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Abstract—This paper presents the operation and
control of a modular on-board charger (OBC) for electric
vehicle (EV) applications. The modular design enhances
fault tolerance, scalability, and thermal management, ma-
king it suitable for high-power EV applications. Single-
stage isolated Cuk-based converters are used as submo-
dules, supporting bidirectional power flow for enhan-
ced energy efficiency. Additionally, the modular OBC
operates efficiently in various modes, including normal
driving, regenerative braking, and grid-connected char-
ging, thanks to its integrated structure. A key innovation
is the implementation of genetic algorithm (GA)-based
controllers, which optimise control parameters to address
the right-half-plane (RHP) zero challenges inherent in
Cuk converters, thereby improving system stability and
dynamic performance. Simulation and experimental re-
sults in charging mode demonstrate robust performance,
highlighting precise grid current control, effective power
factor correction, and stable battery charging under both
normal and partial fault conditions.

I. INTRODUCTION

The transport sector significantly contributes to
greenhouse gas (GHG) emissions, with internal com-
bustion engines (ICEs) accounting for 29% of GHG
emissions. To mitigate these impacts, there is a global
shift towards electric vehicles (EVs) [1]–[3].

EVs’ essential components include electric motors,
high-voltage (HV) battery packs, low-voltage (LV) sys-
tems, and traction converters [4], [5]. Charging infra-
structure includes both on-board chargers (OBCs) and

off-board chargers. While off-board chargers support fast
charging, they face limitations due to installation costs
and location constraints [6], [7]. Integrated into EVs,
OBCs offer flexibility for standard charging locations
[8]–[11].

Many EVs use series-connected HV battery packs
to extend range, but this setup poses challenges such as
reduced efficiency from increased resistance, accelerated
degradation, and safety risks from voltage imbalances
and heat [12]. Modularising HV battery systems ad-
dresses these issues by dividing the battery into smal-
ler modules. This modular approach enhances safety,
reduces stress on semiconductor devices, improves ef-
ficiency, and provides greater flexibility for upgrades
and replacements [13], [14]. Additionally, it improves
battery monitoring, fault detection, and fault ride-through
capabilities [15], [16].

Several studies have explored modular topologies,
where the output stages of power modules can be inter-
connected to enhance overall power capacity [17], [18].
Dual active bridge (DAB) configurations are prevalent in
galvanically isolated modular converters used for EV ap-
plications [19], [20]. While modularised battery chargers
were developed in the literature to enable paralleling of
power converters and increase power density, there has
been a lack of discussion regarding modularising the HV
battery system.

This paper introduces a novel modular power conver-
ter designed for EVs. This system is bidirectional and
supports various operational modes: (i) normal driving
mode, where power flows from the batteries to the motor,
(ii) regenerative braking mode, where power is reversed
to recharge the batteries, and (iii) charging mode, where
power is drawn from the AC grid to charge the batteries



[21], [22]. While various converter structures could be
utilised as the submodule (SM) in the OBC charger’s
power stage, this paper focuses on the single-stage Cuk
inverter. The Cuk topology offers the advantage of provi-
ding a flexible output voltage that can be either above or
below the input battery voltage. It supports the use of a
high-frequency transformer to ensure galvanic isolation
between the input and output sides. This isolation not
only enables additional voltage boosting but also meets
safety standards specified in IEC 60950, which is crucial
when the EV is in charging mode [23]. Furthermore,
the Cuk converter’s continuous input and output currents
necessitate only small capacitors at both the battery and
output sides.

The Cuk converter’s transfer function includes right-
half-plane (RHP) zeros, which can introduce challenges
such as system instability and degraded transient res-
ponse. To address these issues, genetic algorithm (GA)-
based controllers are used to design the controller gains.
The GA-based approach allows for effective optimisation
of the controller parameters, accommodating the unique
characteristics and constraints imposed by the RHP zeros
in the Cuk converter’s transfer function.

The rest of this paper is organised as follows: Section
II details the modular OBC’s design. Section III covers
the operational modes of the Cuk-based SMs, including
rectification and inversion. Sections IV and V describe
the controller design and the use of the GA, respectively.
Simulations and experimental results for the charging
mode are presented in Section VI. The paper concludes
in Section VII.

II. SYSTEM DESCRIPTION

Fig. 1 illustrates the overall configuration of the
modular OBC designed for EV applications. The mo-
dular architecture enhances scalability, fault tolerance,
and thermal management, making it suitable for high-
power EV systems. In this design, each battery segment
is connected to three SMs, with one SM assigned to each
phase (phases a, b, and c). The SMs within each phase
are connected in series to form the three-phase output
voltages and currents. The output of the m cascaded SMs
in each phase is connected to the AC terminal, which can
interface with either the AC grid or the vehicle’s motor.

The HV battery is modularised into multiple seg-
ments, each supplying a specific number of SMs. Each
battery segment consists of p series-connected battery
packs, and each battery pack contains c parallel battery
cells. The total number of HV battery packs n and
the total number of parallel battery cells nt can be
determined as follows:

{
n = p×m
nt = n× c

. (1)

The number of SMs (m) per phase depends on the
desired output voltage and power level. Typically, for
high-power EV applications, m ranges from 3 to 6 SMs
per phase. This allows flexibility in scaling the system
to meet different voltage and power requirements.

A Cuk-based converter serves as the SM for this
charger, which is capable of working as both a DC-to-AC
inverter (in driving and V2G modes) and an AC-to-DC
rectifier (in regenerative braking and charging modes).

The system employs three single-phase single-pole
double-throw switches SWj (where j = a, b, c), to
switch between these operational modes, connecting the
SMs in each phase to either the AC grid or the permanent
magnet synchronous machine (PMSM).

Fig. 1 : Three-phase configuration of the modular OBC

The SMs within each phase are connected in series,
collectively forming the three-phase currents ij and
voltages vj , where j represents phases a, b, and c. The
output three-phase currents and voltages of the modular
topology are determined as follows:

ij(t) = Io sin (ωt+ φj + γ) , (2)

vj(t) =

m∑
k=1

vokj
(t) = Vo sin (ωt+ φj + δ) , (3)



where φj = {0,−2π

3
,
2π

3
} and k = 1 : m. Also,

vokj
is the output voltage of the kth SM in phase ”j”.

The output current of the kth battery segment can

be approximated by Ik ≈
3VoIo cos(δ − γ)

2mVink
ηSM

, where ηSM

represents the efficiency of the Cuk-based SMs. Here,
Vink

=
∑p

i=1 Vki
represents the total voltage of the kth

battery segment.
The modular design allows flexibility in configuring

the voltage levels. For instance, if each battery pack
provides 48 V and four packs are connected in series
per segment (p = 4), the segment voltage would be
approximately 192 V. With three segments (m = 3)
per phase, the total DC-link voltage per phase would be
around 576 V. This voltage can be adjusted by varying
the number of SMs and battery packs per segment to
meet specific EV requirements.

III. MODES OF OPERATION

This section details the operational principles of
the Cuk-based SM across various modes. It includes
extracting the transfer function used in the controller
design.

A. Inverter Operation

In the DC-to-AC inverter mode, the SM converts
the constant DC power from the batteries into variable
voltage and frequency AC power, suitable for driving the
PMSM.

Fig. 2 illustrates the switching operation of the Cuk-
based SM inverter during the positive half-cycle of the
output voltage vo. The parameters governing the swit-
ching and activation times are ts and tON, respectively.
In Fig. 2a, switches S1, S2, and S5 are in the ON-state
within the time interval 0 ≤ t < tON, causing a drop
in the capacitor voltages vC1

and vC2
, while the input

current iin and output current io rise.
In Fig. 2b, during the time interval tON ≤ t < ts, all

switches except S5 are in the OFF-state. This results in a
decrease in both iin and io, with vC1

and vC2
increasing.

The main waveforms of the SM during these states are
shown in Fig. 2c, with N = Ns/Np representing the
turns ratio of the high-frequency transformer.

During the negative half-cycle of vo, switches S3 and
S4 are in the ON-state, replacing S2 and S5 to charge the
inductors L1 and L2. In the second interval, all switches
except S3 are in the OFF-state, discharging L1 and L2

into C1 and C2, as well as the output capacitor Co.

(a) ON-state (tON)

(b) OFF-state (tOFF = ts − tON)

(c) Key waveforms for the positive half-cycle

Fig. 2 : Inverter operation of the Cuk-based SM in the
positive half-cycle vo > 0

B. Rectifier Operation

Fig. 3 illustrates the rectifier operation of the Cuk-
based SM, showing its role in charging battery packs
from the AC grid or the PMSM when acting as a per-
manent magnet synchronous generator (PMSG). During
regenerative braking, the SM functions as an AC-to-DC
rectifier, capturing the kinetic energy from braking and
converting it into DC power for the batteries. Similarly,
in charging mode, the SM also serves as an AC-to-DC
rectifier, transforming AC power from the main supply
into DC power suitable for battery charging.

In Fig. 3, the input and output currents iin and io
reverse direction when the Cuk-based SM operates as



a rectifier. Fig. 3a shows that during 0 ≤ t < tON
with a positive vo, switches S2 and S3 are in the ON-
state. Consequently, capacitors C1 and C2 discharge into
inductor L1, increasing iin. Simultaneously, inductor L2

is charged by the output capacitor Co, raising io. During
the interval tON ≤ t < ts, as shown in Fig. 3b, all
switches are in the OFF-state, leading to a decrease in
iin and io, while vC1

and vC2
increase. The primary

waveforms of the SM during these phases are shown
in Fig. 3c.

For the negative half-cycle of vo, switches S4 and S5

are in the ON-state, replacing S2 and S3 during 0 ≤ t <
tON. In the subsequent interval tON ≤ t < ts, the current
flows through diodes D3 and D4 on the secondary side,
from L2 to capacitors C1 and C2.

The voltages across the two capacitors C1 and C2

change in tandem. Consequently, these capacitors can
be represented as a single state. The equivalent capacitor
Ceq and its voltage vCeq

are defined as follows: Ceq =
C1C2

C1 +N2C2
vCeq

(t) = NvC1
(t) + vC2

(t)
. (4)

This approach streamlines the analysis and controller
design of the Cuk converter by consolidating the number
of states considered.

The state-space representation for the Cuk-based SM
is given by:

ẋ(t) =

2∑
i=1

(Aix(t) +Biu(t)) , (5)

where x(t) = [iL1
(t) vCeq

(t) iL2
(t) vCo

(t)]T , u(t) =
[vg(t) vin(t)]

T , and y(t) = [io(t)] represent the state,
input, and output vectors of the SM, respectively.

The matrices Ai, Bi, and Ci (where i represents
ON or OFF states) correspond to the system, input, and
output matrices, respectively.

Under the small-signal alternating current (AC) ana-
lysis, the line-to-control transfer function Gd(s) is deri-
ved as:

Gd(s) =
ṽo(s)

d̃(s)
=

s2
[
RVinC1L1

1−D

]
− s

[
D2VinL1

(1−D)2

]
+RVin

∆
,

(6)
where ∆ = s4 [RC1C2L1L2] + s3 [C1L1L2] +
s2

[
RC2L2(1−D)2 +RC2L1D

2 +RC1L1

]
+

s
[
L2(1−D)2 + L1D

2
]
+R(1−D)2.

The RHP zeros in the Cuk converter’s transfer
function indicate non-minimum phase behaviour. This

(a) ON-state (tON)

(b) OFF-state (tOFF = ts − tON)

(c) Key waveforms for the positive half-cycle

Fig. 3 : Rectifier operation of the Cuk-based SM in the
positive half-cycle vo > 0

means that the system initially responds in the opposite
direction to an input control signal before eventually
correcting itself. This characteristic complicates system
control, as RHP zeros introduce phase lag, reducing the
available phase margin (PM). Consequently, the system
becomes more susceptible to instability in feedback
control scenarios.

IV. CONTROLLER DESIGN

To regulate the operation of the modular OBC topo-
logy, two distinct control systems are implemenInted:

1) Driving/Braking Mode Controller : This control-
ler manages the stator voltages for the PMSM,



facilitating the desired velocity profile during
both driving and regenerative braking modes.

2) Charging Mode Controller: This controller ope-
rates when the AC grid is connected to the
outputs of the series-connected SMs for battery
charging. It regulates the charging current, ensu-
ring efficient and safe power transfer from the AC
grid to the battery packs.

A. Driving Mode

Fig. 4 illustrates the control system for normal dri-
ving mode. The driver sets the desired linear speed V ∗

using the accelerator pedal, which is then converted to
the rotational reference speed ω∗

m. This speed is regula-
ted by a Proportional-Integral (PI) controller (GPI(s) =

Kp+
ki
s

), which produces the reference electromagnetic
torque T ∗

e necessary to achieve the required mechanical
torque Tm.

The inner loop PI controllers manage the d and q
components of the PMSM’s stator currents through the
stator voltages v∗a, v∗b , and v∗c . As shown in Fig. 1, each
stator voltage is the aggregate of the voltages from the
SMs in each phase. Since the same stator currents flow
through all series-connected modules, the individual SM
voltages can be adjusted to better balance the state-of-
charge (SoC) across the battery packs as:

v∗okj =
v∗j∑m

i=i Vini
Vink, where j = {a, b, c}. (7)

Although torque control is typically used in EVs,
speed control was selected in this paper due to its direct
compatibility with the modular OBC topology, simpli-
fied driver input interpretation, and energy management
considerations. As discussed above, the outer speed loop
generates a torque reference, which is then regulated by
inner current control loops, ensuring smooth operation.

B. Braking Mode

The modular OBC supports regenerative braking,
which transfers kinetic energy back to the battery packs,
thus conserving electrical energy and extending the EV’s
travel range. In regenerative braking mode, the reference
torque T ∗

m and consequently the q-axis component of the
reference current I∗q are negative. This necessitates each
SM to function as an AC-to-DC rectifier to charge the
battery packs, causing the battery currents I1 . . . Im to
reverse direction.

During this charging process, the input voltages of
the SMs are adjusted to ensure that battery packs with

lower SoC receive a larger portion of the regenerated
energy. Since the same current flows through all series-
connected SMs within a phase, the individual voltages
of the SMs are selected to balance the SoC across the
battery packs as:

v∗okj =
v∗j

Vink

∑m
i=i

1
Vini

, where j = {a, b, c}. (8)

From (8), the magnitude of any battery pack’s current
will be inversely proportional to the battery pack’s SoC
to provide better balance and energy management.

C. Charging Mode

With the bidirectional power flow capability of the
SMs, the three-phase currents iga, igb, and igc can flow
from the grid to the battery packs. For a desired charging
power P ∗

ch, the peak reference current for both the grid

and the Modular OBC is determined by I∗g =
2P ∗

ch

3Vg
.

Fig. 5 illustrates the controller during charging,
where three proportional resonant (PR) controllers

(Gpr(s) = kp +
kr · s

s2 + ω2
0

) regulate the three-phase cur-

rents from the grid. Consistent with the braking mode,
the individual SM voltages are computed as described in
equation (8). This approach ensures that the battery pack
currents are inversely proportional to their SoCs, thereby
maintaining the battery packs’ voltage at its nominal
value. Additionally, the sum of the individual SMs’
voltages is adjusted to match the required phase voltages
va, vb, and vc, ensuring that the charging operation
achieves P ∗

ch and operates at a unity power factor.

V. GENETIC ALGORITHM (GA)
Designing PI and PR controllers for a Cuk converter

with RHP zeros presents significant challenges. Em-
ploying a GA to optimise these controller gains offers
several advantages, as it ensures a balance between stabi-
lity, transient response, and steady-state error, adjusts the
gains to mitigate the adverse effects of RHP zeros, and
explores the design space more thoroughly than manual
tuning methods, potentially leading to better outcomes.

In this study, a GA is applied to fine-tune the gains
of the PR controllers used for grid current regulation
during the charging mode. The goal is to optimise
the proportional gain kp and the resonant gain kr to
meet essential stability criteria for effective grid current
control. The GA aids in achieving the desired gain mar-
gin (GM) and phase margin (PM), aligning with loop-
shaping techniques aimed at shaping the loop transfer
function to meet specific performance criteria.



Fig. 4 : Driving and regenerative braking control system

Fig. 5 : Block diagram of the charging mode controller

A. Problem Formulation for PR Controller optimisation

The goal is to design a PR controller that optimally
controls grid current, achieving specific stability criteria:
a GM of approximately 20 dB and a PM greater than 60°.
To evaluate how well the controller meets these criteria,
a fitness function is used in the GA, which is formulated
as:

J(kp, kr) = w1 · |GMdesired −GMactual|
+ w2 · |PMdesired − PMactual| ,

(9)

where |GMdesired −GMactual| and |PMdesired − PMactual|
are the deviations of the actual GM and PM from the
desired values, respectively. The weights w1 and w2 ba-
lance the importance of each criterion in the optimisation
process.

B. GA optimisation Methodology

The GA optimisation methodology involves the fol-
lowing key steps:

1) Initialisation: Generate an initial population of
candidate solutions, where each individual re-
presents a potential pair of PR controller gains
(kp, kr). Set system parameters, including resis-
tance R, inductances L1 and L2, capacitances C1

and C2, input voltage Vin, and duty cycle D, to
their respective values. Define bounds for kp and
kr and initialise GA options such as population
size and maximum number of generations.

2) Evaluation: Simulate the power system with the
obtained PR controller gains. Compute the gain
margin and phase margin for each solution using
the system’s transfer function. The fitness func-
tion evaluates how well each set of gains meets
the desired stability criteria, specifically targeting
a GM of approximately 20 dB and a PM greater
than 60°.

3) Selection: Select individuals with the best fitness
scores to act as parents for the next generation.
The fittest individuals are more likely to contri-
bute desirable traits to the next generation.

4) Crossover: Apply crossover operators to com-
bine the gains kp and kr from selected parents.
This process creates new offspring that inherit
traits from both parents, exploring new configu-
rations of PR controller gains.

5) Mutation: Introduce random changes to some
offspring’s gains to maintain genetic diversity.
Mutation helps the algorithm avoid local optima
and explore a broader solution space.

6) Replacement: Replace some or all of the old po-
pulation with the new offspring. This ensures that
the population evolves over time, progressively
improving the solution.

7) Termination: Repeat the evaluation, selection,
crossover, mutation, and replacement steps until a
termination criterion is met, such as a maximum



number of generations or achieving a satisfactory
fitness level.

The algorithm 1 summarises the PR controller op-
timisation process using the GA, where lb=lower band
and ub=upper band.

Algorithm 1 Optimisation of PR Controller Gains Using
GA

1: Input: System parameters R,L1, L2, C1, C2, Vin, D

2: Output: Optimised values for kp and kr
3: Initialise GA:
4: Define bounds for kp and kr as lb = [0, 0] and ub =

[10, 10]
5: Set GA options: PopulationSize = 100, MaxGenera-

tions = 50, Display = ”iter”
6: Initialise population of candidate solutions
7: Define desired stability criteria:
8: Desired Gain Margin (GM) ← 20 dB
9: Desired Phase Margin (PM) ← 60◦

10: while termination criteria are not met do
11: Evaluate the fitness of each candidate:
12: for each candidate in the population do
13: Calculate system transfer function G(s) using

the given parameters
14: Define PR controller transfer function Gpr(s)

with current kp and kr
15: Compute GM and PM of the closed-loop system

with Gpr(s)
16: Compute deviations from desired criteria:
17: Deviation of GM ← |GMdesired − GMactual|
18: Deviation of PM ← |PMdesired − PMactual|
19: end for
20: Selection: Choose the fittest candidates based on

their fitness scores
21: Crossover: Generate new candidate solutions by

combining traits of selected candidates
22: Mutation: Introduce random changes to some

candidates to maintain diversity
23: Replace old population with new candidates
24: end while
25: Return Optimised gains kp and kr

VI. VERIFICATION

A. Simulations

In this study, a GA was employed to fine-tune the
proportional gain (kp) and resonant gain (kr) of a PR
controller designed for a Cuk converter system. The main

(a) Bode plot

(b) Fitness function J versus kp and kr

Fig. 6 : Simulation results using GA

goal was to meet specific stability criteria: a GM of
approximately 20 dB and a PM greater than 60°.

The simulation involved defining the system’s trans-
fer function and using the GA to explore and optimise
the controller gains. After running several GA iterations,
the optimised gains were determined to be kp = 2.345
and kr = 0.950. These gains resulted in a GM close to
the target of 20 dB and a PM exceeding 60°, as verified
by the Bode plot and margin analysis of the closed-loop
system, shown in Fig. 6a.

Fig. 6b presents a 3D scatter plot illustrating the
relationship between kp, kr, and the fitness function J .
Each point on the plot represents a set of kp and kr values
and their corresponding fitness function J . The minimum
value of J = 0.123 corresponds to the optimised gains,
demonstrating the GA’s effectiveness in identifying the
optimal parameter set for the PR controller.



(a) Grid voltage and current (b) SMs’ input voltages (segment
1)

(c) SMs’ output currents (segment
1)

(d) Battery segments’ currents

Fig. 7 : Experimental results: charging mode

B. Experimental results

Experiments were carried out to evaluate the modular
OBC’s performance in charging mode under both normal
and faulty conditions. During these tests, the switch
SWabc disconnected the modular OBC from the motor
and connected its terminals to the AC grid. The charging
power was limited to 3 kW, with each SM providing 250
W, and four SMs per phase were used. Since the power
flow direction was from the grid to the batteries through
the modular charger, the input and output definitions
were reversed compared to other modes.

In Fig. 7a, the grid voltage at the point of common
coupling (PCC) is shown along with the phase a current.
Fig. 7b shows the individual input voltages for the first
segment, specifically vola, volb, and volc. Fig. 7c illustrates
the output current of the SMs in the first segment. Fig. 7d
displays the currents through the battery segments, where
negative currents indicate that the battery packs are being
charged.

The DC voltages for the battery segments during the
experiment were measured as: Vin1

= 79.2V, Vin2
=

77V, Vin3
= 74.8V, and Vin4

= 78.32V.
Fig. 8 illustrates the scenario where one battery

segment (segment 4) was intentionally disconnected to
simulate a partial fault condition. This test evaluated the
system’s ability to maintain stable operation and power
distribution despite a segment failure. The fault was

(a) battery segments’ currents (b) Individual voltages of SMs in
phase ”a”

Fig. 8 : Experimental results for charging mode under
partial fault in battery segment 4

introduced during the charging process, and the system
response was monitored to evaluate its robustness.

As shown in Fig. 8a, the battery segment currents
before and after the fault event indicate a redistribution of
current among the remaining segments. Upon disconnec-
tion of segment 4, the charging currents of the remaining
segments (I1, I2, and I3) increased proportionally to
compensate for the missing segment, ensuring that the
overall charging power remained constant at 3 kW.
This self-balancing capability is a key advantage of the
modular architecture and its control, as it allows the sys-
tem to continue operating without requiring immediate
intervention. Fig. 8b presents the individual voltages of
the SMs in phase ”a” before and after the fault occur-
rence. Despite segment 4’s disconnection, the voltages
of the remaining SMs remained stable, demonstrating
the system’s ability to regulate voltage effectively. The
smooth transition in voltage levels indicates that the
modular OBC successfully adjusted its control strategy
to maintain continuous charging operation without intro-
ducing large voltage fluctuations or disruptions.

VII. CONCLUSION

This paper presents the operation and control of a
modular OBC using single-stage Cuk-based converters
as SMs. The Cuk inverter design, characterised by conti-
nuous input and output currents, combined with mo-
dularisation, enhances the reliability and adaptability of
the modular charger for EV applications. RHP zeros are
effectively managed through GA-based controllers, opti-
mising performance across multiple operational modes,
including driving, regenerative braking, and charging.
Experimental results validate the system’s robustness
under both normal and partial fault conditions, demons-
trating its ability to maintain stable operation and effi-
cient power management. These findings highlight the



modular OBC’s potential for improving EV charging in-
frastructure, ensuring enhanced performance, scalability,
and fault tolerance.
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