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Abstract - Electric vehicles are the replacement for conventional fossil fuel engine vehicles. The EV is installed with a battery
pack to store electrical power which drives the vehicle. The charging circuit and the driving circuit have independently isolated
circuit topologies. Each circuit operates individually and complimentarily, as during charging, the vehicle does not move. There
are different types of charging circuits that control the charging current of the battery. In this paper, we consider a conventional
buck-boost circuit topology for charging the battery, controlled by different charging techniques. The converter is controlled by
either CV or CC charging which need voltage and current feedback, respectively. The different charging techniques include
i) Continuous, ii) Pulse, iii) Burp, and iv) Taper. To improve the health of the battery, these charging techniques are employed
which change the way of charging. For testing of the charging techniques, a high capacity (40kWh) battery of the ‘TATA Nexon

EV’vehicle is considered in the simulation. A comparative analysis is done in MATLAB software on the proposed charging circuit

with different charging techniques and the results are presented concerning time.

Keywords - Electric Vehicle (EV), Constant Voltage (CV), Constant Current (CC), Matrix Laboratory (MATLAB).

1. Introduction

To reduce environmental pollution caused by
conventional fossil fuel engine vehicles, Electric Vehicles
(EVs) are introduced. These vehicles have no carbon
emissions and no residue generation. They run on a power
storage module which needs to be charged through mains. The
charging of the vehicle can be either done by renewable
sources or a conventional grid connection.

It is recommended to use renewable sources to charge the
battery pack of the EV to eliminate carbon footprint. This way
of charging the vehicle and utilizing it for transportation,
either for commercial or domestic purposes, reduces
environmental pollution. In the EV circuit structure, the
charging and driving circuits are isolated and operate
individually. Both the circuits have their control modules
controlling the power electronic switches in the circuits. This
paper discusses the charging side of the EV where the battery
pack is charged with different charging techniques [1].

In previous research, many charging circuits are used to
charge the EV battery. Converters like Buck, Boost, Power
Factor Correction (PFC), Active Full Bridge (AFB), resonant
bridge, and Partial Power Charging (PPC) circuits are used for
the charging of the battery. Every circuit has its significance,
which is installed as per the requirement and rating of the EV

battery. The basic converters are buck and boost converters,
which either decrease or increase the voltage, respectively.
These basic circuits have heavy ripple and low efficiency but
are economically low-cost and less complex [2].

For low-cost applications, these circuits may be
integrated. The next generation circuits are PFC, AFB,
Resonant bridge, and PPC converters which have very little
ripple and disturbances. However, the advanced circuits are
very complex to fabricate, and high-rating components need
to be used. With a greater number of power electronic and
passive components in the advanced circuits, the cost of the
design will also go high. These circuits are recommended for
high-rating applications in commercial charging stations
where multiple EVs are charged [3].

The basic charging circuits are generally installed for
domestic charging applications where a single EV is charged
to a point. Therefore, a simple and less complex low-cost
module is applicable for charging the EV battery. For wide-
range voltage applications, the conventional Buck-Boost
converter can be utilized as it can in buck and also in boost
mode as per the requirement.

For low-voltage applications (two-wheeler EV battery
charging), the converter can be operated in buck mode and for
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higher-voltage applications (four-wheeler EV battery
charging), boost mode can activated. For any circuits as
mentioned above, there are only two techniques of charging
which are either Constant Voltage (CV) or Constant Current
(CC) charging. These two techniques need voltage and current
measurements of the EV battery pack [4].

The CC mode is selected during low State of Charge
(SOC) levels of the battery, and the CV mode is opted for
during higher SOC. The CV or CC modules control the duty
ratio of the switch in the charging circuit, in turn, controlling
the charging current.

Both the CV and CC charging techniques have continuous
charging current injection which may lead to degrading of
battery health. Continuous charging of high-rating Li-ion
batteries causes high temperatures in the cells of the battery
pack [5].

This leads to the failure of some of the cells over a period
leading to complete damage to the battery pack. Most of the
researches are done on CC and CV mode charging with a

continuous current supply to the battery. For low-rating
battery applications, continuous charging may not impact the
health of the battery; however, with larger capacities in the
range of 200-300Ahr, the charging time increases, which may
impact the battery pack health and can also damage the battery
at one instant of time.

To improve the reliability of the EV battery pack,
different charging methods are adopted, which decrease the
cell temperature reducing stress on the battery pack [6]. The
charging methods considered are i) continuous, ii) pulse,
iii) burp, and iv) taper.

The ‘continuous’ charging method is the conventional
method mentioned previously updated by the other three
methods. For the testing of the proposed charging methods,
the buck-boost converter is connected to a 3-ph grid through
an uncontrolled Diode Bridge Rectifier (DBR). The MOSFET
switch of the converter is controlled by either CV or CC
techniques with different charging methods. The circuit
structure of the proposed topology can be observed in Figure
1.
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Fig. 1 Buck-boost circuit for EV battery charging

As presented, the switch Q1 controls the charge current to
the inductor L, which discharges when the switch is turned
off. The duty ratio of the switch to the CV or CC control
modules controls Q1 [7]. This paper is organized with an
introduction of the proposed circuit topology in Section 1,
followed by circuit configuration and control techniques
design in Section 2.

In Section 3 the charging methods are discussed for
increasing the reliability of the battery. The modeling of the
proposed circuit and control modules is carried out in
MATLAB Simulink environment, and the results are
presented in Section 4. The results finalization and conclusion
to the paper are integrated in Section 5 followed by reference
citations.
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2. EV Charging Control

The EV battery packs are charged from either the single-
phase AC line (domestic charging) or the DC link (commercial
charging). The AC line charging is generally done in
residential regions which have an external charging circuit. As
the single-phase AC line has a very low current rating in the
range of 10A-15A, the charging of the battery has a slower
rate. Therefore, the DC line charging is needed, which can
provide current ratings in the range of 45A — 60A which
charges the battery at a faster rate [8]. The AC line charging
has a very simple structure with a lower rating converter
connected between the EV and the mains. However, the DC
line charging has a 3-ph AC input to the converter with a diode
bridge rectifier converting the AC to variable DC.
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The variable DC is stabilized by the buck-boost converter
connected between the diode bridge rectifier and the EV
battery pack. The duty ratio of the MOSFET Q1 in Figure 1 is
controlled either by CV or CC charging. The selection of the
CV or CC charging is done as per the voltage magnitude of
the battery. The voltage of the battery varies in a specific range
as per the SOC of the battery.

The battery voltage increases or decreases by about 15%
of the nominal voltage by which the SOC is determined.
During the lower SOC value of the battery pack, the CC mode
is selected, which needs battery current feedback [9].
Moreover, when the SOC reaches higher values, the CV mode
is activated. This switching of the modes is done to improve
the reliability of the cells in the battery pack. Figure 2 shows
the selection of the mode as per the SOC of the battery.

As observed in Figure 2, the CV mode is activated when
the SOC of the battery crosses 90%. In CV mode the charging
is lower as compared to CC mode. This reduces the rate of
charge of the battery pack, ensuring reduced damage to the
cells [10]. The charging completely stops when the SOC of the
battery reaches 100%. The operating principles of the CV and
CC modes are further explained in sub-sections.

2.1. CV Controller

The CV controller uses reference voltage value for
controlling the switch Q1 of the converter. The mode of
charging is particularly selected when the SOC of the battery
crosses the threshold value [11]. A conventional PI controller
is used to generate the duty ratio for the switch Q1. The CV
control for the EV battery pack charging can be observed in
Figure 3.
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Fig. 3 CV controller of the charging module
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As presented in Figure 3, the Reference voltage (Vac*) is
compared to the Measured voltage (Vqc), which is the Battery
voltage (Viva). After the comparison, an Error voltage (V)
signal is generated, which is fed to a PI voltage controller. By
tuning the kpy and kiy (proportional and integral gains) values
of the PI controller duty ratio (D) signal is generated. The duty
ratio from the controller is expressed as:

D= (Vc;c - Vbat) (kpv + %) (1)

This signal D is compared to a high-frequency sawtooth
waveform generating a pulse for the switch Q1 [12]. When the
Vyat reaches the reference value, the error becomes zero in turn
makes the duty ratio zero. The pulse to the switch Q1 stops,
resulting full charging condition of the battery.

2.2. CC Controller

The other charging mode is the CC mode, which needs a
Battery Current (Ivat) signal as feedback to control the switch
Q1. Similar to the CV mode there is a reference current value
(Ire) given as per the requirement. The control structure of the
CC controller can be observed in Figure 4.
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Fig. 4 CC controller for charging module

As presented in Figure 4, the Ir is compared to Ipa
generating Error current (ic), which is fed to the PI current

controller with Specific kp; and ki gains. The values of the
current controller are tuned as per the response of the battery
current to the reference value [13]. The tuning of the gain
values, either in CV or CC modes, is done through the ‘trial-
and-error’ method. The values are varied as per the overshoot,
settling time, and ripple of the controlling parameter. The D of
the CC mode is expressed as:

D= (Iref - Ibat) (kpi + %) (2)

Both these controllers are switched as per the SOC of the
battery which is determined by the Vi, feedback signal. These
controller modules are introduced in every type of charging
and an analysis is carried out with different SOCs of the EV
battery pack in further sections.

3. Types of Charging

As mentioned previously in section 1, four charging types
are introduced in this paper, which change the current input to
the EV battery pack. Based on the charging, the slew rate of
the SOC changes, concerning which the battery health
improves. The conventional charging type gives continuous
current to the battery, which is considered less reliable for
battery charging applications [14]. Therefore, the continuous
charging is modified to different types, for improving the
reliability of the cells in the battery pack. The working
principles and the battery characteristics as per the charging
type are discussed in detail.

3.1. Taper Charging

Taper charging is considered when the input is an
unregulated voltage source where the magnitude varies
continuously. This phenomenon is majorly occurring in rural
areas and radial distribution systems. The taper charging is a
voltage reference charging with a CV controller controlling
the converter [15]. This method of charging is used only for
Sealed Lead Acid (SLA) batteries. The Voltage vs Current
graph concerning the type of charging can be observed in
Figure 5.
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As observed, when the Vyp, reaches the threshold value of
Voreg the current input to the battery pack exponentially
drops. This current is represented as a taper current, which
ensures there is a gradual increase in battery SOC to the
maximum limit. The current magnitude drops from Icuarce to
Iprecharge l€vel over an instant of time. This is achieved by a
‘loop-up table’ in which the duty ratio is predefined as per the
Viae value [16]. The Duty ratio (D) of the switch QI is
exponentially reduced to zero after the threshold value
limiting the current input to the battery pack.

3.2. Pulse Charging

Pulse charging is an advanced technique where the
current is not fed to the battery continuously. The current to
the battery is fed in pulses with a break for small instants of
time. The rate of charging can be changed by varying the pulse
width either in milliseconds or seconds [17]. With the small
breaks from the charging, the rest period ensures battery
stabilization, equalizing the electrodes. The pulse charging
method, either for the CV or CC mode controllers, can be
observed in Figure 6.
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Fig. 6 Pulse charging method

As per Figure 6 the average current input to the battery
varies as per the pulse width. During lower SOC states of the
battery pack, the interval time is considered to be shorter, with
a higher average current value. When the battery pack reaches
the boundary curve polarization, the width of the pulse is
reduced, creating more rest periods [18].

This increase in the rest period reduces the average
current value, resulting in a lower slew rate of the SOC. The
Average Charging Current (l.,g) of the battery is a dependent
variable of the Duty ratio (D) of the Switch (Sw) and Peak
Charging Current (Ix). It is expressed as:

Iopg =D * Iy 3)

Moreover, the SOC of the battery can be determined by

this Layg of the battery, which is expressed as:

S0C = S0C,, — dt @)

1
3600 Cp, f Ia”g
Here, SOC,,, is the initial SOC of the battery and C,, is the
nominal capacity of the battery. This pulse charging method

improves the reliability of the battery to a smaller extent as
compared to continuous or tapper charging methods.

3.3. Burp Charging

The burp charging is considered to be the most advanced
charging as compared to conventional methods. This method
of charging is also called a ‘negative pulse’ or ‘Reflex’
charging in conjunction with pulse charging. The burp
charging is similar to pulse charging but with a tiny discharge
time between the charging pulses. The current signal of the
battery pack with burp charging can be observed in Figure 7.

As per Figure 7, during the rest period of the pulse
charging, the direction of the current is changed, making it
discharge for a small period. The magnitude of the discharge
current is set to be 3 times the charge current magnitude for
10% of the charge pulse time. This negative pulse, during a
short period, depolarizes the cells, reducing stress in the
battery pack. Because of the depolarization during fast
charging any bubbles on the electrodes which are created will
be diffused [19].

This improves the stabilization and overall charging
method of the battery pack. As the bubbles are diffused during
this process therefore, the name ‘Burp charging’ is given.
Researchers have observed that there is an improvement in the
charging rate, and also reliability of the battery pack is
increased.
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4. Result Analysis

A circuit model with different charging methods set to the
CV and CC controllers are designed in MATLAB Simulink
software using ‘Powersystem’ blocks. For the analysis of the
charging circuit, a four-wheeler EV battery pack rating is
considered. A comparative analysis is done with different
charging methods on the same EV battery pack. The
parameters of the designed charging circuit topology of each
module are given in Table 1.

Table 1. Charging circuit parameters

Name of the Module Parameters
Grid 10MVA 400V is-tine SOHZ
Ron = lmQ, Rsnubber = OIMQ,
DBR Csnubber = 1nf, Vi=0.8V.
Buck-Boost Cin = 100uF, L, = 100uH,
Converter Cout = 12mF, Rjgh= ImQ
Type: Li-ion battery
EV Battery Viom = 320V, Iom = 90Ahr,
SOCin= 95%
kpv = 0.01, kiy = 0.00023,
CV Module IWr= 372V, £, = 5kHz
kpi = 0.012, ki = 0.0023,
CC Module Ler= 100A, . = SkHz

As per the given values of the components of the
proposed circuit the modeling is updated. The simulations run
for 2s for each operating mode and charging generating
comparative results. Graphs of all measurements with respect
to time are taken from each module including voltages,
currents and powers of the circuit and the EV battery pack.

4.1. CV Mode (SOC =95%)

The EV charging circuit is operated in CV mode when the
SOC of the battery is above a threshold value. Considering
95% of the initial SOC of the EV battery pack, the CV mode
is selected. As per the CV mode, Figure 8 presents the 3-ph
AC voltages, currents and powers. The input AC voltage has
a 325Vpeak value, and the currents have heavy harmonic
content due to DBR and buck-boost converter switching. The
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active power is recorded at 4kW initially and drops to 2kW as
per increase in SOC. A low value of reactive power of 500W
is injected into the grid due to filter capacitance. In Figure 9,
the DC link voltage and current after the DBR are presented.
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Fig. 8 3-ph AC grid voltages, currents, active and reactive power in CV
mode
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As observed, the DC link voltage magnitude developed is
500V, and the average DC delivered is 6A — 4A. The EV
battery characteristics for each method of charging are
presented in Figure 10. It is seen that initially, the charging
starts with CC mode with high current, which later on, after
detection of higher SOC, the converter operates in CV mode.
The average charging current is reduced from 100A to 50A as
per the mode switch from CC to CV mode at 0.5s. In Figure
10(a), the current is continuously conducted with no breaks,
representing continuous charging.

Figure 10(b) is the pulse charging, which has a rest period
for a small instant of time where the charging current drops to
zero. Figure 10(c) shows burp charging where the current
shifts to the positive side, representing the discharge of the
battery for a short instant of time. The last graph, Figure 10(d)
is the tapper charging where the current magnitude is very low
in the range of 10A — 6A. The tapper charging generates a very
low duty ratio D for the given SOC of the battery using the
predefined loop-up table.

T T T

e SOC Base

94.8651 e SOC Pulse
s SOC Burp
94.86
5 s SOC Tapper
'§94.855
E o185
o
Bo4.845
(%]

94.84
94.835

94.83

It It It t =

12 14 16 18 2

94.825 : $
0 0.8 1
Time (seconds)

0.2 0.4 0.6

Fig. 11 EV battery SOC comparison with CV mode

Figure 11 shows the SOC comparison graph of the battery
pack for all four charging methods. As observed the slew rate
of the SOC is very high for the continuous charging method
and lowest for the tapper charging. The pulse and burp
charging methods have rest periods in between, because of
which the rate of charge is slightly slower as compared to
continuous charging. However, due to the rest periods for
small instants of time, the battery module has higher
reliability.

4.2. CC Mode (SOC = 20%)

When the initial SOC of the EV battery is changed to
20%, the charging mode shifts to CC mode, where the current
is considered as a reference. The 3-ph grid voltages, currents
and powers during the CC mode are presented in Figure 12.
The 3-ph voltage magnitudes are the same as in CV mode, but
the currents are increased. Therefore, the active power is
increased to 15kW, and a reactive power of 600W is injected
into the grid. The DC link voltage and current in CC mode are
presented in Figure 13, recorded at 500V and 27A,
respectively.
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The magnitude of the current is increased as the duty ratio
D is increased by the CC controller which induces more power
to the battery. Figure 14 represents the battery characteristics
for all four charging methods in CC mode.

As observed, the battery current maintains at 100A as per
the given reference value. The current patterns for all the
charging methods are similar to CV mode, with only a
difference of magnitude. The comparison graph of the SOC of
the battery pack is presented in Figure 15.

1 i 17.32
o . ! }
o) Q ! - !
P 173 / 8 17.3 /
17.28 i
0 0.5 1 15 2 0 0.5 1 15 2
Time (seconds) Time (seconds)
0
. —son AUUAAUUAULAA
5] -
k= = 200 I |
=-100 ey -300 |
0 05 1 1.5 2 0 05 1 15 2
Time (seconds) Time (seconds)
<Voltage (V)> 400
= 400 ) ! § 200
£ 200 s
> 0 | I |
0 4 +
0 05 1 15 2 0 0.5 1 15 2
Time (seconds) Time (seconds)
(@) (b)
17.32 . ! | :
8 173 . g 13 »
@ 178 | @ 17.29 .
B — T 15 2 1728 ! .
Time (seconds) 0 05 1 15 2
Time (seconds)
0
-100 PAUAAARMARUUARARA 2
E-200 —T—1 5 20
-300 : ! S
0 0.5 1 15 2
Time (seconds) 0 05 1 15 2
Time (seconds)
<Voltage (V)>
L, 4o 300
§ 200 . = 200
0 § 100
0 05 1 15 2 0 = 0'5 : = -
Time (seconds) ' Time (seconds) ’
(c) (d)

Fig. 14 Battery characteristics of a) Continuous, b) Pulse, ¢) Burp, and
d) Tapper charging methods in CC mode.

As the charging current is high in CC mode the raising
rate of the SOC is faster as compared to CV mode. The rate of
charge is high for the continuous charging method as there is
no rest period during the charge. The battery may be damaged
due to high current injection, which increases the temperature
inside the cells, creating disruptions in the electrodes. In the
pulse and burp charging methods, due to the tiny rest time, the
battery stabilization improves and the reliability of the battery
improves.
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5. Conclusion

A successful design of the EV charging circuit topology
is modeled using MATLAB software and the analysis of the
circuit is carried out with different modes and charging
methods. All the parametric graphs of the source and battery
pack are presented with time as reference using the ‘powergui’
tool. The battery SOC comparison is also presented with
different charging methods operated in CV and CC mode. The
modes are switched as per the SOC change, which varies the
battery voltage used as a feedback signal. The CV mode takes
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