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ABSTRACT This paper presents a novel modular integrated on-board charger (MIOBC) topology and
control scheme for dual-motor electric vehicle (EV) applications. Designed for effective power management
across various operational states (driving, regenerative braking, and charging), the MIOBC modularises the
HV battery and converters, improving fault ride-through (FRT) capability, system flexibility, safety, and
efficiency. The architecture features a single-stage bidirectional isolated Cuk converter as its submodule
(SM), providing inherent power factor correction (PFC), reduced current ripple, and enhanced power
quality. The control strategy integrates finite control set model predictive control (FCS-MPC) with classical
proportional-integral (PI) controllers in a hierarchical multi-loop framework. The FCS-MPC dynamically
predicts and regulates switching states, minimising a defined cost function to achieve real-time current and
voltage tracking while suppressing second-order harmonic components through an innovative capacitor-
based energy buffering technique. The paper further explores the impact of the prediction horizon on
stability, employing state-space modelling to analyse robustness under parameter variations. Experimental
validation is conducted on a 20 kW dual-motor system controlled by a TMS28335fezdsp, demonstrating
robust performance under normal and fault conditions, including mode switching and second-order harmonic
suppression.

INDEX TERMS Electric vehicles (EVs), on-board battery charger (OBC), model predictive control (MPC),
Cuk converter, integrated OBC, modular topology.

I. INTRODUCTION

The number of electric vehicles (EVs) available in the
market has been growing rapidly [1], [2]. Their pivotal role
in reducing greenhouse gas (GHG) emissions and gasoline
consumption, combined with economically advantageous
features such as lower operating costs and vehicle-to-grid
(V2G) technology, has established EVs as a cornerstone
of future transportation systems [3], [4], [5]. EVs can be
categorised into four main types: battery electric vehicles
(BEVs), hybrid electric vehicles (HEVs), plug-in hybrid
electric vehicles (PHEVs), and fuel cell electric vehicles
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(FCEVs). Assured to dominate the market due to their
superior design and functionality, BEVs rely exclusively on
electricity for operation [6].

Fig. 1 illustrates the detailed schematic of a conventional
EV charger system, highlighting key components such as the
electric propulsion system, the battery charger, and the low-
voltage (LV) battery. The electric propulsion system itself
contains electric motor(s), traction inverter (motor drive), and
high-voltage (HV) battery.

The battery charger typically consists of a diode bridge
converting the AC input voltage to DC, followed by an active
power factor correction (PFC) stage and a step-up power
converter topology [7]. EV chargers can be implemented
either externally (off-board) or within the EV (on-board) [8].
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FIGURE 1. Schematic of the conventional EV system with OBC.

While off-board chargers are less constrained by volume,
size, and weight, the existing charging infrastructure often
falls short of meeting demand, particularly in emergency
charging scenarios [9]. Conversely, an on-board charger
(OBC) enables EV owners to charge their vehicles wherever
a suitable power supply is available. Moreover, new high-
power OBC topologies rated at 6.6 kW, 7.4 kW, and 11 kW
are gradually replacing traditional 3.3 kW systems [10].
OBC:s are further categorised into two main types: integrated
and non-integrated battery chargers. In integrated OBCs,
specific power electronics components are shared between
the propulsion system and the battery charger, reducing the
EV drive’s weight, volume, and cost.

Traditional EVs typically rely on a single HV battery and
motor controller to propel the vehicle. The voltage level at
the HV battery terminal must align with the DC-link voltage
of the drive system. High voltages, typically 400-800 V,
are preferred to minimise electric currents, reducing the
size and weight of the required copper cables within the
EV. To achieve these voltage levels, multiple battery packs
are connected in series. Although this approach increases
the voltage at the motor drive terminals, it can introduce
challenges, such as shortened battery lifespan and added
complexity in balancing battery cells concerning tempera-
ture, state of charge (SoC), and voltage [11]. Additionally,
operating at high DC-link voltages poses safety risks, creating
hazardous working conditions for maintenance personnel and
consumers. Another significant drawback of a single HV
battery system is the potential shutdown of the entire battery
system if a single cell fails. To address these challenges,
modularising the HV battery [12], [13] and employing
two-wheel-drive architectures [14], [15] have emerged as
promising solutions.

Fig. 2 illustrates a dual-motor architecture, where two
motors are connected to the wheels via fixed reduction
gears. This configuration offers several advantages for EV
manufacturing, including reduced weight by utilising smaller
reduction gears, increased space for battery placement, and
the ability to use smaller electric motors compared to a
single large central motor and transmission system [16].
Additionally, using smaller motors necessitates lower battery
voltage, which mitigates issues associated with several
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series-connected batteries, such as prolonged charging times
and hazardous working conditions.

Vehicle body

FIGURE 2. Dual-motor EV architecture with fixed reduction gearing.

In a modularised HV battery system, the battery manage-
ment system (BMS) plays a critical role in improving the
EV’s reliability and performance by isolating and discon-
necting faulty cells, thereby enabling continued operation at
reduced power until the fault is resolved [17], [18], [19].
Modular topologies provide a range of benefits that contribute
to the overall efficiency and resilience of the EV system [10]:

« Enhanced safety: Dividing the HV battery packs into
multiple groups ensures that the voltage in each group
remains lower than that of a single large HV battery
system, thereby reducing potential electrical hazards [9].

« Reduced stress on semiconductor devices: Operating
multiple power converters at lower voltages and cur-
rents minimises stress on semiconductor components,
allowing for higher switching frequencies and improved
performance [20].

« Improved power density and efficiency: Modulari-
sation, while increasing system complexity, allows the
power capacity of the converter to expand beyond
100 kW. Utilising semiconductor devices with lower
on-resistances and forward voltages further enhances
efficiency and power density [9].

« Flexibility and scalability: The modular design enables
straightforward upgrades and scalability compared to
centralised systems. Additional modules can be inte-
grated, or existing ones replaced, without extensive
reconfiguration, thereby accommodating evolving tech-
nological and energy demands [9], [21].

« Enhanced battery monitoring and controllability:
Modularisation allows the BMS to independently moni-
tor and control the SoC and state of health (SoH) of each
battery group. This leads to more precise performance
optimisation and balanced charge/discharge cycles [9],
[10], [21].

« Faster fault detection: Modular systems simplify the
implementation of fault detection algorithms, enabling
rapid isolation and disconnection of unhealthy bat-
tery cells or faulty semiconductor devices through
the BMS. This facilitates easier maintenance and
troubleshooting [21].

o Improved fault ride-through (FRT) capability: The
modular structure enhances FRT performance by main-
taining system operation even when a battery module or
semiconductor device fails. For instance, a faulty battery
module can be bypassed, allowing current to flow
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through a switch and maintaining power delivery to the
output load. This prevents a complete system shutdown,
enhances reliability, and reduces driver anxiety [22].

To ensure user safety, galvanic isolation must comply with
the safety standards outlined in the IEC 60950 regulations
when the EV enters charging mode [9]. This galvanic
isolation can also boost the voltage level at the battery
terminals.

Several modular OBC topologies were proposed in the
literature, enabling the output sides of power modules to
be paralleled to increase voltage levels at the HV battery
pack terminals [23], [24]. The dual-active bridge (DAB)
DC-DC converter has been a popular choice for high-power
modular architectures in EV applications due to its compact
size, minimal passive component requirements, zero-voltage
switching (ZVS) capability, and fully bidirectional power
flow, which supports both regenerative braking and V2G
operations.

In [23], three single-phase AC-DC converters were paral-
leled to form a modular converter delivering 10.5 kW from
the AC grid to the HV battery. Each SM featured a two-
stage AC-DC configuration comprising a PFC stage and a
DAB converter. The integrated OBC achieved high power
conversion efficiency and power density across various load
conditions. Similarly, [24] described a modularised fast OBC
where two DAB converters were series-connected on the
primary side and parallel-connected on the secondary side,
delivering 20 kW.

A modular OBC architecture was introduced in [25],
combining a single-phase/three-phase bidirectional AC-DC
rectifier and a DAB DC-DC converter to achieve universal
operation across wide input and output voltage ranges. The
front-end rectifier utilised a modular buck-boost Y-rectifier
design, where each phase integrated a buck-boost converter
connected to a shared DC-link, enabling single- and three-
phase operation without additional components. This design
achieved sinusoidal grid current and unity power factor while
ensuring comparable voltage and current stress across phases.
The back-end DAB converter provided high-frequency iso-
lation, bidirectional power transfer, and ZVS soft-switching,
adapting to battery voltages from 550 V to 850 V. This
architecture delivered a peak efficiency exceeding 98% and
a power density of 3.7 kW/L, offering a compact, high-
performance solution.

The full-bridge (FB) converter is another viable candidate
for the galvanically isolated DC-DC converter required in a
modularised battery system, as it offers a higher conversion
ratio and power level. In [26], an interleaved ZVS FB
converter with a voltage doubler was proposed to reduce
voltage stress and output ripple current. However, significant
reverse recovery losses were identified as a notable drawback.

Alternatively, a modular single-stage topology was pro-
posed in [27], featuring a three-phase isolated AC-DC
converter with three electrolytic capacitor-less interleaved
totem-pole SMs. Each SM integrated PFC and DC-DC
functionalities in a simplified design, with high-frequency
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isolation provided by transformers. The interleaved topology
minimised filter inductor size and eliminated the unfolding
bridge, reducing component count and enhancing efficiency.
The SMs were paralleled to provide a stable DC charging
current under unbalanced grid conditions, achieving a peak
efficiency of 96.3% at 11 kW and a power density of
5.5 kW/L.

Similarly, [28] presented a modular single-stage topology
using interleaved totem-pole converters with high-frequency
isolation for three-phase AC-DC conversion. Each SM
operated independently, processing phase-to-neutral voltage
and ensuring ripple-free grid current through sinusoidal
modulation. A reconfiguration of one SM into an integrated
power decoupling circuit (IPDC) facilitated single-phase
operation by suppressing second-order harmonic ripple in the
charging current. This design achieved a volumetric power
density of 5.25 kW/L and a peak efficiency of 97.01% at
11 kW, offering compatibility with global single- and three-
phase grid standards.

The modular topology in [29] employed a single-stage
interleaved bridgeless AC-DC converter. Each SM integrated
a bridgeless boost PFC stage with interleaved control and a
CLL resonant circuit for high-frequency isolation and soft-
switching. The stacked switch configuration reduces voltage
stress on switches to half the DC-link voltage, enhancing
reliability for 800 V systems. This topology achieved ZVS
turn-on and zero-current switching (ZCS) turn-off for all
components, delivering a peak efficiency of 97.9% at 2.4 kW.
It offered a compact, efficient solution for high-power EV
charging applications without the drawbacks of traditional
DAB designs.

Existing power conversion systems in EV applications
face several critical challenges, including significant energy
losses, limited voltage flexibility, and substantial issues with
input and output current ripple. Additionally, many traditional
designs, such as DAB-based topologies, experience effi-
ciency degradation at low to medium power levels and involve
complex control requirements. Furthermore, while these
modular topologies have enhanced power and voltage levels
through parallelised converters, they often lack consideration
for modularising the HV battery system.

To address these shortcomings, the MIOBC design pro-
posed in this paper modularises both the HV battery and
its associated power electronic converters. It also incor-
porates an isolated, bidirectional, single-stage Cuk-based
converter.

Table 1 summarises the specific advantages of the
Cuk-based converter topology compared to other DC-DC
converter designs used in EV applications, focusing on
aspects such as bidirectional power flow, power PFC, current
ripple reduction, efficiency, electromagnetic interference
(EMI), and overall performance. This innovative topology
enhances system efficiency, ensures galvanic isolation for
improved safety, offers flexible output voltage adaptation,
and maintains continuous input and output currents, effec-
tively mitigating current ripple issues.
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TABLE 1. Comparison of DC-DC converter topologies for EV applications [23], [24], [25], [26], [27], [28], [29].

Cuk-based Interleaved Interleaved
Feature topology DAB Resonant DAB Interleaved FB Bridgeless
Totem Pole
(proposed) AC-DC
Bidirectional Yes Yes Yes Yes No No
Can be designed Can be designed Can be designed
PFC Inherent for PFC for PEC for PEC Inherent Inherent
Higher and
Output vqltage lower Excellent Excellent Excellent Excellent Excellent
regulation
outputs
Current ripple Lower Low Very low Very low Moderate Reduced
Component count Low Moderate to high Moderate to high Moderate to high Low Moderate
High efficiency, Very high . . .
Efficiency High suitable for high  efficiency, reduced  Thgh efficiency due ) g6 ioney  Very high
to interleaving efficiency
power losses
Control More man- Moderate Moderate Mode.rate
complexity ageable More complex More complex complexity complexity to hlgh.
complexity
EMI Low Moderate Moderate Moderate Low Low
Thermal Excellent Good Good Moderate Excellent Good
performance

The proposed MIOBC requires multiple control loops to
effectively manage its decentralised structure and ensure
precise voltage and current tracking. A further significant
contribution of this paper is the design and validation of
a model predictive control (MPC) strategy implemented
in the inner loops of individual Cuk-based SMs. This
approach is particularly advantageous due to MPC’s ability to
handle finite control sets (FCS), offering superior disturbance
rejection and faster tracking capabilities [30], [31], [32]. The
application of MPC is especially beneficial in single-phase
charging mode, where it efficiently eliminates second-order
harmonics [33].

While other nonlinear control strategies, such as sliding
mode control (SMC) [34], [35], hysteresis control (HC)
[36], [37], and feedback linearisation control (FLC) [38],
have been widely applied to power converters, MPC offers
distinct advantages. SMC provides inherent robustness and
a fast response but suffers from steady-state chattering
and a limited ability to handle multi-objective optimisation
or system constraints. Similarly, HC is straightforward to
implement and offers rapid response but lacks flexibility for
advanced harmonic suppression and incurs high switching
losses. Conversely, FLC provides precise linearization of
nonlinear systems but requires detailed modelling and is less
robust to parameter variations.

In contrast, MPC excels in multi-objective optimisation,
constraint handling, and adaptability to system dynamics.
These strengths make MPC particularly effective for power
converters operating under complex conditions. Table 2
summarises the advantages of MPC compared to other
nonlinear controllers.

In [39], an MPC scheme was presented for a single-phase
integrated OBC. This scheme introduced a double-prediction
algorithm to minimise switching frequency, thereby reducing
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switching losses compared to conventional sinusoidal pulse-
width modulation (SPWM). The active power decoupling
technique effectively mitigated the inherent 100 Hz second-
order harmonic ripple on the DC link by using the third motor
winding, ensuring safe and efficient battery charging. The
design achieved sinusoidal grid current at unity power factor
and enabled the zero-torque operation of the motor during
charging. Despite these advantages, the approach increased
control complexity, requiring precise modelling and signif-
icant computational effort for the double-prediction MPC
algorithm. Furthermore, while the second-order harmonic
ripple was significantly reduced, the decoupling process
heavily depended on tuning motor parameters, potentially
impacting efficiency under certain load conditions.

In [40], predictive current control (PCC), a form of MPC,
and proportional-resonant (PR) controllers were employed
to achieve efficient and reliable operation of a non-isolated
pseudo-six-phase (P6P) integrated OBC. The PCC approach
simplified control design by avoiding the need for gain tuning
and dynamically managing nonlinear constraints, while the
PR controller provided excellent current quality and fault
tolerance. Although PCC offered a simpler design and better
dynamic performance, it had a higher computational burden.
The system’s charging capacity was also limited to 52.36%
under faulty conditions, which could present challenges in
high-power applications.

An enhanced dual-vector model predictive current inte-
grated control (MPCIC) strategy was introduced in [30]. This
enhanced MPCIC utilised virtual voltage vectors to effec-
tively suppress harmonic currents, achieving total harmonic
distortion (THD) as low as 5.24% in driving mode and 14.7%
in in-motion charging mode. The approach also enabled
seamless mode switching between driving, DC charging,
and in-motion charging, ensuring flexibility and reliability.
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TABLE 2. Comparison of MPC and other nonlinear control strategies for EV Applications [30], [31], [32], [33], [34], [35], [36], [37], [38].

Feature MPC (proposed) SMC HC FLC
Robustn_ess. to Moderate (model-dependent) High Moderate Moderate
uncertainties

Harmonic suppression Directly afddre;sed via cost Limited Limited Requires
unction compensators
Chattering effect None (smooth control) Present None None
Constraint handling Excellent (explicitly incorporated) Limited None None

. s Multi-objective over prediction
Dynamic optimization

Not optimized

Not optimized

Not optimized

horizon
Tmp lement.atlon High (requires optimization solver) Moderate Low High
complexity
Switching losses Low (optimized switching) Moi;:il:ﬁe o High Moderate
Response speed High (predictive behavior) High Moderate High
Adaptablllty to EV High (flexible cost function design) Limited (fixed Limited Moderate
dynamics structure)

Experimental results demonstrated robust performance under
parameter uncertainties, superior current tracking, and fast
dynamic response. However, the method increased design
complexity, requiring precise tuning of virtual voltage vectors
and cost functions.

The MPC strategy proposed in this paper introduces sev-
eral enhancements to improve system performance. It dynam-
ically predicts and regulates the converter’s switching states
to achieve two primary objectives. Firstly, it proactively
suppresses second-order harmonic components (at twice the
grid frequency). Secondly, it employs a custom-designed
cost function incorporating weight factors to balance mul-
tiple objectives, including output current regulation, voltage
tracking, second-order harmonic suppression, and robust-
ness against parameter variations. This innovative MPC
design offers significant advantages over existing methods.
It enhances power quality and system stability by min-
imising second-order harmonic ripple through cost function
optimisation. Furthermore, the algorithm reduces chattering
and ensures seamless transitions between operational modes
(driving, charging, and regenerative braking).

By modularising the battery and power converters,
the MIOBC simplifies control as each SM is managed
independently through its state-space representation. This
modularisation reduces computational load, as each SM
operates based on localised dynamics rather than requiring
a comprehensive global model. This approach facilitates the
efficient management of nonlinear behaviours and dynamic
responses. The inner-loop MPC provides precise voltage
and current regulation without constant model updates,
alleviating the complexity of maintaining a detailed system-
wide model. Simultaneously, classical proportional-integral
(PD) controllers are employed in the outer loops to generate
reference signals for the inner-loop controllers, ensuring
overall system stability and coordination among the SMs.
This dual-layered control strategy enhances the robustness
of the MIOBC and offers a scalable solution adaptable
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to future modular charger designs, optimising performance
across various operational modes.

The main contributions of this paper are summarised as

follows:

+ Novel topology design: The proposed topology
modularises both the battery and power converters,
significantly enhancing flexibility, fault tolerance,
battery balancing, safety, and overall efficiency in
the EV’s power management system. Cuk-based SMs
were specifically selected for their inherent advantages,
including built-in PFC and reduced current ripple.
While modular OBCs have been previously explored for
benefits like flexibility and efficiency, integrating Cuk-
based SMs enables the proposed design to address the
complexities of multi-mode EV operations, delivering
superior power quality and reduced ripple.

o Development, implementation, and validation of
advanced control architecture: The proposed topology
is supported by an innovative control strategy that com-
bines loop shaping with MPC to manage the complex
dynamics of the Cuk-based MIOBC. Loop shaping
stabilises the outer loop by adjusting the system’s
frequency response, effectively balancing stability and
performance despite the second-order harmonic distor-
tion introduced by the AC grid and Cuk converter. In the
inner loop, MPC provides adaptive, real-time control
to mitigate these harmonics actively. This dual-layered
approach compensates for variations in load and input,
ensuring precise voltage and current regulation across
the modular system. While loop shaping ensures system-
level stability, MPC delivers the precision required at
the SM level, resulting in a robust and efficient control
framework under normal and fault conditions without
compromising performance or stability.

The remainder of this paper is organised as follows:

Section II provides an overview of the proposed MIOBC
and its key components. Section III details the switching
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principles of the MIOBC and presents an in-depth discussion
of the proposed FCS-MPC, including its stability analysis.
This section also discusses the system-level (outer-loop)
control loops. Section IV presents the main experimental
results, demonstrating the performance of the proposed
MIOBC and its control system across various scenarios,
including normal and faulty conditions, mode switching,
second-order harmonic suppression, and the impact of outer-
loop control gains. Finally, Section V discusses the findings,
and conclusions are drawn in Section VI.

Il. THE PROPOSED MIOBC DESIGN TOPOLOGY

Fig. 3 illustrates the single-phase layout of the proposed
MIOBC. As shown in Fig. 3a, a single-stage isolated Cuk-
based topology is employed as the SM. The single-stage
configuration of the Cuk converter is particularly suited for
this application as it enhances overall system efficiency by
minimising energy losses associated with multiple conversion
stages. As previously discussed, the Cuk converter offers
inherent PFC, bidirectional energy flow capability, and
reduced current ripple, improving power quality and system
reliability. Its ability to handle wide input voltage variations
makes it ideal for integrating modular battery segments and
ensures smooth operation across different modes.

The Cuk-based topology comprises the following key
components:

o Input Inductor (L;): Designed to handle high peak

currents while minimizing ripple.

« Capacitors (C; and (,): High-frequency capacitors
selected for efficient energy storage and transfer; they
serve as energy transfer elements, ensuring smooth
current and voltage waveforms, reducing EMI, and
minimising ripple.

o High-Frequency Transformer: Operates in the kHz
range with an optimised turn ratio (Np : Ng), providing
galvanic isolation between input and output, enabling
flexible voltage transformation while blocking DC
components and matching voltage levels between the
battery and load.

o Switching Network: Includes Sp on the input side
and an FB converter (57, S2, S3, S4) on the output side,
enabling bidirectional power flow and efficient energy
transfer. The MOSFET-based switches are rated for
high current, feature low on-state resistance to minimise
conduction losses, and ensure optimal efficiency and
performance.

o Output Filter (L,, C,): Refines the output voltage v,,
ensuring stability and compliance with load require-
ments. It is designed to achieve low harmonic distortion
and smooth voltage regulation, which is critical for
motor drive applications.

The layout is based on the dual-motor propulsion architec-
ture shown in Fig. 2, with each motor connected to a dedicated
set of battery segments and cascaded SMs. Each battery
segment consists of “p” series-connected battery packs and

@ 9

¢” parallel-connected battery cells. The total number of
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battery packs is:
n=2xpxm, @))

where “m” is the number of battery segments. The total
number of cells is:

n=2xXpxmxec, 2)

The traction inverter is integrated into the OBC, enabling
three operational modes: driving, charging, and regenerative
braking. Single-phase single-pole double-throw (SPDT)
switches (SWy, and SWp,, where X = A, Band h = 1, 2) are
used to connect the modular charger to either the AC grid in
charging mode or the motors during driving and regenerative

L C,

braking.
N=INs ¢
m_{
+
Vin SPJE} glg

(a) Single-stage Cuk-based SM
In SMai

b Han o,.0
< ad? =
] S
AR LR M itz
Sh|recirf o, M 2§ S ]
w| T - 5
i I_‘_,_ Single-stage Cuk-based converter
g |
X [ am SMAm >§
L |
Pack 1|
s *y.
55 ey
5 T Vin,, Voam
1
In loB
= Jé,} :
g —,—. " Vi, VoB1
Ploade, | _ Jﬁ} -
i N !
S SM1 &
% T .
Bloals, | T Jﬁ} o
g I Vin, VoBm
SMBm

(b) Single-phase layout

FIGURE 3. Schematic diagram of the proposed MIOBC.

The output voltage of the cascaded SMs for each motor is:

m
Vx = D Voy.. 3)

i=1
where Voy, is the output voltage of the i SM (i =
1,2,...,m). The output current of the i battery segment
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is estimated as:
Vol
L= —"" “)
mnsm Vin;
where sy is the efficiency of the i SM, and V, and I, are
the root-mean-square (RMS) values of the output voltage and
current, respectively.

Ill. CONTROL DESIGN

The proposed modular OBC and other EV components are
depicted in Fig. 4. The modular OBC is designed to operate
in three modes: regenerative braking (deceleration), charging,
and driving (acceleration). In regenerative braking mode
(blue arrows), kinetic energy is redirected to the HV battery
segments, with the currents flowing through the HV battery
packs (11, ..., I,) reversing their direction. During charging
mode (brown arrows), current flows from the AC grid to the
HYV battery packs. In driving mode (red arrows), power flows
from the HV battery packs to the motors.

Acgrid (Woﬂ'ﬂ)@ On-board charger (OBC)

i o . e

H |
H

l b EMIFiter (AC-DC) Isolated DC-DC

| % PFC cconverter

i g
| Propulsion Jﬁ} % Jﬁ}
“ system / HV battery 4 —
1 ot Step-down
! Traction Converter
: (ocAC) Bee "“““”m

Off-board battery charger

FIGURE 4. Dual-motor EV equipped with charging, driving, and
regenerative braking modes.

Two sets of controllers are employed to effectively control
the modular OBC. The first is the SM-level controller
(inner loop), which manages the operation of individual
SMs connected to specific battery segments. The second is
the system-level controller (outer loop), which establishes
the SM-level controllers’ overall output voltage and current
references. Notably, the inner loop operates at a significantly
higher speed to respond to dynamic changes and executes
control actions based on reference values provided by the
outer loop.

A. SM-LEVEL (INNER LOOP) CONTROL DESIGN

This section outlines the switching principles of the Cuk-
based SM converter and derives the necessary equations
for control design. Each SM must maintain specific voltage
and current levels, operating as a DC-DC converter during
normal driving and regenerative braking modes or an AC-
DC rectifier during charging mode. The driver’s velocity
profile dictates the mode of operation and the control system
requirements.

196312

1) SWITCHING PRINCIPLES
The Cuk-based SM operates in three distinct switching states

(S7). The equivalent circuits for these states are illustrated in
Fig. 5.

Vin

]

(a) STATE 1

- Ve +
NoiNs )7

(b) STATE 2

L +va— —vert
! N»:Ns

(c) STATE 3

FIGURE 5. Operating modes of the Cuk-based SM.

STATE 1 (ST = 1,0 <t < t1): As shown in Fig. 5a,
switch Sp is in the ON state, charging the input inductor L;
from the input voltage source v;;,, resulting in an increase in
the input current iy,. Additionally, switches S1 and S4 are
turned ON, discharging capacitors C; and C, into inductor
L,, boosting the output current iy ,.

The state-space equation for this continuous-time system
is:

() = Ax(t) + Bu(?), 5)

where x(t) = [i1,(t) vc, (1) ir, (1) v, () ir, (O], u(t) =
[Vin(®) vg(t)]T, and y(t) = [ir,(¢)]. The governing differential
equations for this state are:

. 1
ir, (1) = L—lwn(t)

ve,, () = WeqiLa(l)

. 1 1

ir,(t) = L—(])chq(t) - L—OVC,;(I) (6)
ve,(t) = C_OiL"(t) - —ol'Lg(t)

. 1 1
i, (1) = Tve, (1) = V40,
8 8
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The equivalent capacitor C., and voltage vceq(t) are
defined as:
GG
‘T CL+ NG (7)
Ve, (1) = Nve, (1) + ve, (7).

STATE 2 (St = 2,11 <t < tp): As shown in Fig. 5b,
switch Sp remains ON, while switches S; and S4 are turned
OFF. Consequently, the input inductor L; continues charging
from v;,, increasing iz, . The output current i;,, flows through
diodes D, and D3, discharging inductor L, into capacitors C
and C;.

The governing differential equations for this state are:

iMGZ%m@

www=¥zmm 1
mm=—zw4n—zwﬁ) ®)
T/c(,(f) = 1—0iL(,(t) - giLg(l)

| 1) = e, O = v

This state introduces a subinterval designed to trap
second-order harmonic components within the SM’s passive
components, specifically C| and C,, decoupling the input and
output currents. During this interval, i;, increases while ij
decreases, effectively mitigating second-order harmonics.

STATE 3 (Sy = 3, <t < t,): In this state, as shown
in Fig. 5c, switch Sp turns OFF, causing L; to discharge
into C1 and C;. Switch S4 remains ON, discharging L, and
reducing iy,,.

The differential equations governing this state are:

. 1 1
i, (1) = —N—leceq(f) + L—]Vin(l)
Ve, (1) = ]@iu ()
i, (1) = —7-v¢, () ©)
’ 1
e, () = i, () = —ir, (1)
. 1’ 1’
i, (1) = —ve,(t) — —v,(D).
; : Ly “ L, ’

The primary waveforms of the SM during these three states
are illustrated in Fig. 6.

2) THE PROPOSED FCS-MPC CONTROL STRATEGY

Fig. 7 illustrates the integration of MPC within the con-
trol framework for regulating the voltages and currents
of individual SMs across all operational modes. In this
framework, the MPC controller uses the desired input and
output current signals (ir, *(¢), ir,*(¢), and V*cﬂ (1)) provided
by the system-level control (outer loop) as inputs. These
inputs are processed to generate gate signals for the power
switches (Sp, S1, S», S3, S4) within each SM.
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FIGURE 6. Key waveforms of the Cuk-based SM (for the positive
half-cycle).

MPC offers several advantages that make it particularly
effective in this framework. Firstly, its capability to handle
multiple variables, including input currents, output currents,
and capacitor voltages, facilitates seamless control of the
system’s dynamics (an aspect that can be significantly more
challenging with classical PI controllers). Secondly, the FCS-
MPC approach allows for dynamic adaptation, enabling
online modifications of the control logic to correct errors
or respond to changing operating conditions. Thirdly, MPC
excels in multi-objective optimisation, balancing competing
system requirements such as harmonic suppression, current
tracking, and voltage regulation. Fourthly, it inherently
manages system constraints and nonlinearity, ensuring robust
and efficient performance even under complex dynamics.
Furthermore, using MPC in this design addresses spe-
cific challenges, such as zero-crossing spikes, providing
smooth operation and minimising disturbances during tran-
sitions [41]. Since the inner loop receives its reference values
from the outer loop control, it must operate significantly
faster. This demand suits MPC well due to its predictive
capabilities and fast response.

The main steps of the FCS-MPC are depicted in the block
diagram shown in Fig. 8 and can be outlined as follows:

1) Measure or estimate the voltages and currents of the SM
during the switching period k using sensing boards or
mathematical equations.

2) Apply all possible switching states, denoted as S; where
j=1,...,s, for any power electronic converter.

3) Predict voltages and currents for the next period (k + 1)
based on the switching states from the previous step.
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FIGURE 7. Block diagram of the proposed FCS-MPC used at SM-level
(inner loop controller).

4) Evaluate the cost function J; for each switching state
in step (2) using the predicted values from step (3).
The cost function is typically chosen to minimise the
error of specific voltages or currents, expressed as J =
|x1><k+1 _xk+1| .

5) Select the optimal cost function to identify the switching
state that minimises the error of the desired voltage or
current determined in step (4).

6) Store the computed values in the micro-controller for
utilisation in the subsequent period.

k-1
1 |  Measurement and estimation:
| Voltages/currents
2 Applying switching states
3 Prediction:
/ Next period voltages/currents
k
4 ) Cost function calculation
5] ._ Optimization
; . Storing the optimum switching
i states for the next period
k+1

FIGURE 8. Pipeline for the proposed FCS-MPC.

The proposed FCS-MPC requires information about v,
iL;, Ve, 0> VCos and iz, . The differential equations for these state
variables can be expressed as functions of the switching state
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St as follows:

. 1 M

i, (t) = L—\]"Zz(t) - mvceq(f)

ve,, (t t

vCeq( ) 2NCeq Ln( )+ 2NCeq lLl( ) (10)
—M,

i, (t) = 3L, o7 VG, (1) — L —vc, (7).

where M| = (St —1)(St —2)and M = (—3S% +13S7—12).

The Euler forward method provides a straightforward and
efficient approach to approximating the state values at the
next time step (i.e., k+1). This method assumes the derivative
remains constant over the sampling interval ¢;. By applying
the Euler forward method in the discrete-time domain, the
state update can be expressed as:

x(k + 1) =~ x(k) + tsx(k), (1D
Therefore,
ir,(k+1)= Vm(k) NL VCeq(k)‘f‘lL. (k)
Mt . Mt

ve,(k+1) = 2NC ir, (k) + INC i, (k) + v, (k)

eq eq

21 I
ir,(k+1)= oL Vceq(k) Vc,,(k)+lL (k).

(12)

The FCS-MPC algorithm predicts the system’s behaviour

for each potential switching state and selects the optimal

state to minimise the cost function J. This process aids in

regulating the input and output currents of the SM, thereby
ensuring adequate power quality.

3) SECOND-ORDER HARMONIC SUPPRESSION USING THE
PROPOSED FCS-MPC
As mentioned before, an additional subinterval is introduced
in the Cuk-based SM to trap the second-order harmonic com-
ponent within the system’s passive components, specifically
the coupling capacitors (C; and C»). These capacitors act as
buffers, storing the harmonic energy and preventing it from
propagating to the output. This supports maintaining a stable
input current and generating sinusoidal output voltages and
currents. To achieve this, the amplitude and phase of the
second-order harmonic component must be estimated.

The apparent power S, generated by a single-phase AC grid
is expressed as:

Sy = Py +jQ,. (13)

The grid current and voltage are defined as:

iLg(t) = ILg sin(wt + ¢) (14)
vg(t) = Vg sin(wt).
Thus, P, and Q, are given by:
I
p,=-% ks cos(¢)
I (15)
Q, =— g2 8 cosQut + ¢).
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To trap the oscillating power containing the second-order
harmonic Q, within the capacitors (C; and C3), the following
relationship must hold:

Q¢ + Oc,, =0. (16)

Substituting into this equation yields:

cosQut + ¢) = Ceqd—"vceq(t). (17)

Assuming that the voltage across the capacitor vc,, (1)
includes a DC component and an AC component at 2w:

VgILg dVC(,
t

ve,,) = Ve,  + Vi sinQCot + ¢2y), (18)
—_—

DC component

AC component

where V5, and ¢y, represent the amplitude and phase of
the second-order harmonic component. Substituting (18)
into (17) results in:

Vel,

cosQwt + ¢) = 2a)Cquceq Vow cosQwt + ¢y)
+ wCey V3, sin(dwt + 2¢,,). (19)

For small-signal analysis, the term wCquzzw sin(4wt +
2¢2.,) can be considered negligible, therefore:

VelL, .
cosLwt + ¢) = 2wCeq Ve, Voo cosCwt + ¢ry).
(20)
Equating the coefficients, we obtain the amplitude:
Vo Ip, sin
ey = ng—(@. 1)
4wCeqVe,,
The phase relationship:
D20 = . (22)

For effective harmonic suppression, the capacitor must
follow the v, . (t) in (18). In addition, the coupling capacitors
must be sized to store the required harmonic energy without
reaching voltage limits or saturation. This ensures that the
second-order harmonic is trapped effectively within the
coupling capacitors, resulting in steady output and high
power quality.

The Cuk-based SM converter operates in three St to
control the input and output energy transfer. The MPC
method is designed to dynamically predict and manage
these states, thereby suppressing the second-order harmonic
components at twice the grid frequency (2w) that can arise
during operation. The primary objectives of the MPC in
this context are precise current and voltage tracking, min-
imised harmonic distortion, and efficient overall operation.
The FCS-MPC achieves these through the following key
mechanisms:

(i) Predictive regulation: Using real-time data, the MPC
predicts future state variables (ir,, ir,, and vc,,).
By anticipating the occurrence of second-order har-
monic components within these variables, the MPC
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dynamically adjusts the switching states to suppress
their impact effectively.

(ii) Cost function design for harmonic suppression: The
MPC employs a cost function J specifically tailored
to target second-order harmonics. This design ensures
an optimal balance between accurate voltage/current
tracking and the suppression of harmonic content. The
cost function J, evaluated over the prediction horizon
NpH, is defined as:

Npu 5
=0 [ it k43 = iy e+ )|
y=1

. . 2
+ W iy (e +y) — i, (k + )]
2
Wi |, Gk + ) = ve, G+ 9)| ]

+ D WA,k + ), (23)
P

where y represents the index for the prediction step within
the horizon Npy, denoting the number of future time

steps considered. The term W), ’vaq k+y)—ve,(k+y) 2
ensures that the voltage across the decoupling capacitors
vcgq(t) tracks its desired value, effectively confining the
second-order harmonic components within the coupling
capacitors rather than allowing them to propagate to the
output. This is critical for maintaining high power quality and
system stability.

The weight factors Wy, Wy, and W, play a crucial role
in prioritising specific control objectives and enhancing
system robustness. For example, setting Wy > 1 emphasises
output current tracking more, which is essential for motor
control applications where precise torque regulation is
required. This ensures effective current regulation during
driving modes while allowing for less stringent tracking of
battery current. Similarly, increasing Wj, prioritises capacitor
voltage tracking, vital for suppressing harmonic content and
preserving system stability.

Robustness is further incorporated into the cost function
through the additional term o W, Ap(k+Yy), where A, (k +
y) represents deviations in predictions due to parameter
variations, such as changes in L, Cey, and L,. These
deviations can shift the system’s eigenvalues and potentially
impact stability. By assigning appropriate weights W, the
MPC algorithm penalises such deviations, enabling it to
anticipate potential instabilities and proactively adjust its
control strategy to maintain reliable performance.

Algorithm 1 is implemented within the micro-controller
to determine the optimal S7. These states are then used to
generate the pulse-width modulation (PWM) gate signals for
the five switches of each SM, ensuring precise control and
efficient operation of the system.

A detailed breakdown of the FCS-MPC algorithm is as
follows:

« Function inputs: The algorithm takes as inputs the

actual and reference currents (ir,, izl, ir,, izn), actual
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Algorithm 1 FCS-MPC Algorithm

1: function FCS-MPC(iL,, ij , iL,» if . Vin» VCap» V,,» VCo»
Wi, Wh, Wp)
Outputs: Sp, S1, 52, S3, S4
Initialize: J,,; < oo

Define possible states:
10110
5: States= |1 1 00 1
00110

6: for S = 1to3 do

7: Predict: i, (k + 1), ve,, (k + 1), ir,,(k + 1)

8: end for

9: for St =1to3do

10: Compute cost function: 5
n: T = 200 i e+ 90 = iy G+ 9)

2
12: Wy Jif (k4 ) — i, (k +y))
2

3 Wi |V, e+ ) = ve, e+ )| ]

14: +Zp WpAp(k+Y)

15: ifjst < J()pl‘ then

16: ‘]0]7[ < .]_g[

17: STopt <~ ST

18: end if

19: end for
20: Return: St

opt
21: end function

and reference capacitor voltages (vc,,, V*ng)’ voltages
(vin and vc, ), and weight factors (W, Wy, and W,,).

« Initialisation: The optimal cost, J,;, is initialised to
infinity to ensure that any calculated cost during the
iteration will be smaller.

o Defining possible states: The algorithm defines a set
of potential S7 in a matrix format, representing all valid
combinations of switch positions.

o Prediction loop: For each switching state Sr, the
algorithm predicts the future values of key variables,
including ir, (k + 1), v¢,,(k + 1), and ir,, (k + 1). These
predictions are based on the dynamic model of the
system and the influence of the specific switching state
over the prediction horizon Npy.

o Cost calculation: The algorithm evaluates the cost
function Ji; for each switching state by computing the
squared differences between the predicted and reference
values of currents and voltages. Weight factors Wy, Wy,
and W, are applied to prioritise specific objectives.

« Optimal state selection: If the calculated cost Jy; for
an St is lower than the current J,p, the algorithm
updates J,,, and assigns Sy as optimal switching
state S7,,,,-

o Output: The algorithm outputs the optimal switching
state St,,,. This state is then used to generate PWM
signals for the system’s switches, ensuring the desired
performance objectives are met.
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4) EVALUATION OF PREDICTION HORIZON Npy IMPACT ON
STABILITY IN THE PROPOSED MPC METHOD

The linearised system dynamics are used in state-space
form for stability and robustness analysis. Using (10),
the nonlinear function f(x,u), which defines the system
dynamics, is expressed as:

. 1 M,
[, = —Vipn— =V
L=, ™ aNL, e
e, u) = | ve, = M M (24)
) - Ceq 2NCeq L, ZNCeq L .
. M,
i, = —=—V¢,, — —V
L, 21, "G T VG

The continuous-time Jacobian matrices A and B are derived
as:

_ M1
0o - 0
9 w2y
Ay - Lo N en)
0% | e ey | 2NCeq 2NC,,
2
2
L 21,
-1
) 1
g =L (26)
314 (%, u*) 0

Substituting x(k) = Ax(k) + Bu(k) from the continuous-
time model into (11) gives:

x(k + 1) = x(k) + t5(Ax(k) + Bu(k))

= (I + t;A)x(k) + t;Bu(k), 27

where [ is the identity matrix of the same size as A. The
discrete-time linearised system is represented as:

x(k + 1) = Agx(k) + Bgu(k), (28)

where the discrete-time state transition matrices are extracted
as:

Mlts
201N
A =1+ = | 20 Mot 29
d =1HBA= 150N 2CoN 29)
Mot
2L,
Iy
Bi=t8=|"|. (30)

The prediction horizon Npg in MPC plays a crucial role in
determining the stability of the system. The system’s stability
over the prediction horizon can be analysed by studying the
eigenvalues of the matrix AQIPH, which represents the effect of
the state transition over Npy steps:

x(k + Np) = Ay™Mx(k). (31)
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The eigenvalues of Ang are given by Aa(AgPH). For
stability over Npy steps, the following condition must be
satisfied:

max |, (A} <1, Va (32)
o

where o is the index for the eigenvalues. The impact of
Npy on stabilitX] is verified by simulating the eigenvalue
behaviour of A" for different prediction horizons. The
analysis involves computing the eigenvalues for various Npy
values and plotting their maximum real part (i.e., |1y (ASIPH)D
to observe trends.

As shown in Fig. 9, the maximum real part of the
eigenvalues decreases as the prediction horizon Npy increases
from 1 to 20. Initially, at Npg = 1, the maximum real
part is approximately 0.9, indicating that the system is stable
but close to the instability threshold. As Npy grows, the
maximum real part steadily decreases, reaching a value of
around 0.3 at Npg = 20. This trend suggests that increasing
the prediction horizon enhances system stability by ensuring
the control strategy accounts for a longer-term view of the
system dynamics. However, this comes at the cost of control
and computational complexities. Therefore, while a longer
prediction horizon can improve stability and robustness,
balancing the computational load associated with larger Npy
values is essential.

Stability Threshold (Re=1)

FIGURE 9. Maximum Real Part of Eigenvalues as a Function of Prediction
Horizon Npy.

B. SYSTEM-LEVEL (OUTER LOOP) CONTROL DESIGN

The outer loop control determines the reference values
for the inner loop FCS-MPC controller. PI controllers are
implemented for the outer loop controllers. The primary
consideration for utilising PI controllers is their computa-
tional efficiency and speed, critical for maintaining real-
time performance in highly dynamic systems. The outer
loop’s primary function is to ensure stability and reference
tracking, where PI controllers excel due to their simplicity
and robust performance across varying operating conditions.
While FCS-MPC offers precise control capabilities, its
computational demands are undesirable in the outer control
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layer. By employing a hybrid approach, the strengths of both
control strategies are leveraged: PI controllers manage the
overall system’s stability and performance, while FCS-MPC
is applied in the inner loop for fast and precise control of
individual SMs.

Fig. 10 illustrates the control system for driving and
regenerative braking modes. The driver-defined reference
linear velocity profile v* is converted to the rotational
reference speed w,,* by multiplying by the gear ratio G and
dividing by the wheel radius r. To track w,,*, a PI controller
Gpy(s) is employed. This controller generates the reference
electromagnetic torque 7,* necessary to compensate for
mechanical load torque. T,* in a DC motor is directly
proportional to the armature current i, * and the magnetic field

¢r as [42]:
T: = kfd)fiz = ky, iz. (33)
The same current passes through all the series-connected
SMs, therefore i,* = if . Since a PM brushed DC motor is

utilised, the magnetic field ¢y remains constant. This results
in the DC motors operating within a constant torque region.

*

(0:1 T. | lr,
BN Gats) L
eenah

FIGURE 10. Outer-loop controller for Driving/braking mode.

S Q

The gains of the PI controllers (kp and k;) can be selected to
ensure adequate phase margin (PM) and gain margin (GM),
thereby stabilising the system. The small-signal transfer
function of the Cuk-based SM can be represented as:

(o))
(o) () (20)

(34)

Ga(s) = V2 /Vin

Here, wz, and wz, denote the frequencies of the two right-
half-plane (RHP) zeros, which typically contribute phase
lag to the system. On the other hand, wp,, wp,, and wp,
represent the frequencies of the three left-half-plane (LHP)
poles, which influence the system’s stability and frequency
response.

The loop’s bandwidth (BW) is determined by the frequency
at which the Bode plots of the SM small-signal transfer
function G4(s) and the inverse of the PI controller 1/Gpj(s)
intersect, as depicted in Fig. 11. The gains of the PI controller
Gpjy(s) are tuned such that its Bode plot intersects with G4 (s)
at the desired BW frequency, ensuring stable operation with
sufficient margins for stability and performance.

Fig. 12 illustrates the outer loop controller during the
charging mode. A PI controller is employed to produce the
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FIGURE 11. Bode diagram for loop shaping method using a Pl controller
Gpy(s)-

reference signal for the input current iil (the single-phase grid
current) based on the desired charging power.

*
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Charging .
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FIGURE 12. Outer-loop controller for charging mode.

IV. MIOBC CONTROL SYSTEM EXPERIMENTAL
VERIFICATION

This section details the experimental setup and results
obtained to evaluate the proposed MIOBC’s performance and
control system.

Information regarding the parameters for the Cuk-based
SMs and the DC motors are presented in Table 3. The passive
components of the Cuk-based SMs are carefully selected
to maintain voltage and current ripples within 10% of peak
voltage and current at the operating switching frequency.

A. VERIFICATION PLAN
The primary objective of this verification plan is to evaluate
the performance and reliability of the proposed MIOBC and
its control system across various operational scenarios. The
plan outlines the testing procedures and expected outcomes
as follows:

« Operational scenarios:

— Driving mode: Assess torque and speed tracking,
as well as the system’s ability to recover from sudden
changes in the reference speed profile.

— Regenerative braking mode: Test energy recovery
performance during braking events.

— Fault scenarios: Simulate partial and complete faults
to verify FRT capability.

— Mode switching: Validate seamless transitions
between driving, braking, and charging modes.
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TABLE 3. System parameter values.

Systems Parameters Values
Switching fs=20kHz
frequency
Inductors Li=L,=1mH

g&l/[l:based Capacitors Ci =Cy=20uF
Turns’ ratio N =2
Output capacitor Co =1uF
Motor type PM brushed DC
Peak power 20 kW
Maximum current 200 A (2min.)
Maximum speed 6000 rpm
Maximum torque 140 N.m

Motor Efficiency . 98%

system Armature resistance R, =050
Armature L, =10mH
inductance
Field resistance Ry =050Q
Field inductance Ly =10mH
Field voltage V=300V
Wheel radius 30 cm
Gearbox ratio 2.5

— Outer-loop control gains: Analyse the impact
of outer-loop gains on system stability and fault
recovery.

— Second-order harmonic suppression: Verify har-
monic suppression effectiveness using MPC under
grid-connected operation in the charging mode.

B. EXPERIMENTAL SETUP

The overall layout of the experimental setup is depicted in
Fig. 13a. As shown in Fig. 13b, two DC motors are mounted
on the rear wheels using two sets of fixed gears, forming
a dual-motor configuration. The MIOBC, the control and
measurement circuits, and the HV box are mounted outside
the vehicle. These components are connected to the DC
motors via lengthy HV cables to facilitate testing.

The experiments were conducted at Lancaster University
using one of the Formula Student (FS) project electric racing
cars under various operating conditions [43]. During testing,
the vehicle’s rear wheels were elevated off the ground,
allowing data collection using an oscilloscope without
requiring the vehicle to be in motion. Additionally, the
vehicle’s mechanical brakes were employed to simulate load
torque, replicating the effects of friction and air drag forces.

Fig. 13c illustrates one of the isolated Cuk SM converters
used in the MIOBC topology. The Cuk SM incorporates
two capacitors connected in series with the primary and
secondary sides of the HF transformer, effectively blocking
DC currents. The HF transformer used in the experimental
setup is compact, thanks to the modularised structure of the
proposed MIOBC.

The physical layout of the battery box is displayed in
Fig. 14a. Each battery pack (3.6 V, 20.4 Ah) consists of
8 parallel-connected Li-ion cells (Li8P25RT), and 22 such
packs are connected in series to form each battery segment,
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(c) Isolated Cuk-based SM

(b) Dual-motor configuration

FIGURE 13. Experimental set-up.

resulting in 4 battery segments. For safety, 160 A EET
protection fuses are employed throughout the experiments.

The experimental setup incorporates a comprehensive
BMS and advanced measurement and control units. Fig. 14b
illustrates the BMS architecture, which includes a central
controller (EMUS G1), 4 Cell Group Modules (CGMs), 4 x
22 individual Cell Modules (CMs), and a current sensor. The
CGMs gather data from the CMs connected to the battery
segments, monitoring voltage, temperature, and current. This
data is transmitted to the central controller via a core
Controller Area Network (CAN) bus. The central controller
continuously monitors all parameters, ensuring they remain
within safe operating limits. Any anomalies trigger alerts
to the driver or can initiate system shutdown via the LV
control circuits. These circuits also manage car ON/OFF
operations, pedal signal processing, dashboard displays, and
safety routines.

To enable precise voltage measurements, LEM25-P sen-
sors are employed, providing a measurement range of
10-500 V and high-frequency bandwidth suitable for both
AC and DC signals. These sensors meet the fast-response
requirements of the inner MPC loop. Current sensing is
achieved using LEM LAS5-P sensors, which offer galvanic
isolation and a BW of up to 200 kHz, enabling accurate
capture of rapid current changes critical for effective feedback
control.

The control system is powered by the TMS320F28335
DSP, a 150 MHz floating-point processor capable of gener-
ating high-frequency PWM signals for the inner loop. The
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DSP interfaces directly with gate drive circuits, suppressing
the need for additional interfacing electronics. This config-
uration supports real-time monitoring and control, with data
visualised through Code Composer Studio. Additionally, the
DSP’s compatibility with the CAN communication protocol
ensures seamless integration with the BMS, enabling efficient
and coordinated EV system operation while maintaining high
safety standards.

Cell module

Maintenance
Plugs

* Central Controller

Cell Group module

(a) Physical layout

Central B e
Controller ‘ o q (éurrent
J ensor
CAN BUS 1
fcam lcem fcams Tcovs

v ¢ ¢ ¢
1//?;9)(22 //‘??XZZ /}OXZZ /j?xn

I |
Vi Voo Vi Va v,, ‘V,, Vir VJ,, Va Ve YV ‘
SR A iR HhL g B ki
Pack1 12 2 ot Lo Jedaa 2 Plck1 2 13

Segment 1 Segment 2 Segment 3 Segment 4

SN

ack 1

(b) BMS schematic

FIGURE 14. HV Battery box.

In the experimental setup, the control system of the
proposed MIOBC is designed with two distinct loops:
(1) an inner loop utilising MPC, as detailed in Algorithm 1,
and (ii) an outer loop employing PI controllers, as depicted
in Fig. 10 and Fig. 12. The inner loop operates at a high
frequency of approximately 10 kHz with a sampling time
of 10 microseconds, tailored to the fast dynamics required
for precise, real-time current control. This high-speed inner
loop rapidly adjusts control actions. It generates gate signals
for the switches in each SM, ensuring adaptive current
regulation and addressing non-linearities inherent in the Cuk
converter topology. In contrast, the outer loop operates at
a lower frequency of around 1 kHz, which is suitable for
managing system-level tasks such as speed and charging
power control. It provides reference currents (i,”i1 and izo) to
the inner loop. The control frequencies and sampling rate are
chosen to prevent aliasing, ensuring the high-speed updates of
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the inner loop effectively translate into system performance.
In contrast, the outer loop supports consistent and stable
operation across all modes.

The dual-loop control strategy enables the outer loop to
maintain system stability and regulate overall power flow,
while the inner loop ensures localised precision and rapid
responsiveness to dynamic changes. The design minimises
latency by focusing on high-frequency updates in the
inner loop, which could otherwise degrade EV performance
by slowing system responses during fast transitions and
compromising current and voltage regulation. This dual-loop
approach reduces stress on components and enhances the
lifespan of batteries and power electronics. The two loops
facilitate smooth transitions between driving, charging, and
regenerative braking modes.

C. EXPERIMENTAL RESULTS

To evaluate the effectiveness of the control systems, including
the inner loop MPC and the outer loop controller, experiments
were conducted under normal and faulty conditions across
different operational modes: driving (acceleration), constant
speed, regenerative braking (deceleration), and charging.

1) NORMAL CONDITION

The reference speed signals for the left motor wy,,* and the
right motor wy,,* are illustrated in Fig. 15a and Fig. 15b,
respectively. In practice, the wheels of a car turn at different
speeds to ensure smooth and efficient handling while
navigating turns or curves. To mimic this behaviour and
demonstrate the control system’s effectiveness in tracking
changes in reference speed signals, the left and right rear
motors’ speeds were intentionally increased and decreased at
t = 4 s, respectively. These speeds were communicated to the
DSP via the accelerator pedal.

Fig. 15c and Fig. 15d show the armature currents /,,
and I,,. Initially, these currents rise from zero to a peak
of approximately 160 A following changes in the reference
speed signals. During constant-speed operation, the currents
decrease and stabilise as the EV maintains its momentum.
Between t = 4s and t = 6s, the armature current I,
for the left motor increases, while /,, for the right motor
decreases in response to variations in speed signals. During
deceleration (regenerative braking), the armature currents
reverse direction, becoming negative, which indicates energy
transfer from the motors back to the HV battery.

Fig. 15e and Fig. 15f present the total output power of the
SMs connected to the left and right motors, respectively. As
shown, the output powers P,,, and P, are zero during the first
second because the rotor speeds wy,, * and w,,,* are zero, and
the EV is stationary. During acceleration, both output powers
increase accordingly. During constant-speed periods, P,, and
P, stabilise at values lower than their peaks as the EV
maintains its momentum. Similar to the armature currents,
the output powers respond to changes in the reference speed
signals between t = 4s and ¢+ = 6s. During deceleration
or regenerative braking, the output powers become negative,
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indicating that the motors function as generators, recharging
the HV battery.

Fig. 15g and Fig. 15h display the currents through
the battery segments (l4,,...,1sa, and Ip,, ..., Ip,). These
currents increase from zero to their maximum values during
the acceleration phase, corresponding to the rise in the
motor’s back electromotive force (emf) with speed. Once
the DC motors reach their desired speeds, the currents in
the battery segments decrease to their rated values. During
regenerative braking, the currents in the battery segments
become negative, indicating that the batteries are being
recharged in this mode.
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FIGURE 15. Experimental results: MIOBC performance under normal
conditions (acceleration, constant speed, and deceleration modes).

2) MODE SWITCHING
The high-speed inner loop control, utilising MPC, ensures
immediate adjustments to sudden fluctuations, while the
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outer loop provides stable reference currents to support seam-
less mode transitions. The experimental results presented in
Fig. 16 demonstrate the dynamic capabilities of the proposed
MIOBC control scheme, particularly during regenerative
braking.

In this mode, the control system enables rapid response
to reverse power flow, capturing energy from the propulsion
system and redirecting it to the battery. As shown in Fig. 16a,
the motor speed reduces effectively during regenerative
braking, where the converter applies negative torque to
decelerate the motor and facilitate energy recovery. This is
further confirmed by the armature current in Fig. 16b, where
a reversal in the current direction indicates the regenerative
charging process. Fig. 16¢ highlights the performance of
individual SMs in response to battery segment voltages,
showcasing the bidirectional flow of current and validating
the MIOBC’s ability to ensure seamless power transfer across
various operating conditions.

+ +

constant speed

Iy

B constant speed |
deceleration

) 1 10 A/div
1 s/div 1 s/div

deceleration ’ Py
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(¢) The currents of the battery segments for the right motor Iz, , ...Ip,

FIGURE 16. Experimental results: MIOBC performance during mode
switching (from constant speed to regenerative braking (deceleration)).

3) FAULTY CONDITION

A fault scenario was introduced to evaluate the robustness of
the control system. Specifically, the fault condition involved
disconnecting the first and third battery segments connected
to the SMs associated with the left and right motors,
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respectively. This fault was simulated at approximately ¢t =
7 s for the left motor and ¢ = 4 s for the right motor.

In this scenario, the disconnection of these battery
segments caused the current from these segments to drop
nearly to zero. The controller increased the currents from the
remaining battery segments to compensate for this loss and
maintain consistent output power.

The reference signals for the speeds of the left and right
rear wheels (wm,* and wy,,*) are depicted in Fig. 17a and
Fig. 17b, respectively. It is assumed that both wheels operate
at identical speeds.

The impact of this fault on system performance is
illustrated through the measured armature currents /,, and
Ioy, as shown in Fig. 17c and Fig. 17d, respectively. These
currents exhibit disturbances and slight increases around ¢t =
7s and t = 4s, corresponding to the fault events. However,
the control system effectively compensates for these faults,
with the currents returning to their nominal values within one
second.

A similar response is observed in the output powers
P,, and P,,, as depicted in Fig. 17e¢ and Fig. 17f. The
powers show transient disturbances but quickly stabilise,
demonstrating the system’s fault tolerance and ability to
maintain performance under adverse conditions.

4) THE EFFECT OF THE OUTER LOOP (SYSTEM-LEVEL)
GAINS DURING PARTIAL FAULT
To evaluate the performance of the PI controllers during a
partial fault in the driving mode, experiments were conducted
with the first battery segment disconnected at approximately
= 2.4 s for the left motor and the third battery segment
disconnected at approximately ¢ = 8.4 s for the right motor.
The armature and battery currents were examined for both
motors, with the left motor controlled by Gpy, (s), which uses
kp = 2 and k; = 5, targeting a PM of 32A° and a BW
of approximately 1 kHz. The right motor was controlled by
Gpp,(s), with kp = 0.1 and k; = 8, designed for a PM of
58A° and a BW of 250 Hz.

The experimental results indicate that the left motor
managed by the Gpy, (s) controller, with its higher BW but
lower PM, exhibits a faster response to the disconnection
event with relatively low overshoot, as shown in Fig. 18a
and Fig. 18c. The higher BW enables quicker current adjust-
ments, facilitating rapid recovery from the fault condition.
In contrast, the Gpy, (s) controller, designed with a higher PM
and lower BW, provides a more stable but slower response,
as illustrated in Fig. 18b and Fig. 18d. While this stability
ensures that the current through the right motor’s armature 7,5
and battery segments eventually return to their desired levels,
the lower BW results in a delayed current recovery following
the fault.

This analysis highlights the trade-offs between responsive-
ness and stability inherent in loop-shaping controller design.
A higher BW is associated with faster response times and
quicker recovery from dynamic changes, while a higher PM
promotes system stability at the expense of slower response.
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FIGURE 17. Experimental results: MIOBC performance under faulty
condition (acceleration and constant speed modes).

These results underscore the importance of selecting and
tuning controller parameters (kp and k) based on specific
performance criteria and operational constraints, balancing
dynamic performance and stability to meet the desired system
objectives.

5) SECOND-ORDER HARMONIC SUPPRESSION
Fig. 19a shows the input voltage waveform supplied to the
first SM, voa1, and the grid current, iL,, over five cycles
at a fundamental frequency of 50 Hz. The input voltage
maintains a smooth sinusoidal profile, while the grid current
exhibits minimal distortion. Fig. 19b presents the equivalent
voltage across the coupling capacitors (C; and C;), which
contains second-order harmonic components at 100 Hz.
These capacitors are critical in filtering out these harmonics
and maintaining steady voltage levels.

Fig. 19c illustrates the output current directed to the
battery -4, which exhibits a stable and consistent waveform,
confirming the effective reduction of second-order harmonics
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FIGURE 18. Experimental results: the effect of the outer loop
(system-level) controller’s gains under partial fault (driving mode.

at 100 Hz and ensuring efficient power delivery. Fig. 19d
highlights the grid charging power P,, demonstrating the
presence of second-order harmonic components at 100 Hz.
Additionally, the charging power for the first SM’s battery
segments P4, is shown in this figure, featuring a stable
waveform with minimised harmonic content. Fig. 19e
displays the stored power in the coupling capacitors (C; and
(>), again indicating the presence of second-order harmonics
at 100 Hz.

These results demonstrate that the second-order harmonic
components are effectively trapped within the SM’s coupling
capacitors, resulting in a high-quality output current to the
battery with minimal harmonic distortion.

V. DISCUSSION

The experimental results validate the effectiveness and
robustness of the proposed MIOBC and control system
under various operational and fault conditions. This section
discusses the implications of these results in the context of EV
operation and compares the proposed solution with existing
power conversion systems.

A. ANALYSIS OF EXPERIMENTAL RESULTS

The performance of the MIOBC system was thoroughly
evaluated under normal and fault conditions. During normal
operation, the system effectively managed power distribution
across driving, constant speed, and regenerative braking
modes. Stable armature currents and consistent output power
verified the control system’s ability to track changes in
reference speed signals.

The robustness of the MIOBC system was further demon-
strated by simulating fault scenarios, such as disconnecting
battery segments. The system successfully compensated for
the loss of battery segments by increasing the current supplied
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FIGURE 19. Experimental results: the suppression of the second-order
harmonic components in the charging mode.

by the remaining segments. This validated the efficacy of
the inner-loop MPC, which adapted rapidly to changes,
maintaining system stability and minimising disturbances
under dynamic fault conditions.

The high-speed inner-loop control, utilising MPC, facil-
itated immediate adjustments to sudden fluctuations, while
the outer-loop control maintained stable reference currents,
ensuring seamless mode transitions. For example, during
regenerative braking, the control system enabled rapid reverse
power flow, efficiently redirecting energy from the propulsion
system back to the battery.

The experimental results revealed that the controller with
higher BW and lower PM delivered a faster response but
exhibited lower stability. Conversely, the controller with a
lower BW and higher PM provided greater stability but
slower response times. These findings highlight the inherent
trade-offs between responsiveness and stability, emphasising
the need to carefully tune controller gains to balance dynamic
performance and system stability.

Additionally, the experimental results validated the effec-
tiveness of the harmonic suppression strategy. The input
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voltage maintained a smooth sinusoidal waveform, while the
grid current displayed minimal distortion, confirming the
system’s ability to preserve power quality. The equivalent
voltage across the coupling capacitors, which contained
second-order harmonic components at 100 Hz, demonstrated
their critical role in filtering these harmonics.

B. COMPARISON WITH EXISTING SOLUTIONS
The proposed MIOBC addresses several challenges com-
monly faced by existing power conversion systems:

o Cuk-based SMs: The single-stage isolated bidirec-
tional design enhances efficiency and safety, providing
galvanic isolation, inherent PFC, and flexible voltage
adaptation while minimising energy losses.

o Integration: Integrating the OBC with the traction
inverter reduces the system’s physical size and weight,
improving power density and simplifying the EV design.

o Modularity: The modular approach improves scala-
bility, controllability, and FRT capability, making the
system robust against component failures.

o Advanced control: The dual-loop control strategy,
incorporating MPC in the inner loop, ensures rapid
response, effective disturbance rejection, and harmonic
suppression, outperforming traditional control methods
in single-phase charging and other scenarios.

Despite its effectiveness, the proposed MIOBC’s practical
implementation will need to overcome challenges associated
with complexity, cost, and space constraints, as well as fully
validate its robustness within a vehicle installation and under
real-world conditions.

Future research will address these challenges to optimise
further the MIOBC design for improved scalability, cost-
effectiveness, and seamless integration into various EV
applications.

VI. CONCLUSION

This paper presented the design and experimental validation
of an MIOBC for dual-motor EV applications. The pro-
posed MIOBC addresses critical challenges in EV power
management, including rapid dynamic changes, efficient har-
monic suppression, and FRT capability. The modular design
enhances flexibility, scalability, and reliability by enabling
the system to operate effectively even during battery segment
or semiconductor failures. A dual-loop control strategy was
implemented to manage the complex dynamics of the Cuk-
based MIOBC. The high-speed inner loop, utilising MPC,
operates at 10 kHz to provide precise real-time control
of currents and voltages, ensuring rapid responsiveness
to dynamic changes. The outer loop, employing classical
PI controllers, operates at 1 kHz to manage system-level
tasks, including speed control, charging power regulation,
and the seamless transitions between driving, regenerative
braking, and charging. Experimental results validated the
MIOBC'’s effectiveness under normal and fault conditions.
In normal operation, the system effectively tracked reference
speed profiles, demonstrated stable power distribution, and
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maintained high efficiency across all operational modes.
During a simulated partial fault scenario, where battery
segments were disconnected, the decentralised control sys-
tem successfully compensated by increasing currents from
intact segments, maintaining stable output power with
minimal disturbances. In single-phase charging mode, the
inner loop’s MPC eliminated second-order harmonics at
100 Hz, as confirmed by harmonic-free output currents
and sinusoidal grid voltage and current waveforms. The
MIOBC also showcased advanced capabilities during mode
switching. The high-speed inner loop enabled immediate
adjustments to dynamic changes, such as reverse power flow
during braking, redirecting energy efficiently to the battery.
The dual-loop design minimised latency ensured smooth
operation, and mitigated the impact of rapid transitions,
resulting in consistent system performance across all modes.

APPENDIX

POWER LOSS ANALYSIS AND EFFICIENCY EVALUATION
To accurately evaluate the efficiency of the proposed MIOBC,
which consists of m number of SMs per motor (with two
sets for dual-motor configuration), a detailed mathematical
analysis of power losses is performed. Each SM is a
bidirectional, isolated Cuk converter with five semiconductor
switches and a high-frequency transformer. The total power
loss Pyotal can be approximated by:

P losSotal ~ P Conduction + P Switching + P Copper +P Core -
(A1)

A. CONDUCTION LOSSES
The conduction losses in the semiconductor switches and
diodes for all SMs are calculated as:
5 4
Pconduction = z mROngz(rms) + Z miDW Vpr,

=1 w=1

(A.2)

where:
o m is the number of SMs in each motor’s set,
e RoN is the on-resistance of the switches,
o I, is the RMS current through the ™ switch,
o Ip, is the average current through the w diode,
o Vpr is the forward voltage drop of the diodes.

B. SWITCHING LOSSES
Switching losses for the semiconductor switches across all
SMs are given by:

> Vinls
PSWitching = Zm Wé % (ton + toff)s

z=1

(A.3)

where:
o Vi, is the input voltage of the Cuk converter,
. isz is the average current through the z" switch,
e Ion and fof are the turn-on and turn-off times of the
switches.
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C. COPPER LOSSES IN INDUCTORS
Copper losses due to the parasitic resistance in the inductors
of each SM are calculated by:

2
Pcopper = zmrjlgj(rms), (A4)

j=1

where:
« 1j is the parasitic resistance of the jth inductor,
o I, is the RMS current through the j™ inductor.

D. CORE LOSSES

Core losses in the high-frequency transformers and magnetic

components of each SM are expressed as:

Pcore = kr Bgeakﬂzvcorev (A.5)

where:
o kr is aloss coefficient dependent on the core material,
o Bpeak is the peak flux density in the core,
« f5 is the switching frequency of the converter,
o Veore 18 the volume of the magnetic core.

E. CURRENT WAVEFORM ANALYSIS

To accurately estimate the root-mean-square (RMS) and
average values of currents flowing through each semiconduc-
tor device, detailed current waveform analysis is essential.
This subsection presents the current envelopes for each
switching state, as obtained from MATLAB simulations. The
parameters used in the simulations are listed in Table 3,
ensuring consistency with the system’s specifications. The
analysis presented here focuses on the positive half cycle
of the operation in accordance with the switching principles
discussed in Section III-A. Fig. 20 illustrates the current
waveforms for the primary side switch Sp, the secondary side
switches S| and Sy, and diodes D, D;, and Ds.

4 S i It 4 b Il
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1(ps)

o 15 0 20 25
(us)

10 15 0% 5‘ 0 15 2‘0 25
1(ps) (us)

FIGURE 20. Simulated current waveforms for primary and secondary side
switches and diodes in the positive half-cycle.
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1) PRIMARY SIDE CURRENT ANALYSIS (Sp)
The current i;, on the primary side varies throughout the
switching states as follows:

¢« STATE 1 (0 < t < t1): Switch Sp is conducting,
charging the input inductor L;. The current envelope
during this state is approximated by:

. . wt
lenle )= ILl,peak s l_ .
1

o STATE 2 (1 <t < t2): Sp remains ON, continuing to
charge L;. The envelope is:

. . 7@ —1)
lenvy, )= IL],peak s (—)

h—n

(A.6)

(A7)

o STATE 3 (1, < t < t5): Sp is OFF, and L; discharges
into the capacitors C and C,. The current decreases as:

. . 7 — 1)
lenvy, ) = ILl,peak S (l‘—)
s

The RMS value for the primary current iy, over a complete
switching cycle ¢, is calculated by:

. Tt —lg—1)
ILl(rms) = Z/ L1 peak (—4) dr,

(A.8)

Ig —1g—1
(A9)

where to = O, 1, 12, and 13 = ; correspond to the time
boundaries of each state.

The average current for iz, is:

- Tt —1t4-1)

I, = Z/ 11, peak s1n( . tq ) dr.  (A.10)

q — tq—1

2) SECONDARY SIDE CURRENT ANALYSIS (S1, S4)
The output current iy, on the secondary side flows as follows:

« STATE 1 (0 <t < #1): S1 and S4 conduct, transferring
energy to the output inductor. The envelope is:

] ( ) - 1 Sin
‘0 s *
lel‘lVla 1 L peak
ll

e« STATE 3 (-, < t < t5): S4 conducts, and the output
inductor discharges. The envelope is:

: . (7@ —1)
lenvy, (1) = IL, peak SIN - — )
s

(A.11)

(A.12)

The RMS value for ig,, is:

. 7wt — tq—l)
——) ds,
z /t L peak ( tq o tq—l )

(A.13)

IL,,(rms) =

where ty) = 0, #1, f, and 13 = t, represent the boundaries of
the switching states where iy is relevant.
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The average current for iy, is:

1q )]

- 1 Iq a(t —t,_
I,==> / I1,, peak Sin ((—) dr. (A.14)
Ig ty—1 tq - fq—l

q:1,3 q—

3) DIODE CURRENT ANALYSIS (D, D3, D1)
During the different switching states, the diode current
behaviour varies as follows:

e STATE 2 (t; <t < tp): Diodes D, and D3 conduct as
the output inductor L, discharges into the capacitors Cy
and C,. The current envelope for diode D; is:

. 7@ —1)
lenvD2 (t) = IDzypeak smy{—————J. (AIS)
Hh—1
The envelope for D3 is similar:
. .7 —1)
Lenvp, (t) = Ip; peak Sin (—) (A.16)
h—1n

The RMS currents for D; and D3 are:

2 . 7T(l _tl)
IDz(rms)—\/ / ID2 peak SiN (tz—n dr

(A.17)

. w(t—1t1)
Ips(rms) —\/ / 112)3 peak S ( f — 1 )dt

(A.18)

e STATE 3 (1, < t < t,): Diodes D; and D, conduct as
Sp is OFF, allowing the input inductor L; and the output
inductor L, to discharge. The current envelope for diode

D1 is:
. . (7 — 1)
lenvp ) = ID],peak sm (t—)
)

s (A.19)

The envelope for D, in this state can be expressed as:

. . (7@ — 1)
lenvp, 1) = IDz,peak sin t— .
s

The RMS currents for D; and D, are:

. (t —1)
Ip1(rms) —\/ / 11271 peak S ( tg—t ) ar.
s — D

(A21)

in w(t —1)
Ip,(rms) = \/ / Dy, peak St (W) ar

(A.22)

It must be mentioned that the same approach applies to the
negative half cycle, with the following state changes:

(A.20)

o STATE 1: Sp, S», and S3 are ON
o STATE 2: Sp, Dy, and D4 are ON
o STATE 3: S,, D3, and D4 are ON

196325



IEEE Access

F. N. Esfahani et al.: Hierarchical Control Design of a MIOBC for Dual-Motor EV Applications

F. EFFICIENCY ESTIMATION
The overall efficiency 1 of the MIOBC is defined as the ratio
of the output power Py to the input power Pj,. It can be
approximated by considering the total power loss Pjoss,,, as
follows:

P out
Pout + Plossmml ’

where Pyt & Vo1, and Pjegs,,,, 1S extracted from (A.1).

The MATLAB simulation results depicted in Fig. 21
illustrate the efficiency 7 trends of the MIOBC under various
conditions, specifically focusing on the number of segments
and the continuous power range. The analysis is conducted
using system parameters detailed in Table 3.

For the purpose of these simulations, core and copper
losses have been neglected. The highlighted points in Fig. 21
illustrate specific conditions, such as low power with few
segments (point Pp), optimal performance with moderate
power and segment count (point P»), and reduced efficiency
at high power with excessive segments (point P3).

1A~ (A.23)
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FIGURE 21. Simulation results of MIOBC efficiency for different numbers
of segments and a range of continuous power.

The results reveal that as the number of segments increases,
the efficiency initially improves due to better power distri-
bution and reduced strain on individual devices. However,
the efficiency begins to decline beyond a certain threshold
(in this case, more than four segments), primarily due to
the increased complexity and the associated switching and
conduction losses. The efficiency decreases as the continuous
output power increases, reflecting higher conduction and
switching losses at elevated power levels.
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