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Abstract: The paper presents the operation and control systems for a new modular on-board charger 7 

(OBC) based on SEPIC converter (MSOBC) for electric vehicle (EV) applications. The MSOBC aims 8 

to modularize the battery units in the energy storage system of the EV to provide better safety and 9 

improved operation. This is mainly achieved by reducing the voltage of the battery packs without 10 

sacrificing the performance required by the HV system. The proposed MSOBC is an integrated OBC 11 

which can operate the EV during traction, braking, as well as charging the battery units. The MSOBC 12 

is composed of several submodules consisting of full-bridge voltage-source converter connected at 13 

the ac side and SEPIC converter installed on the battery side. The SEPIC converter controls the bat- 14 

tery segments with a continuous current because it has an input inductor which can smooth the 15 

battery’s currents without the need for large electrolytic capacitors. The isolated version of the 16 

SEPIC converter is employed to enhance the system’s safety by providing galvanic isolation be- 17 

tween the batteries and the ac output side. The paper presents the necessary control loops to ensure 18 

the optimal operation of the EV with the MSOBC in terms of charge and temperature balance with- 19 

out disturbing the required modes of operation. The mathematical analyses in the paper are vali- 20 

dated using a full-scale EV controlled by TMS320F28335 DSP.  21 

Keywords: Electric Vehicle (EV); On-board Battery charger (OBC); Modular; State-of-the-art (SOC); 22 

Battery Management System (BMS) 23 

 24 

1. Introduction 25 

There are international diligent efforts to promote electric vehicles (EVs) as a viable 26 

alternative for vehicles powered by internal combustion engines (ICEs). Ratified by sev- 27 

eral European countries, the Green Deal has an ambitious target to achieve carbon neu- 28 

trality in the transport sector by 2050 [1, 2]. However, there is still clear uncertainty about 29 

the effect of the electrification of the transport sector on the electric grid as well as em- 30 

ployability of the automotive engineers and technicians which should be considered care- 31 

fully [3]. There is an agreement between field’s experts that the electrification of the 32 

transport sector may significantly lower the climate change on the electric grid as well as 33 

employability of the automotive engineers and technicians [4]. Given the little time left 34 

until 2050 and the considerable dangers involved in this process, a number of elements 35 

should be taken into consideration to combat climate change and make this transition 36 

effective [1, 2]. 37 

In general, the high voltage (HV) battery is the main obstacle to EVs development to 38 

meet the transition target for several reasons. The vehicle's primary source of propulsion 39 

energy, the HV battery accounts for a considerable amount of its bulk, volume, and ex- 40 

pense. In addition, the HV battery is the most hazardous component of EVs, requiring 41 

expert staff to handle during maintenance, troubleshooting, and assembly procedures [5- 42 

7]. Users' confidence in switching from ICEs vehicles to EVs is lowered by an obvious 43 
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competence gap among automotive counterparts in the field of HV battery assembly and 44 

maintenance [8, 9]. 45 

Lithium-ion batteries are typically utilised as energy storage components in the HV 46 

battery box in EVs thanks to their extended cycle life and high power-density [10]. To 47 

ensure the safe, reliable, and efficient use of batteries in EVs, a battery management sys- 48 

tem (BMS) is integrated into the battery system [11]. A BMS has several features to con- 49 

tinuously monitor and control the different operation states of the batteries, including cell 50 

monitoring (i.e., voltage, current, and temperature), state-of-health (SOH) and state-of- 51 

charge (SOC) estimation, cell balancing in case of any voltage mismatches, thermal man- 52 

agement (heat dissipation), rate of charge control, and battery safety and protection 53 

against short circuit and overcharge/over-discharge [12].   54 

Figure 1 shows the main EV powertrain architecture with the HV battery being in the 55 

middle of the propulsion system. During normal driving mode, the power flows from the 56 

HV battery to the dc/ac inverter which controls the electrical motor [13, 14].  57 

 58 

 
(a) 

 
(b) 

Figure 1. EV powertrain architecture with the high voltage (HV) battery in the middle of the 

propulsion system (a) non-integrated OBC (b) integrated OBC 
 59 

The low-voltage (LV) battery is responsible for the operation of the BMS and the other 60 

control circuits that are not in the scope of this paper. 61 

During the charging mode, the HV battery can be charged by two different methods 62 

[15]. The faster method is by using off-board DC charger which is often supplied from a 63 

three-phase supply [16]. Using an on-board charger (OBC) within the car is the alternative 64 

way to charge the HV battery [17, 18]. This allows the EV battery to be charged from sin- 65 

gle-phase or three-phase power supplies. The existence of a high-power OBC inside the 66 
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EV will increase the customers’ confidence about the ability to charge the EVs easily at 67 

various locations rather than relying solely on specialized EV charging stations that might 68 

not be always available nearby when the EV need to be charged [19]. The OBC typically 69 

consists of two-stage power converters that serve two primary purposes, as seen in Figure 70 

1. The initial step of ac/dc rectification involves converting grid-supplied AC power into 71 

DC power while maintaining grid-side power quality. The second stage functions as a 72 

dc/dc converter since it is in charge of injecting the required current into the HV battery 73 

to charge it [17, 18]. To guarantee that the battery is electrically isolated from the ac grid, 74 

one of the stages must have some form of galvanic isolation [19, 20]. Figure 1b illustrates 75 

the integrated OBC, which combines power electronics converters into a single architec- 76 

ture to operate the EV during braking, driving, and charging modes. This will signifi- 77 

cantly increase the use of power electronic components, resulting in a reduction in size, 78 

weight, and space. This will unavoidably add to the overall system's complexity in terms 79 

of control during driving and balancing during charging [17, 18]. 80 

The integrated OBC configurations are bidirectional systems where the electrical 81 

power can flow from the input to the output sides in both directions [21]. The develop- 82 

ment of bidirectional power converters plays a major role in the progress of EV chargers 83 

[22]. The major goals in designing OBC chargers are boosting efficiency by cutting down 84 

on power losses, increasing the converter's energy density, and reducing the complexity 85 

of the operation.  86 

Bidirectional power electronic converters employ semiconductor active transistors 87 

with passive diodes to allow the currents to flow in both directions [21, 22]. This implies 88 

that more wire and circuitry will be needed for the gate driver boards of the transistors 89 

[23]. In addition, the bidirectional converters require suitable control techniques to facili- 90 

tate bidirectional power flow [23]. A common issue with bidirectional converters is that 91 

excessive voltage across and current strains through the transistors can cause several op- 92 

erational issues as well as recurrent failures [24, 25]. 93 

Modular OBCs divide the power converter into multiple smaller ones may resolve 94 

the problem of increased stress [26, 27]. Additionally, the HV battery can be restructured 95 

into battery segments at lower voltages, allowing the small converters to be linked to the 96 

battery segments and drastically lowering the input voltage and associated dangers. Ad- 97 

ditionally, the modular design offers a fair level of redundancy in the event of a tractive 98 

system partial failure and gives the option to scale up the EV power if needed in the future 99 

[27, 28]. Although the modular method has been around for a while in renewable energy 100 

systems (RESs), it hasn't been extensively embraced in EV applications [27, 28].   101 

This paper proposes a novel modular OBC based on SEPIC converter (MSOBC) is 102 

shown in Figure 2 where a smaller number of less than 100V segments of the HV battery 103 

are connected to SEPIC converters followed by cascaded H-bridge converters. For the bat- 104 

tery-side converters, both the SEPIC and Cuk converters are good candidates for the mod- 105 

ular converter because they have a continuous current at their input side and they allow 106 

for high frequency (HF) transformer isolation [29]. The outputs of these converters are 107 

connected in series to boost the voltage up again to match the motor’s voltage. 108 

 The selected SEPIC converter in the proposed MSOBC allows power flows to occur 109 

as follows during:  110 

1- normal driving mode, from individual battery segments to the electrical motor 111 

2- regenerative braking mode, from the vehicle's kinetic energy to charge the bat- 112 

tery segments via the electrical generator 113 

3- charging mode, from the AC grid to the battery segments. 114 

 115 
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To prevent overvoltage, undervoltage, and thermal runaway, it will be essential to 116 

balance the battery packs of modular converters using the BMS. This will guarantee a fair 117 

distribution of current and, consequently, SOC amongst the various battery packs. As a 118 

result, this paper will discuss the battery balancing system of the proposed MSOBC struc- 119 

ture to ensure and therefore it will focus on the third power flow function mentioned ear- 120 

lier.  121 

 Also, the paper presents a decentralized control system to ensure that SOC of the 122 

battery segments and hence their voltages will be maintained in the permitted range dur- 123 

ing the EV driving and charging modes. This study presents the mathematical analysis of 124 

the proposed MSOBC as well as experiments using a full-scale test-bench composed of 125 

battery segments with total capacity of 5.7 kWh and an 80 kW permanent magnet syn- 126 

chronous machine (PMSM) controlled by a TMS320F28335 Digital Signal Processor. 127 

2. Description of the proposed integrated modular OBC 128 

The single-phase and three-phase layout of the proposed integrated MSOBC is 129 

shown in Figure 1, where a battery pack is connected to an isolated SEPIC converter fol- 130 

lowed by a full-brie converter in each submodule (SM) to regulate the battery current in 131 

case of charging or discharging. The battery pack is composed of ns lithium-ion (Li-ion) 132 

batteries in series and np in parallel. Because of its input inductor, the Sepic converter will 133 

draw a constant current from the battery. The output capacitor of the Sepic converter will 134 

filter the output voltage for the next stage of the H-bridge. As the Sepic converter has an 135 

embedded high-frequency transformer (HFT), it can provide a sort of galvanic isolation 136 

between the battery pack and the motor in case of driving and the utility grid in case of 137 

charging.  138 

The SEPIC converter is then connected to an H-bridge converter to generate the re- 139 

quired ac voltage. The two-stage converter SM is bidirectional to allow the energy to flow 140 

from the battery to the motor during driving and from the grid/vehicle to the battery dur- 141 

ing charging/regeneration. It is worth noting that during charging when then power flow 142 

is reversed, the SEPIC converter can be seen and controlled as a Zeta converter.  143 

Table 1. EV parameter values. 144 

System  Parameter Value 

Battery system 

Cell  Li-ion 18650: 3.6V – 2.5 Ah. 

Pack 
Li8P25RT = 8 cells in parallel (20 Ah 

in total) 

Packs per segment  p = 22 packs 

Number of segments per phase m = 4 

Sepic converter 

Switching frequency 50 kHz 

Inductors L1 = L2 = 1 mH 

Capacitors 
C1 = C2 = 20μF 

Co = 50μF 

Motor system 

Type PMSM 

Peak power  68 kW 

Maximum current 200 A 

Maximum torque 140 N.m 

Efficiency  92-98 % 

Inductances Ld/Lq = 125/130 μH 

Number of poles 10 

Wheel radius r = 30 cm 

Gear box ratio G = 2.5 

Control and measurements 

Digital Signal Processor (DSP) TMS320F28335 

Voltage transducers LEM 25-P 

Current transducers LEM HTFS 800-P 

Speed transducers SS360NT 

 145 

Each phase of the MSOBC is composed of a number of m SMs that their outputs are 146 

connected in series. In this configuration, the motor’s voltage can be made much higher 147 
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than the battery segment’s voltage where the voltage and current stresses are shared 148 

among the devices of the SEPIC and H-bridge converters. The MSOBC can continue func- 149 

tioning in case of partial failure in the either the battery pack or the semiconductor devices. 150 

This is unlike the conventional integrated OBCs where any failure in these subsystems 151 

will lead to a complete shutdown of the EV until the maintenance takes place. To show 152 

the main operation of the MSOBC, an EV with the specifications in Table 1 have been 153 

used. 154 

 155 

 

(a) 

 
 
Figure 2. The proposed modular SEPIC-based on-board battery charger (MSOBC) (a) Single submodule layout (b) 
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2.1. PMSM Model 156 

Equations (1)-(3) show the dq-synchronous frame model, which will be used to con- 157 

trol the PMSM in this paper. In this system, the d-axis is aligned with the rotor’s perma- 158 

nent magnet, while axes a, b, and c indicate the direction of the three-phase windings’ flux 159 

vectors. The angular displacement θ is measured by the resolver of the PMSM. Conse- 160 

quently, the PMSM model can be expressed as: 161 

00

00

0

0

d d d ds

q q q qs

dq

r

qd

V I L IR d

V I L IR dt

IL

IL


        
= + +        
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(1) 

𝜔 = 𝑃𝜔𝑚 (2) 

𝑇𝑒 =
3

2
𝑃𝛷𝑟𝐼𝑞 

(3) 

 162 

where Vd and Vq are the stator voltage expressed in dq coordinates, Id and Iq the stator 163 

dq currents, ω is the electrical frequency of the stator voltage, ωm is the rotational speed of 164 

the motor, G is the gearbox’s ratio, Φr is the flux linkage of the PMSM, Rs is the stator 165 

windings resistance, Ld and Lq are the dq components of the stator windings inductance, 166 

Te is the developed electromechanical torque and P is the number of pair of poles. 167 

2.2. Driving mode of the EV with the MSOBC  168 

Figure 3 shows main structure of the control used control system to operate and test 169 

the MSOBC when the EV has the specifications listed in Table 1. The linear speed demand 170 

v* is sensed by the accelerating pedals and hence the associated rotational motor speed 171 

ωm* is calculated using the known gear ratio and wheel size.  172 

 173 

 
Figure 3. Block diagram of the driving mode control system 
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The speed then is controlled using the developed PMSM torque Te. As it is not simple 174 

to install torque sensors, another current control loop is employed to control Te indirectly 175 

using the q-axis current Iq while the d-axis current Id to kept at zero. Finally, the currents 176 

of the PMSM are controlled by the three-phase voltage input which is generated by the 177 

MSOBC. To show the required overall voltages and current demanded by the MSOBC 178 

during normal driving mode, the experiments in Figure 4 will be explained.  179 

 180 

  

(a) (b) 

 
 

(c) (d) 

Figure 4. The experimental results during normal driving mode: (a) The velocity profile of the EV (b) dq-axis currents 

(c) PMSM’s rotational speed and electromagnetic torque, and (d) battery segments’ currents 

 181 
Figure 4a shows the velocity profile of the EV when the speed command v* is increas- 182 

ing linearly from zero to the top speed of 30 m/s (=108 km/h) in 5 seconds. As shown in 183 

Figure 4b, the rotational speed of the PMSM is increasing accordingly by the developed 184 

torque Te which is kept constant at around 52.5 N.m. Meanwhile, the current controllers 185 

keep Iq = 22.5 A and Id = 0 A. Both the battery segments’ currents and the PMSM back emf 186 

voltages are increasing linearly following the EV power. Then, the EV keeps running at 187 

the top speed for another 5 seconds. The required torque is relaxed and drops to 7.5 N.m 188 

leading the current Iq component to drop also to 3.2 A. Because the EV power is constant, 189 

the currents absorbed from the battery segments are kept at around 3 A.  190 

2.3. Braking mode 191 

Using the same control system in Figure 3, the MSOBC can regenerate the kinetic 192 

energy of the EV and send it back to the battery segments. This regenerative braking is 193 
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reported to save about 10% of the battery capacity if activated. By controlling the PMSM 194 

currents, the developed torque Te* can be reversed and hence the electric machine will 195 

operate as a permanent magnet synchronous generator (PMSG). Figure 5a shows the 196 

speed command to stop the car in 5 seconds. Figure 5b shows the negative torque of the 197 

PMSG which is performed by reversing the q-axis current Iq at around 16A as shown in 198 

Figure 5c. The battery segments’ currents in Figure 5d are reversed because the battery 199 

cells are being charged. Because the EV is decelerating, the back emf voltages in Figure 5e 200 

are decreasing linearly with the speed.  201 

2.4. Charging mode 202 

The integrated MSOBC is able to charge the battery packs if the ac terminals are con- 203 

nected to the ac utility grid. Figure 6 shows the control scheme for the charging function. 204 

As the main goal is to control the charging power of the battery packs, the first control 205 

loop is set by comparing the reference battery current to the actual current which is meas- 206 

ured using a hall effect sensor as mentioned in Table 1. The error current signal is fed to a 207 

proportional-integral (PI) controller which regulates the duty cycle ratio of the Sepic con- 208 

verter (dSepic). Another dual-loop control scheme is designed to regulate the dc-link voltage 209 

between the Sepic converter and the full-bridge converter Vdc. The inner loop of this con- 210 

troller is regulating the ac grid current ig to operate at a unity power factor with respect to 211 

the utility grid using a proportional-resonant (PR) controller. 212 

Figure 7 shows the charging operation using the MSOBC over a period of 100 ms 213 

which is equivalent to 10 grid cycles. The batteries currents of the battery segments in 214 

phase a are shown in Figure 7a. Similarly, the dc-link voltages between the Sepic and the 215 

full-bridge converters in phase a are shown in Figure 7b. The total input grid voltage and 216 

current of phase a are shown together in Figure 7c. To show the complete charging process 217 

over the full charging period, Figure 7d shows the current of the first battery segment in 218 

phase a with its voltage when the SoC of the batteries is increased from 20% to 100%.  219 

3. Problem of unbalanced battery packs 220 

Although the battery segments are drawn separately in Figure 2, they are close to 221 

each other’s physically in the battery box of the EV. As shown in Figure 8, the segments 222 

will exchange their heat together by conduction and convection. The thermal connection 223 

will be asymmetrical with the battery packs which are close to the insulation material of 224 

the battery box which will be usually manufactured using FR-4 insulating materials. This 225 

will lead to non-uniform distribution of the temperature among the battery packs. If the 226 

cooling system is not releasing the heat efficiently from the surrounding, there will be a 227 

risk of thermal runaway of the battery cells which is agreed to be one of the major concerns 228 

in EVs.  229 

  

(a) (b) 
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Figure 5. The experimental results during regenerative braking mode: (a) The velocity profile of the EV (b) dq-axis 

currents (c) PMSM’s rotational speed and electromagnetic torque, and (d) The currents through battery segments  
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Figure 6. Block diagram of the charging mode control system: (a) SEPIC converter (b) Full bridge converter 

 231 

  
10 ms/div –1 A/div 

(a) 

10 ms/div – 40 V/div 

(b) 

 

+ _

SEPICGate 

signals

Controller



Batteries 2023, 9, x FOR PEER REVIEW 10 of 19 
 

  

10 ms/div – 100 V/div – 3A/div 

(c) 

350 s/div – 12 V/div – 1A/div 

(d) 

Figure 7. The experimental results during charging mode (phase a): (a) battery segments’ currents (b) dc-link voltages 

between the SEPIC and the full-bridge converters (c) total input grid voltage and current (d) the current through and 

the voltage across the first battery segment 

 232 

 233 

 234 

 

 

Figure 8. Battery box used in the experiments: physical layout and BMS control system 
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 235 

The voltage of the Li-ion battery varies in a narrow range between 2.5 for 0%-SoC 236 

and 4.2V for 100%-SoC. The power and hence the heat generated by the battery pack will 237 

depend mainly on the charging or discharging current and the SoC. The initial SoC where 238 

each battery pack has started operation at will determine the rate of increasing and de- 239 

creasing the charge capacity.   240 

It is worth noting that the conducted tests and the experimental results of the MSOBC 241 

shown earlier in Figure 7 are obtained when the battery packs start from very close SoCs. 242 

However, the performance will differ if the battery cells have large mismatch in their ini- 243 

tial SoCs. Figure 9 shows the experimental testing for the three series cells charged and 244 

discharged by a current 1C. In the first test as shown in Figure 9a, the cells start charging 245 

with 20A from almost the same SoC. It can be seen that the SoC will stay close during both 246 

charging and discharging processes. In Figure 9b, the cells start with a 10% SoC mismatch. 247 

In this case, the power and hence the energy received and released by the cells will be 248 

different which means that the temperatures distribution will be different as well. 249 

 250 

 
 

(a)  (b)  
Figure 9. The experimental results for the voltage across three series cells: (a) with similar initial SoC (b) with 

10% mismatch in initial SoC 

The employed Li8P25RT battery packs have internal Zener diodes which can meas- 251 

ure the temperature of the battery cells. These Zener diodes have been used to monitor 252 

the batteries temperature as shown in Figure 10 to demonstrate the effect of SoC variation 253 

on the batteries’ temperatures. It can be seen that the batteries will have different temper- 254 

ature distribution which will depend on the power distribution and the thermal heat 255 

transfer which is affected by the cooling and insulation. The main drawback of the unbal- 256 

ance temperature distribution is that the cells which operate at higher temperature will 257 

age quicker than the others which will lead to a non-uniform distribution in the capacity. 258 

This operation should be avoided to ensure a proper operation for the balancing system 259 

and other functions in the EVs. 260 
 261 
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Figure 10. The experimental results: batteries’ temperature for three series cells with 10% mis-

match in initial SoC 
 262 

4. Charging the battery packs of the MSOBC 263 

In light of the previous discussion, the proposed MSOBC can be controlled to provide 264 

online balancing of the battery packs to ensure that the different SoCs and temperatures 265 

are in the acceptable range. As a general rule, the battery packs’ SoCs and temperatures 266 

are directly proportional to the charging current and therefore it will be used as the control 267 

element. Although the relation between the SoC and the terminal voltage depends on 268 

other factors such as the state of health (SoH), aging, internal resistance, and life cycle. 269 

However, the battery’s SoC will be estimated from the terminal voltage in the next exper- 270 

iments for the sake of simplicity.  271 

The MSOBC structure in Figure 2 shows that there are two converter stages in each 272 

submodule which can be controlled separately. The first grid-side stage is controlled by 273 

the full-bridge converters that act as ac/dc rectifiers in the charging mode while the bat- 274 

tery-side stage is controlled by the Sepic isolated converter which operates as a dc/dc 275 

charger to regulate the battery’s current.  276 

The input voltage of the ac/dc rectifiers will be defined as vgk where k denotes the 277 

number of the battery segment.  Neglecting the voltage drop across the grid filter, the 278 

input power to the kth rectifier is expressed as: 279 

( ) ( )
k kg g gP v t i t=  

(4) 

 280 

The charging power of the kth battery segment is: 281 

( ) ( )
k k k kb fb s g g b bP v t i t V I = =  

(5) 

 282 

Where ηfb is the efficiency of the full-bridge rectifier and ηs is the efficiency of the 283 

Sepic converter.  284 

If the voltage drop across the grid-side filter is ignored, the total voltage of the series- 285 

connected dc/ac rectifiers in each phase can be written as: 286 
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1

( ) ( )
k

n

g g

k

v t v t
=

  

(6) 

Because the same grid current ig is flowing in the dc/ac rectifiers, vgk can be calculated 287 

from: 288 

 289 

1

( ) ( )k k

k

i i

b b

g gn

b b

i

V I
v t v t

V I
=




 

(7) 

 290 

 Equ. (7) shows that the charging power of each battery segment can be controlled 291 

by the input voltage to the full-bridge converter associated with this segment. The results 292 

presented earlier in Figure 7 are obtained when the voltages and the charging currents of 293 

the four employed battery segments were equal. Therefore, both the input voltages of the 294 

rectifiers and the dc-link voltages are shared equally across the different submodules. The 295 

next subsections will present the operation of the MSOBC during uneven distribution of 296 

SoC and temperature. 297 

4.1. Charging battery packs with non-uniform SoCs 298 

The control loops of each submodule in the three phases are split per each battery 299 

pack as shown in Figure 11. Accordingly, the reference charging currents of the batteries 300 

will be determined based on the segments’ voltages. The total charging power of the 301 

MSOBC is set to Pch and can be expressed as: 302 
 303 

ch ga ga gb gb gc gcP v i v i v i + +  
(8) 

 304 
Assuming a balanced three-phase operation, the power delivered to the battery seg- 305 

ments of phase a is calculated from: 306 
 307 

3

fb s ch
ba b b

P
P nV I

 
 =   

(9) 

 308 
where 𝑉𝑏̅̅ ̅ and 𝐼�̅�  are the average voltage and charging current of the battery seg- 309 

ments. The average battery voltage can be calculated from the measured individual bat- 310 

tery voltages as: 311 
 312 

1

n
bi

b

i

V
V

n=

=  

(10) 

 313 
To balance the battery packs, their charging current should be controlled at Ibk 𝑤hich 314 

is inversely proportional to the SoC. Thus, this current is calculated from: 315 
 316 

3

fb s ch
bk

bk

P
I

nV

 
=  

(11) 

 317 
 318 
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   Figure 11. Block diagram of the control loops of each submodule per each battery pack during charging 

mode: (a) SEPIC converter 

 319 

To show the charging process of the MSOBC using the modular control system in 320 

Figure 11, the experimental tests in Figure 12 are conducted when the battery packs 321 

started from different voltages and SoC. The first segment starts from SoC = 35%, the sec- 322 

ond and the third segments started from an equal SoC = 28%, and the fourth segment 323 

started from SoC = 20%. Because the time-span of the charging process is long, Figure 12a 324 

shows the magnitude of phase a grid current to deliver 3 kW. The charging currents of the 325 

segments in phase a will be controlled to balance the packs based on equations (8)-(11) as 326 

shown in Figure 12b. The fourth segment drew the highest current to balance fast. The dc- 327 

link voltages are shown in Figure 12c shows that the dc-link voltages are close to each 328 

others because the MSOBC is delivering equal power to each battery segment even if their 329 

voltages are not equal. Figure 12d shows the change of battery segments voltages through 330 

the charging time. Figure 12 e shows the temperatures of the battery segments of phase a.  331 
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Figure 12. The experimental results during charging mode after applying the control system for battery segments with 

different initial SoC (phase a): (a) magnitude of the grid current (b) the battery segments’ currents (c) dc-link voltages 

between the SEPIC and the full-bridge converters (d) variations in voltage across the battery segments (e) the battery 

segments’ temperatures 

 333 

4.2. Charging battery packs according to the temperature 334 

In the previous subsection, the charging currents of the battery segments were con- 335 

trolled to balance the SoC as fast as possible. Accordingly, the temperatures of the battery 336 

packs are not considered, and some battery packs may get hotter than the others. Thus, it 337 

may be required to balance the battery packs in terms of their temperatures rather than 338 

their SoCs and voltages. If this is the case, the reference charging current can be recalcu- 339 

lated based on the temperature calculations. The average temperature of the battery seg- 340 

ments is calculated from: 341 
 342 
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where Tbk  is the temperature of the kth battery segment.  To balance the battery 344 

packs’ temperatures, their charging current should be controlled at Ibk as: 345 
 346 
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 347 
The results in Figure 13 show the charging process of the MSOBC when the control 348 

system is targeting to balance the temperatures of the battery packs. At the beginning start 349 

charging the batteries by balancing their SoCs as in the previous mode. However, when 350 

the difference between the first and the fourth battery segment reaches a certain limit, the 351 

temperature control mode is activated to balance the temperature of the batteries. The 352 

balancing period will take approximately 5 minutes util the battery packs temperatures 353 

become all in the acceptable range of 5% mismatch. The experimental tests are conducted 354 

when the battery packs started from different temperatures which are monitored by the 355 

measurement Zener diodes of the Li8P25RT battery modules. Figure 13a shows the phase 356 

a grid current which is kept constant through the process to deliver around 3 kW to the 357 

three-phase system. The charging currents of the segments in phase a will be controlled 358 

as shown in Figure 13b to balance the packs based their measured temperatures after 359 

t=1500s. Because the charging powers are not distributed uniformly in this mode,  the 360 

values of the dc-link voltages of the submodules in Figure 13c are not equal. Figure 13d 361 

shows the change of battery segments voltages through the charging time. Finally, Figure 362 

13e shows the temperatures of the battery segments of phase a.  363 

5. Conclusion 364 

 365 

A new modular integrated OBC for electric vehicle (EV) applications has been pre- 366 

sented in this paper where bidirectional isolated SEPIC converters at the dc side (Battery 367 

packs) followed by bidirectional full-bride converters at the ac side (ac grid or PMSM ma- 368 

chine). The proposed MSOBC converter shares the voltage and current stresses across de- 369 

centralized submodules to provide more redundancy, improve the reliability, and en- 370 

hance the safety of the system. The batteries in the HV systems are split in segments and 371 

connected to the submodules with reduced voltages per segment. Although the modular 372 

structure is built by using several semiconductor switches, the rating of these switches can 373 

be lowered and therefore their cost and on resistances can be reduced significantly. The 374 

paper presented the proper control system to ensure the optimal operation of the whole 375 

system during normal driving mode, regenerative braking, and charging. The proposed 376 

controllers are capable of balancing the battery packs based on their SoCs and their tem- 377 

peratures. The experimental results using an EV racing car with an 80-kW PMSM and 5.7 378 

kWh battery segments verify that, even with varied initial SoCs or temperatures, the 379 

MSOBC was able to retrieve balance and supplies the required power to the battery seg- 380 

ments. During SoC balancing method, the controller fixed a mismatch of 15% in the SoC 381 

of the batteries by controlling the charging current to less than 2%. During this operation, 382 

the difference between the hottest and coldest cell was kept between 10oC. During the 383 

temperature balancing method, the controller was able to eliminate the mismatch in the 384 

temperature withing 5 minutes.  385 
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Figure 13. The experimental results during charging mode after applying the control system for battery segments with 

different initial temperatures (phase a): (a) magnitude of the grid current (b) the battery segments’ currents (c) dc-link 

voltages between the SEPIC and the full-bridge converters (d) variations in voltage across the battery segments (e) the 

battery segments’ temperatures 

 387 



Batteries 2023, 9, x FOR PEER REVIEW 18 of 19 
 

References 388 

 389 
1. “The European Green Deal”, [Online]. Available: https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/euro- 390 

pean-green-deal_en. 391 
2. Szumska, E. M. Electric Vehicle Charging Infrastructure along Highways in the EU. Energies, 2023, 16(2), 895. 392 
3. Bayani, R., Soofi, A. F., Waseem, M., and Manshadi, S. D. Impact of Transportation Electrification on the Electricity Grid—A 393 

Review. Vehicles, 2022, 4(4), 1042-1079. 394 
4. Tamba, M., Krause, J., Weitzel, M., Ioan, R., Duboz, L., Grosso, M., and Vandyck, T. Economy-wide impacts of road transport 395 

electrification in the EU. Technological forecasting and social change, 2022, 182, 121803. 396 
5. Chen, S., Dai, F., and Cai, M. Opportunities and challenges of high-energy lithium metal batteries for electric vehicle applica- 397 

tions. ACS Energy Letters, 2020, 5(10), 3140-3151. 398 
6. R. Pradhan, R., Keshmiri, N., and Emadi, A. On-Board Chargers for High-Voltage Electric Vehicle Powertrains: Future Trends 399 

and Challenges. IEEE Open Journal of Power Electronics, 2023. 400 
7. Amry, Y., Elbouchikhi, E., Le Gall, F., Ghogho, M., and El Hani, S. Electric vehicle traction drives and charging station power 401 

electronics: current status and challenges. Energies, 2022, 15(16), 6037. 402 
8. Alanazi, F. Electric Vehicles: Benefits, Challenges, and Potential Solutions for Widespread Adaptation. Applied Sciences, 2023, 403 

13(10), 6016. 404 
9. Bibra, E. M., Connelly, E., Dhir, S., Drtil, M., Henriot, P., Hwang, I., and Teter, J. Global EV outlook 2022: Securing supplies for 405 

an electric future. 406 
10. Tian, H., Qin, P., Li, K., and Zhao, Z. A review of the state of health for lithium-ion batteries: Research status and sugges- 407 

tions. Journal of Cleaner Production, 2020, 261, 120813. 408 
11. Wu, L., Lyu, Z., Huang, Z., Zhang, C., and Wei, C. Physics-based battery SOC estimation methods: Recent advances and future 409 

perspectives. Journal of Energy Chemistry, 2023.  410 
12. Rahimi-Eichi, H., Ojha, U., Baronti, F., and Chow, M. Y. Battery management system: An overview of its application in the 411 

smart grid and electric vehicles. IEEE industrial electronics magazine, 2013, 7(2), 4-16. 412 
13. IEA, “Global EV outlook 2023: catching up with climate ambitions”, 2023, [Online]. Available: https://iea.blob.core.win- 413 

dows.net/assets/dacf14d2-eabc-498a-8263-9f97fd5dc327/GEVO2023.pdf 414 
14. Yilmaz, M., and Krein, P. T. Review of battery charger topologies, charging power levels, and infrastructure for plug-in electric 415 

and hybrid vehicles. IEEE transactions on Power Electronics, 2012, 28(5), 2151-2169. 416 
15. Acharige, S. S., Haque, M. E., Arif, M. T., Hosseinzadeh, N., Hasan, K. N., and Oo, A. M. T. Review of electric vehicle charging 417 

technologies, standards, architectures, and converter configurations. IEEE Access. 2023.  418 
16. Safayatullah, M., Elrais, M. T., Ghosh, S., Rezaii, R., and Batarseh, I. A comprehensive review of power converter topologies 419 

and control methods for electric vehicle fast charging applications. IEEE Access, 2022, 10, 40753-40793.  420 
17. Wouters, H., and Martinez, W. Bidirectional On-Board Chargers for Electric Vehicles: State-of-the-Art and Future Trends. IEEE 421 

Transactions on Power Electronics, 2023.   422 
18. Khaligh, A., and D'Antonio, M. Global trends in high-power on-board chargers for electric vehicles. IEEE Transactions on Vehic- 423 

ular Technology, 2019, 68(4), 3306-3324.  424 
19. Delmote, J. Accelerating to net zero: redefining energy and mobility; Elia group's vision on E-mobility. In 5th E-Mobility Power 425 

System Integration Symposium (EMOB 2021), 2021, 1-10.  426 
20. Pescetto, P., Cruz, M. F. T., Stella, F., and Pellegrino, G. Galvanically Isolated On-Board Charger Fully Integrated With 6-Phase 427 

Traction Motor Drives. IEEE Access, 2023, 11, 26059-26069.  428 
21. Patel, M. R., Shah, A. P., Chudasama, K. J., and Jadhav, G. J. A Review of EV Converters Performance during V2G/G2V mode 429 

of Operation. In 2022 3rd International Conference for Emerging Technology (INCET), 1-7.  430 
22. Darwish, A.; Massoud, A.; Holliday, D.; Ahmed, S.; Williams, B. Generation, performance evaluation and control design of 431 

single-phase differential-mode buck–boost current-source inverters. IET Renew. Power Gener. 2016, 10, 916–927. 432 
23. Badawy, A.D. Current Source DC-DC and DC-AC Converters with Continuous Energy Flow By. Ph.D. Thesis, University of 433 

Strathclyde, Glasgow, UK, 2015. 434 
24. Maroti, P. K., Padmanaban, S., Bhaskar, M. S., Ramachandaramurthy, V. K., and Blaabjerg, F. The state-of-the-art of power 435 

electronics converters configurations in electric vehicle technologies. Power Electronic Devices and Components, 2022, 1, 100001. 436 
25. Monteiro, V., Afonso, J. A., and Afonso, J. L. Bidirectional Power Converters for EV Battery Chargers. Energies, 2023, 16(4), 437 

1694. 438 
26. Ronanki, D., and Williamson, S. S. Modular multilevel converters for transportation electrification: Challenges and opportuni- 439 

ties. IEEE Transactions on Transportation Electrification, 2018, 4(2), 399-407.  440 
27. Darwish, A.; Holliday, D.; Finney, S. Operation and control design of an input conversion scheme for offshore DC wind systems. 441 

IET Power Electron. 2017, 10, 2092–2103 442 
28. Terbrack, C., Stöttner, J., and Endisch, C. Design and validation of the parallel enhanced commutation integrated nested multi- 443 

level inverter topology. IEEE Transactions on Power Electronics, 2022, 37(12), 15163-15174.  444 

https://iea.blob.core.windows.net/assets/dacf14d2-eabc-498a-8263-9f97fd5dc327/GEVO2023.pdf
https://iea.blob.core.windows.net/assets/dacf14d2-eabc-498a-8263-9f97fd5dc327/GEVO2023.pdf


Batteries 2023, 9, x FOR PEER REVIEW 19 of 19 
 

29. Darwish, A.; Elserougi, A.; Abdel-Khalik, A.S.; Ahmed, S.; Massoud, A.; Holliday, D.; Williams, B.W. A single-stage three-phase 445 
DC/AC inverter based on Cuk converter for PV application. In Proceedings of the 2013 7th IEEE GCC Conference and Exhibition 446 
(GCC), Doha, Qatar, 17–20 November 2013; pp. 384–389. 447 
 448 
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 449 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any 450 
injury to people or property resulting from any ideas, methods, instructions or products referred to in the content. 451 
 452 


