycle of a charger and thus reducing the overall cost
of A/D converters and current sensors. In [27] closed-loop
constant temperature constant voltage technique is proposed
for Li-ion batteries. PID controller is employed with feed-
forward aid. It is computational inexpensive as compared to
optimization algorithms. However, in CC-CV strategy the
current rate is still a big issue since the higher current leads to
the temperature rise and lower current increase the charging
time.

D. PULSE CHARGING STRATEGY
The pulse charging strategy is shown in Fig.7. In the case of a
VRLA battery, during the charging cations and anions formed
in electrolyte form a double layer which causes an over
potential and affects the efficiency of the battery. To reduce
this over potential the pulse charging strategy allows for a

FIGURE 6. Constant current constant voltage strategy.

FIGURE 7. Pulse charging strategy.

short resting period after each charging pulse. Furthermore,
this strategy also reduces sulfation, which is the main reason
for the battery failure.

In literature it has justified the extension in the life of
batteries by suppressing the problem of sulfation for example,
i) addition of Grapheme (Gr) to the negative active mate-
rial improves the life cycle from 7078 to 17157 (by 140%)
[44] and ii) 3D reduced grapheme oxide material extended
the life cycle from 8142 to 26425 (more than 224%) [45].
In practice, VRLA batteries should be charged at a normal
rate i.e. xC/10 (x = 1) resulting in a charging time up to
10hrs. Any increase in the C-rate results in faster charging
at the cost of overcharging and overheating. The overheating
problem can also lead to thermal runaway. This issue of
overcharging is addressed through the adoption of intermit-
tent charging [46], Quick charge with frequency technique
[47], synergetic control [48], and rapid charging with energy
recovery [49]. In all the above strategies, different cases of
pulse charging have been adopted to overcome the problem
of overcharging. Whether it is a pulse or reflex charging,
to solve the problem of overheating in any situation, the
pulse width should be just that much for which the temper-
ature rise does not exceed the permissible limit. To achieve
the regulation of charging pulse-width information of bat-
tery temperature is required and can be obtained through
the sensors [50] or from electric/electro-thermal model of
the battery.
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FIGURE 8. Reflex charging strategy.

E. REFLEX CHARGING STRATEGY
This is another method to charge the battery. It consists
of a charging pulse, discharging pulse, and resting period.
The reflex charging strategy is shown in Fig.8. Crystalline
formation and dendrites growth both are stopped through
the reflex charging strategy. Dendrites are particles formed
on the surface of the electrode during the charging process
which can cause a short circuit. Overall, several charge and
discharge cycles particularly when the battery is cycled at a
fast rate, microscopic lithium fibers called dendrites sprout
from the surface of the lithium electrode and spread through
the electrolyte until they reach to the other electrode. The
most common way to discharge the battery during a negative
pulse is through the resistive load. That causes excessive heat
dissipation and reduces efficiency. Non-dissipation during
a negative pulse is presented in [49]. However, the control
is complicated with two switches. A novel circuit with one
switch is presented by [51] to generate a pulse for battery
charging. However, it requires an extra energy tank to store
negative pulse energy temporarily and then returns to the
battery during a charging process. This problem is solved by
the energy recovery function for a bidirectional converter in
which the negative pulse energy of the current profile reduces
the dissipation of the battery by using a single capacitor bus
[8]. However, in all the above charging strategies optimal
charging, battery health, thermal, and life are not considered.

IV. PROPOSED CHARGING STRATEGIES
In this present work, a temperature regulated pulse and reflex
charging strategies are proposed to reduce the charging time
and to ensure improvement in battery health and life. A com-
parative analysis is done that helps to find a suitable charging
strategy for the fast charging of EVs with the same charging
time and SOC level to improve battery life and health.

The operational waveform of temperature regulated pulse
charging strategy is shown in Fig.9. If higher current more
than the normal charging current (xC/10) is injected in the
battery, where x >1 temperature increases from ambient

FIGURE 9. Operational waveform of a temperature regulated pulse
charging.

(Tamb) to steady-state temperature (TSS ). The green dash
line represents a constant current temperature rise. For fast
charging higher value of ‘x’ is injected into the battery,
under such a condition battery temperature (Tbat ) rises above
the maximum limit and even can cause thermal runaway.
To ensure temperature regulation, the hysteresis band has set
two limits maximum (Tmax) andminimum (Tmin) temperature
limit in related to variable temperature reference (Tref ) and
fixed temperature band 1T = 3◦C. When Tbat reaches the
maximum limit Tmax , ibat ,TRPC set to zero and Tbat starts
reducing to a minimum set limit. As soon as the Tbat = Tmin
again ibat ,TRPC is supplied to the battery and this cycle repeats
until the battery is charged up to 95% SOC. This strategy
results in a TRPC strategy. The blue dash line reflects the
temperature regulation for the pulse charging strategy. The
operational waveform of a TRRC strategy is shown in Fig.10.
For this strategy, three limits are set for control operation
Tmax , Tmin, and Tdis. For fast charging when higher current
is injected into the battery, the battery temperature increases
and when it reaches to Tmax the battery supply power to the
input capacitor until Tbat = Tdis. As the temperature of the
battery increases to Tdis, ibat ,TRRC set to zero, and Tbat starts
reducing. Once the Tbat = Tmin again battery starts charging
by ibat ,TRRC . The same process is repeated until the battery
is charged up to 95% of SOC. The red dash line represents
the temperature regulation of the reflex charging strategy.
For both the strategies 1T is kept constant (3◦C) and Tref
is varied and studied the impact on the total charge submitted
within a fixed interval of time.

V. EXPERIMENTAL PROCEDURE
A. CHARGING CIRCUIT FOR PULSE AND REFLEX
CHARGING STRATEGIES
The charging circuit for the pulse charging strategy is shown
in Fig.11 and the charging circuit for the reflex charging is
shown in Fig.12. It consists of an AC grid, AC-DC uncon-
trolled rectifier with filter capacitor Cref , DC converter, and
a VRLA battery of 12 volts 26Ah rating. Note that for CC,
CV, CC-CV, and pulse charging buck converter is used to
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FIGURE 10. Operational waveform of a temperature regulated reflex
charging.

FIGURE 11. The charging circuit for the pulse charging strategy.

FIGURE 12. The charging circuit for the reflex charging strategy.

verify the results and the bi-directional converter is used for
reflex charging strategy. For buck converter single power
MOSFET Sw is used with anti-parallel diode, inductor L, and
a capacitorC . For reflex charging bidirectional converter con-
sists of two power MOSFETs Sw1 and Sw2 with anti-parallel
diodes D1 and D2.

B. EXPERIMENTAL SET-UP
The experimental setup for a battery charger circuit is shown
in Fig.13. This charging circuit consists of an uncontrolled
rectifier, converter, fan, and fuses for protection. The con-
trol action is carried out through the DSP TMS320F28335
microcontroller. Two types of sensors are used for this test
procedure such as voltage sensor LV 25-P and current sensor
LA-5P. In the present work, the temperature of the battery
is estimated by the means of the thermal model as given in

FIGURE 13. Experimental setup for a battery charger circuit.

equation (13). Control has been implemented through DSP.
The battery temperature is updated for each sampling period
with details of the sensed battery current at the sensed battery
voltage. The sensed current is converted into an equivalent
voltage within the acceptable limit of analog to digital (ADC)
input voltage level to micro-controller. Which is further pro-
cessed as per the bit (32 bit) size of the address for an example
in case of TMS320F28335 processor for ADC output is 0 to
4096 for the input of 0 to 3.3V. The temperature measurement
circuit using RRTD is used to cross verify the electro-thermal
and aging model. Specifications of the battery charging cir-
cuit are indexed in Table 1.

TABLE 1. Specification of battery charging circuit.

C. CONTROL STRATEGY FOR TEMPERATURE
REGULATED CHARGING
A block diagram of the control strategy of temperature regu-
lated pulse charging is shown in Fig.14a. For control oper-
ation, it consists of two main parts. The first one is the
current generator and the second one is the controller. The
charging strategyworks according to these two’s decisions. a)
Current generator: The current generator receives two inputs,
i.e. battery current (ibat ) and battery temperature (Tbat ). For
temperature regulated pulse charging strategy, the battery
temperature is divided into two modes. In the first mode,
Tbat lies between maximum temperature (Tmax) and mini-
mum temperature (Tmin). During this mode constant current
is injected into the battery. In the secondmode, if Tbat ≥ Tmax
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TABLE 2. Comparative evaluation of different charging strategies.

FIGURE 14. Block diagram of control strategy of temperature regulated
pulse and reflex charging strategies.

the reference current is set to zero until Tbat is less than
Tmin. b) Controller: Three inputs are given to the controller
i.e. reference current, SOC, and terminal voltage. The con-
troller decides whether the charging strategy to operate in
constant current mode or in constant voltage mode. If the
SOC reaches a pre-set value, then the constant voltage mode
started, otherwise constant current mode will operate. The
temperature regulated reflex charging strategy consists of
three main parts i.e. controller, current generator, and pulse
generator. Fig.14 shows the block diagram of the control
strategy for temperature regulated reflex charging strategy.
For reflex charging strategy the Tbat is divided into three
modes. In the first mode, the Tbat lies between Tmin and
the maximum limit of temperature during charging (Tmax).
If the battery temperature lies in between these, a constant
current is injected into the battery. In the second mode, Tbat
lies between Tmax and maximum limit of temperature during
discharging (Tdis). At this mode, a battery supplies the current
to the input capacitor. In the third mode, when Tbat becomes
more than Tdis, the battery stops charging and the same cycle
is repeated until the battery is charged up to 95% of SOC.
The third main part of the control strategy for reflex charging
is a pulse generator. It has three inputs i.e. reference current,
battery temperature, and duty ratio. Based on reference cur-
rent and Tbat , a pulse is generated for two switches. Switch
Sw1 will operate when power is supplied to a battery during
charging and during the discharging condition, switch Sw2
will operate and power is supplied from battery to the input
capacitor. The control strategy for the temperature regulated
pulse and reflex charging is explained through a flowchart as
shown in Fig.15.

FIGURE 15. Flow chart of a control strategy.

VI. RESULTS AND DISCUSSION
A. EFFECT ON CHARGE DEPOSITED WITH CONSTANT
TEMPERATURE REFERENCE
Effect on charge deposited with constant temperature refer-
ence for the temperature regulated pulse and reflex charg-
ing shown in Fig.16. Where ‘x’ is the multiplying factor
and is equal to the ratio of charging current to the normal
current (C/10). The graph is divided into three sections i.e.
section 1, 2, and 3.
Section 1: In this section, the level of charging current is

not high, so the battery temperature does not exceed the max-
imum limit of that band. As a result, in this section, a constant
current is supplied to the battery. The total charge deposited
into the battery is considered for one-hour duration. Under
normal charging (C/10) the total charge deposited within the
battery is 9360 coulomb or As.
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FIGURE 16. Effect on charge deposited with constant Tref for
temperature regulated pulse and reflex charging.

FIGURE 17. (a). The temperature regulated pulse charging strategy for
section 2. (b). The temperature regulated reflex charging strategy for
section 2.

Section 2: In this section, the level of charging current
is such that a pulse and reflex charging mechanism occurs.
Here, as the battery temperature reaches Tmax , the current set
to zero until Tbat becomes equal to Tmin. If Tbat = Tmin,
a constant current will be applied again. It is the effective
region of operation, where the temperature is under control
and fast charging of a battery is possible.

Fig.17 (a) and (b) shows the temperature regulated pulse
and reflex charging strategies for section 2 with 4.42A. The
present analysis was carried out for 3600 seconds for TRPC
strategy with, Tref = 28.5◦C, Tmax = 30◦C, and Tmin =
27◦C and for TRRC strategy with Tref = 28.5◦C, Tmax =
30◦C, Tdis = 30.2◦C, and Tmin = 27◦C.

FIGURE 18. (a). The temperature regulated pulse charging strategy for
section 3. (b). The temperature regulated reflex charging strategy for
section 3.

Section 3: This is the last section, where the temperature is
regulated but the charge deposited into the battery is lower
than in section 2. Since in this section level of charging
current is very high, ON time pulse is less than OFF time.
Fig.18 (a) and (b) shows the temperature regulated pulse and
reflex charging strategies for section 3. 1R, 2R, and 3R are the
notations defined for sections for reflex charging strategy and
similarly notations 1P, 2P, and 3P are the sections defined for
pulse charging strategy.

B. EFFECT ON CHARGE DEPOSITED WITH VARYING
CURRENT AND TEMPERATURE REFERENCE
The total charge deposited into the battery with varying tem-
perature reference and current for TRPC and TRRC strategies
are shown in Fig.19. Two temperature references 28.5◦C
(notation for pulse charging is 1P, 2P, 3P and for reflex is 1R,
2R, 3R) and 37.5◦C (notation for pulse charging is 1PF, 2PF,
3PF and for reflex is 1RF, 2RF, 3RF) are used to demonstrate
the effect of charge deposited to the battery for the same
charging C-rate. Set temperature reference is an average of
the maximum and the minimum value of the temperature
band, and are 27◦C and 30◦C respectively for temperature
reference 28.5◦C and similarly 36◦C and 39◦C for 37.5◦C.
For both cases a fixed temperature band of 3◦C is considered.
In any case, the maximum value of the temperature for a
particular reference can never be higher than the temperature
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FIGURE 19. Total charge deposited with varying temperature reference
and current for TRPC and TRRC strategy.

specified as per the datasheet of the battery, which is 50◦C
in the present case. The reason for selecting temperature
reference 28.5◦C and 37.5◦C is to keep the set temperature
limits higher than the ambient temperature 25◦C. In addition,
it has been observed in Fig. 19 that with the increase in
temperature reference, Sections (1, 2, and 3) of operation
shifts upward resulting in the increase in the submission of
charge into the battery at the same C-rate. The logic behind
considering the fixed temperature band is the advantage of a
higher magnitude of the deposited charge as compared to the
case of fixed temperature reference and variable temperature
band. It can also be concluded that the increase in temperature
reference results in the faster charging of the battery because
of the increase in the pulse width of the charging current.
From the graph, it can be observed that maximum charge
deposited is more in the case of the TRPC strategy than
the TRRC strategy. In temperature regulated reflex charging
strategy, a positive pulse is followed by a negative pulse with
a resting period whereas, during a negative pulse, a battery
supplies power to the input capacitor. So, it is obvious that
the charge deposited during TRRC is lower than the TRPC
strategy for same temperature band.

C. EFFECT OF TEMPERATURE ON INTERNAL RESISTANCE
OF A BATTERY
This is the essential parameter that should be taken into
account during the charging strategy. It is considered as con-
stant in some cases but in actual practice, it is not constant
it varies with the battery temperature, current, and time. This
sub-section discusses the deviation in the internal resistance
(Rint ) with the battery temperature (Tbat ) and battery current
(ibat ). According to the electro-thermal model, it is updated
during the charging strategy. The effect of Tbat and ibat onRint
for TRPC and TRRC strategies with temperature reference of
28.5◦C is shown in Fig. 20. From the graph, it is clear thatRint
varies during the lower magnitude of the charging current, but
it remains almost constant for higher C-rate.

FIGURE 20. Effect of battery temperature and ibat on internal resistance
for TRPC and TRRC strategy with 28.5◦C Tref .

Equivalent internal resistance during charging is given by,

Rint (n) =
Vbat (n)− Voc(n)

ibat (n)
(18)

where, Rint is the total of internal resistance of the battery
during charging Rint = Rc+Rc1, Vbat is the terminal voltage,
Voc is open-circuit voltage, and ibat is the battery current.
From the graph, it is clear that the total internal resistance
is influenced by both ibat and Tbat and is given as,

Rint = f (ibat) · g (Tbat) (19)

The dependency of Rint on battery current is fitted by expo-
nential function and is given as,

f (ibat) = arint ibrintbat (20)

The dependency of Rint on battery temperature is fitted by
polynomial function and is given as,

g (Tbat) = crintTbat + drint (21)

where, arint = 0.0217, brint = −0.6344, Crint =

−0.008351 and drint = 0.2546.

D. EVALUATION OF CHARGING STRATEGIES
The CC charging of a VRLA battery with normal C/10 charg-
ing is shown in Fig.21. In CC charging a constant current is
injected in the battery and it takes 10 hours to charge the
VRLA battery. It is seen from the experimental result that
when normal current is supplied to the battery, the Tbat rises
from ambient and settles down to the steady-state temperature
(27.5◦ C). Fig. 22 shows the charging profile for CC-CVwith
C/10 charging current. In this strategy, the constant current is
injected into the battery resulting in the increased terminal
voltage. When the terminal voltage reaches the pre-set value,
control is switched to constant voltage charging. During con-
stant voltage charging, voltage is maintained constant and
current starts reducing to zero. The total time taken to charge
the battery for this case is 9 hours. The operational waveform
of the TRPC strategy with 1.7C/10 is shown in Fig. 23.
An experimental result of a single pulse of the TRPC strategy
is shown in the graph. It is proven that when a constant current
is supplied to the battery, Tbat increases to the maximum limit
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FIGURE 21. The charging profile of CC charging for a VRLA battery with
C/10 charging.

FIGURE 22. The charging profile for CC-CV charging with C/10 charging.

of the hysteresis band. When Tbat ≥ Tmax then current set
to zero and Tbat start reducing to the minimum limit. As
soon as the Tbat = Tmin again ibat,TRPC is supplied to the
battery. The operational waveform of a TRRC strategy with
1.7C/10 is shown in Fig. 24. It is verified that the model result
in approximately matches the experimental result. From the
graph, it is clear the Vbat decreases during the negative pulse,
and its value starts to increase for the resting period and
becomes a steady state. Its value again begins to increase for
next charging pulse.

E. EVALUATION OF BATTERY HEALTH AND LIFE FOR
SAME CHARGING TIME AND SOC LEVEL
The SOH decay for the CC-CV, TRPCwith Tref (37.5◦C), and
TRRC with Tref (43.5◦C) strategies based on equation (17)
is shown in Fig. 25. It is verified that SOH decay for CC-
CV strategy is more than TRPC and TRRC strategy. The
SOH decay is less for the TRRC strategy since in this charg-
ing strategy the battery is charged and discharged for each
charging pulse. So, battery health deteriorates less in the case
of the reflex charging strategy. Fig. 26 shows the variation
in charging current and operating temperature for CC-CV,
TRPC, and TRRC strategies. It is clear from the graph that

FIGURE 23. Operational waveform of the TRPC strategy with
1.7C/10 current.

FIGURE 24. Operational waveform of the TRRC strategy with
1.7C/10 current.

FIGURE 25. Shows the SOH decay for the CC-CV, TRPC, and TRRC
strategies on the basis of (17).

for CC-CV charging during CC mode constant current is
injected into the battery. The Tbat rises from ambient value
to steady-state temperature at the rate decided by the thermal
time constant of the battery.

It is clear from the graph that all the charging strategies
reach the final SOC level at the same time, but the operat-
ing temperature is different in all three cases. In further to
comment on the uniformity in the evaluation under common
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FIGURE 26. Variation in charging current and battery operating
temperature for same SOC and charging time.

condition, Table-II is listed for different charging strategies
with the condition of the same charging time and SOC level.
Under such a situation, the magnitude of the injected cur-
rent will be different, and accordingly operating temperature
will also be different as shown in Fig. 26. For the same
charging time (4.25hrs) and SOC level, the magnitude of the
injected currents for the CC-CV, TRPC, and TRRC strategies
are 2.3C/10 (= 5.98A), 2.65C/10 (= 6.89A) and 3.3C/10
(= 8.58A) respectively. Under this situation, battery operates
at 53◦C for CC-CV and for TRPC and TRRC it operates
in the temperature band of 36-39◦C and 42-45.2◦C. As the
operating temperature is different in all the three cases so
accordingly expected life of the battery will be affected as
explained in Fig.3 i.e. 24 months for TRPC and 10 months
for CC-CV. Whereas, even though the life the battery for
TRRC is comparatively lesser than TRPC but it results in
better SOH as compared to TRPC has shown in Fig. 25,
since in this charging strategy the battery is charged and
discharged for each charging pulse. So, battery health dete-
riorates less in the case of the reflex charging strategy. Based
on the above discussion it can be concluded that to ensure
the same operating temperature as for TRPC/TRRC, CC-
CV strategy requires injection of the current of lower mag-
nitude. This will result in longer charging time with CC-
CV. Hence it is verified that the TRPC strategy not only
reduces the charging time to 60% as compared to normal
charging i.e. 10 hours(C/10) but also improve the battery life
and health.

VII. CONCLUSION
Present work demonstrates the comparative evaluation of
unregulated and regulated charging strategies in order to
find a suitable fast charging strategy for the valve regulated
lead-acid batteries with improved life and health. A dis-
crete electro-thermal model of a battery has been utilized to
ensure temperature regulation and to determine the internal
parameters of the battery. Evaluation is carried out between
temperature unregulated charging strategy CC-CV and tem-
perature regulated pulse (TRPC) and reflex (TRRC) charging
strategy at the same time and SOC level. The operation of
the temperature regulated pulse and reflex charging is divided
into three sections 1, 2, and 3 based on the charging strategy
and temperature reference. The unregulated zone is section-
1, where the magnitude of charging current is not sufficient
to exceed the upper limit of the band. Therefore, in this
region constant current is injected into the battery. Temper-
ature regulated zones are section 2 and 3 in this section the
magnitude of charging current is such that the temperature
reaches the maximum limit of that band, and pulse and reflex
charging mechanism occurs. Section-2 is considered as an
effective region for the fast charging of a valve regulated
lead-acid battery. It has been verified that with the upward
shift in the temperature reference the charge deposited in the
battery increases. It is demonstrated that with temperature
regulated pulse charging strategy, charging time is reduced to
60% as compared to conventional unregulated CC-CV (C/10)
strategy. Further, the battery health is a significant concern
which is considered during battery charging. It has been
verified that battery health is improved through both TRPC
and TRRC strategies as compared with CC-CV strategy with
the same charging time and SOC level. It is demonstrated that
the temperature regulated pulse charging strategy is suitable
for fast charging of a VRLA battery with improved life and
health.
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