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Abstract
The rapid electrification of road transportation demands efficient and

reliable power conversion solutions for high-performance electric vehicle
(EV) drive systems. This paper presents the modelling and simulation of an
Insulated Gate Bipolar Transistor (IGBT)-based Active Front-End (AFE)
rectifier for 270 V DC bus applications in EVs. The proposed system regulates
the DC-link voltage while maintaining near-sinusoidal input currents and
unity power factor. The AFE rectifier is modelled in the synchronous
dqreference frame and controlled using cascaded voltage and current loops
implemented in MATLAB/Simulink. Proportional-Integral (PI) controllers
are designed via closed-loop transfer function analysis to achieve fast
transient response and robustness against line and load variations.
Simulation studies under steady-state, dynamic, and transient conditions
demonstrate effective harmonic suppression, stable DC-link voltage, and
improved power quality. The results indicate that the proposed AFE rectifier
control scheme is a practical solution for 270 V DC bus regulation,
supporting the integration of onboard chargers, battery packs, and traction
motor drives in electric vehicles.

Keywords: Active Front-End (AFE), DC-link voltage regulation, Electric vehicles, PI
control, Power quality, Traction drives.
Introduction

The rapid shift toward sustainable transportation is driving increased demand for
highly efficient and reliable electrical power systems in electric vehicles (EVs) and hybrid
electric vehicles (HEVs). At the heart of these systems is the power conversion stage,
which governs energy exchange among the grid, the battery storage system, and the motor
drive [1]. Selecting an appropriate DC-link voltage is essential for maintaining power
quality, optimizing efficiency, and ensuring overall system stability across diverse
operating conditions.

Early generations of EV power electronic systems primarily employed low-voltage

(12/48V) architectures and unidirectional converters dedicated to auxiliary loads, whereas
the increasing requirements for traction power and onboard charging have shifted
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research focus toward higher DC-link voltages and bidirectional converter topologies [2].
Within this technological evolution, voltage-source Active Front-End (AFE) rectifiers
have become a key interface for regulated DC buses, as they provide near-unity power
factor, low input harmonic distortion, and regenerative capability, all of which closely
match the demands of EV charging and drive-cycle operation [3,4]. A regulated 270 V
DC bus has consequently emerged as a promising solution, particularly for medium-
voltage EV platforms, heavy-duty vehicles, and specialized applications such as electric
buses and construction machinery [5].

A 270 V DC architecture enables reduced conductor cross-sections due to lower

current levels, enhances inverter efficiency by mitigating switching stress, and offers a
practical compromise between safety constraints and performance requirements [6,7].
Furthermore, its alignment with standard semiconductor voltage ratings and common
battery pack configurations strengthens its suitability as an intermediate DC-link level in
EV powertrains. Despite these benefits, realizing robust voltage regulation and preserving
high power quality at this voltage level remains challenging, especially under dynamic
operating conditions such as acceleration, regenerative braking, and DC fast charging [8].

Modelling approaches for AFE rectifiers range from detailed switching models to
averaged synchronous dg-frame representations. Switching models describe device-level
behavior and PWM-induced ripple with high fidelity but are often computationally
prohibitive for system-level studies and systematic controller synthesis [9,10]. In contrast,
averaged dq-frame models support control-oriented analysis by providing a clear
separation between active-power (d-axis) and reactive-power (q-axis) control channels,
thereby enabling tractable assessment of bandwidth, stability margins, and disturbance
rejection for EV operating conditions, including acceleration and braking transients as
well as grid- and charger-induced perturbations [11,12]

Regarding control strategies, cascaded control structures with an outer DC-link
voltage loop and an inner current loop remain the de facto standard because of their
robustness and transparency in design [13],[14]. The inner current loop typically employs
PI regulators with cross-coupling compensation terms (+wL) to decouple the d—q
dynamics, while the outer loop regulates the DC bus voltage by generating the active-
current reference i;. Advanced implementations further incorporate grid-voltage
feedforward, disturbance observers, and anti-windup schemes to improve performance
under large transients [15,16,17]. Phase-locked loop (PLL) synchronization is also
essential; grid-connected EV chargers and hybrid/EV generators commonly use robust
PLL schemes, such as synchronous-reference-frame PLL (SRF-PLL) variants, to
maintain accurate phase alignment and resilience against harmonics and grid voltage sags
[18].
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Alternative control schemes for AFE rectifiers include resonant controllers, Hy, /-
synthesis, and model predictive control (MPC), which have been introduced to enhance
harmonic suppression, robustness against parameter variations, and transient response in
demanding operating conditions [19,20,21]. Although these advanced methods can
surpass conventional PI control within certain operating ranges, they typically involve
higher computational complexity, more intricate tuning procedures, and reduced
transparency, all of which complicate certification and real-time deployment in
automotive Electronic Control Units (ECUs). As a result, carefully tuned PI controllers
with dg-axis decoupling remains the dominant choice in production-oriented systems,
particularly when supported by accurate plant identification and clear bandwidth
separation between the voltage and current control loops [22].

In terms of modulation strategies, sinusoidal PWM (SPWM) is widely adopted
because of its simplicity and well-characterized harmonic spectrum, whereas space-
vector PWM (SVPWM) achieves superior DC bus utilization and slightly reduced
switching losses, benefits that become more pronounced at higher modulation indices and
over wider operating ranges [23]. For 270 V EV DC buses, both SPWM and SVPWM are
technically feasible, and the final selection is often driven by controller sampling limits
and electromagnetic interference (EMI) constraints. EMI/EMC compliance continues to
be a critical design driver in automotive power electronics, where spread-spectrum PWM
techniques and carefully optimized input/output filter designs are used to satisfy CISPR
and ISO regulatory standards without incurring excessive cost, volume, or weight [24].

From this review, many high-fidelity AFE rectifier models are unsuitable for EV
drive-cycle analysis and controller tuning because their computational burden is
excessive, whereas several reduced-order or small-signal models neglect important large-
signal effects, including non-minimum phase behaviour relevant during step torque
changes and regenerative braking. At the same time, advanced control schemes can
surpass PI performance only in specific operating niches, often at the cost of increased
implementation complexity and reduced transparency, which limits their practicality in
automotive applications.

These observations motivate an AFE-CRU framework that: (i) employs a dg-
averaged model with explicit decoupling and feedforward, enabling robust cascaded PI
control; (i1) targets a 270 V DC-link representative of medium-voltage EV platforms; and
(111) is validated under realistic load transients corresponding to acceleration, grade
variation, and regenerative events [25]. Such a framework offers a balanced compromise
between model fidelity, interpretability, and computational tractability, making it well
suited for EV-oriented design and control workflows. The remainder of this paper is
structured as follows: Section II introduces the overall system architecture and control
strategy, Section III details the AFE rectifier modelling in the synchronous dqreference
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frame, Section IV presents simulation results under diverse loading scenarios, and Section
V summarizes key findings and outlines prospective research directions.

System Architecture and Control Strategy

Overview of the 270 V DC Power System
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Figure 2. Three-phase two-Level AFE converter

The proposed system regulates a 270 V DC bus for electric vehicle (EV) drive
applications. At its core is an AFE rectifier, enabling bidirectional power flow between
the AC source (representing either the grid during charging or an onboard generator in
hybrid configurations) and the DC bus. The AFE ensures tight voltage regulation while
shaping AC input currents to meet harmonic distortion and power factor requirements
[26].

The 270 V DC bus functions as the central interface linking the main subsystems:
the traction motor drive through a voltage-source inverter, the battery or energy storage
system through a bidirectional DC/DC converter, and auxiliary loads such as HVAC,
lighting, and control electronics through appropriate step-down converters. This work
considers a single-source configuration in which a Permanent Magnet Synchronous
Generator (PMSG) supplies power to the DC bus via the AFE rectifier, as illustrated
conceptually in Figure 1, with future extensions planned for multi-source topologies
involving two or more generators. Such an architecture facilitates centralized energy
management and supports efficient allocation of the available power between propulsion
and non-propulsion loads, thereby improving overall system effectiveness in EV
applications.

Active Front-End Rectifier (AFE CRU)

The AFE rectifier is implemented as a three-phase Voltage Source Converter (VSC)
using Insulated Gate Bipolar Transistors (IGBTs), as depicted in Figure 2. Its primary
functions are to regulate the DC-link voltage at 270 V across all loading conditions,
achieve near-unity power factor at the AC input by controlling the input current phase
angle, attenuate low-order harmonics to satisfy automotive power quality standards (e.g.,
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ISO 7637, IEC 61000), and enable regenerative braking energy to be returned to the grid
or stored in the battery pack [27].

Rectifier operation is governed by Sinusoidal Pulse Width Modulation (SPWM) of
the IGBTs, while the anti-parallel diodes provide a natural freewheeling path for the input
current during switching transitions, thereby supporting bidirectional power flow [28].
Consequently, the AFE-CRU performs both rectification and controlled regeneration to
the AC mains, which is essential in automotive applications that require efficient energy
recovery during regenerative braking. The converter is controlled in the synchronous dg-
reference frame, where the control variables are decomposed into active (d-axis) and
reactive (q-axis) components, simplifying the design and tuning of the current and voltage
controllers [28].

The DC-link capacitor is crucial for maintaining voltage stability on the DC side by
filtering the ripple induced by converter switching [29],[30] and it’s sizing strongly
influences the dynamic response, voltage ripple level, and harmonic content on the DC
bus , . This fundamental topology forms the basis for subsequent analysis of converter
dynamics, control strategy development, and performance assessment under diverse
loading and operating conditions.

Control Strategy

The 270 V DC bus is controlled using a hierarchical cascaded control structure
comprising an outer voltage loop and an inner current loop, as illustrated in Figure 1. The
outer loop regulates the DC-link voltage and generates the d-axis current reference iy,
while the inner loop regulates the d- and g-axis currents, izand i,, using PI controllers
with appropriate feedforward decoupling terms [31].

To ensure effective decoupling of the dg-axis dynamics, feedforward compensation
is incorporated so that the cross-coupling terms are counteracted within the inner current
loop. The current loop is designed with a higher bandwidth than the voltage loop to
achieve fast current tracking and strong disturbance rejection, whereas the voltage loop
operates more slowly to shape the active power flow via the d-axis current reference.
Modelling of the AFE Rectifier in the Synchronous dq-Reference Frame

The AFE rectifier is modelled in the synchronous rotating reference frame (dg-
frame) so that AC quantities appear as DC variables under steady-state conditions, which
greatly simplifies their control in EV applications. This modelling approach facilitates
independent regulation of active and reactive power, since the d- and g-axis components
can be handled by decoupled control loops.

1)  Reference frame transformation
To enable effective control of the AFE-CRU, the original three-phase system

equations are reformulated in a rotating reference frame aligned with the grid voltage.
Direct control of the three-phase input voltages v, is difficult because they are
sinusoidal and time-varying, so they are first mapped into the stationary af frame via the
Clarke transformation, where the quantities become easier to analyze and form the basis
for subsequent conversion into the synchronous dgframe [32].
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Although the Clarke transformation removes redundancy by mapping three-phase
quantities into the stationary affframe, the resulting signals remain sinusoidal and time-
varying. Subsequently, the Park transformation is applied to rotate the af frame into the
synchronous dqframe, aligned with the grid voltage vector angle 8, so that under steady-
state conditions the transformed variables become constant and are suitable for DC-like
control implementation [32].

v,| 2| cos@ sinf |v,
LJ _E{—sinﬁ cos GIVJ 2)

In this formulation, fdenotes the instantaneous grid voltage angle, which is
estimated using a phase-locked loop (PLL). The d-axis is aligned with the grid voltage
vector so that the d-axis current directly represents active power transfer, while the g-axis
current is associated with reactive power exchange [31]. By independently regulating the
d- and g-axis currents, the AFE-CRU can enforce near-unity power factor, reduce input

current harmonics, and tightly control the DC-link voltage to meet EV power quality and
performance requirements.

2)  Plant model in the dg frame
Neglecting measurement delays and PWM switching effects, the dynamics of the

rectifier-side AC currents in the synchronous dqreference frame can be expressed [33]:
: di, .
vd—de+LE—a)equ+vdl, (3)

_ di, _
v,=Ri, +Lz+a)ede +V,0

where R and L are the AC-side resistance and inductance, w. is as a set of coupled first-
order differential equations that relate the d- and g-axis currents to the corresponding
converter voltage commands, grid voltages, and filter parameters. This representation
captures the dominant low-frequency behavior of the AFE rectifier while remaining
simple enough for control design and stability analysis in EV applications.

In these expressions, Rand L denote the AC-side resistance and inductance, w,is the
electrical angular frequency, izand i are the dg-axis currents, and v4q, V4qare the dq-axis
control voltages synthesized by the AFE converter. The dq-frame current dynamics are
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intrinsically coupled through the cross terms proportional to wL, which link the d- and g-
axis states and complicate independent current regulation.

To enable decoupled control of izand i, feedforward compensation terms are
added in the current controllers, as expressed in (4) [34], so that the cross-coupling
components are effectively canceled and each axis approximates a first-order system. In
addition, grid-voltage feedforward is incorporated to enhance disturbance rejection,
particularly during load steps and grid-voltage perturbations, thereby improving dynamic
performance of the AFE-CRU.

To realize this decoupling, the commanded control voltages are shaped as:
To decouple the channels, we command
V. =v, - (-oLi) +v,,
cross—souplng ¥
v;: v, - (+o,Li) +v,,
-
cross—coupling
where vy qand v are the outputs of the d- and g-axis PI regulators, and
Vg g1 Vg srepresent the grid-voltage feedforward components. This structure yields

approximately decoupled current loops, which simplifies controller tuning and supports
robust performance over the EV operating envelope.

so that the inner controllers act on the “reduced” plants

() 1
Guls) = Vi(s) Ls+R (5)
G, (s)= ﬁ: ! :
! V.(s) Ls+R

3)  Inner current controllers

The inner control loop directly regulates the converter currents in the synchronous
dqreference frame, specifically the d-axis current izand g-axis current i;, where i4is
associated with active power and i, with reactive power. Two independents Proportional—
Integral (PI) controllers are employed to track the izand ijreferences, enabling accurate
current regulation and fast dynamic response, with the controller gains obtained from the
corresponding system transfer functions.

k;

Cu(s)= kpd—l—Td’ (6)
k;

C,(s) kaq+—q.
S

With unity feedforward of the grid voltages v4, v and appropriate compensation

of the cross-coupling terms, the closed-loop current dynamics in each axis reduce to an
approximately second-order system. Under these conditions, the d- and g-axis current
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responses can be shaped via PI tuning to achieve desired natural frequency and
damping, providing predictable transient behavior and simplifying bandwidth
coordination with the outer voltage loop.

1,(s) kpds+kid

[(s) Ls"+(R+k,)s+ky )
1,(s) k,.s+k,

['(s) L +(R+k,)s+hk,

Matching to the standard form

2
@

ni

sS+20 w5+ @), (®)

yields the well-known tuning relations

k,()=2¢w,L- R,}

ki(') :a)jiLa (9)
where wy; is the current-loop natural frequency (rad/s) and ¢; the damping ratio. In

practice, wy; is selected such that

®,<0.1-0.20, (10)
with w=2nf; the switching angular frequency, to avoid excessive modulation delay
interaction [35]. In this paper, the current loop is designed with a bandwidth of 200 Hz,
while the outer voltage loop has a slower bandwidth of 10 Hz to ensure hierarchical
stability. Controller gains k, and k; are tuned to achieve a damping ratio of 0.707. The
calculated PI controller gain parameters are obtained as k,(.) = 1.677 and ki(.) = 1579.137.
Since unity power factor is desired, we set the reference i, = 0. Reactive power control,
if needed, is achieved by commanding i," # 0.
4)  Outer DC-link voltage controller

The primary role of the outer control loop is to regulate the DC-link voltage around
its reference value, thereby guaranteeing a stable and reliable supply to the downstream
loads or connected DC bus. Because the DC-link dynamics are inherently slower than the
AC-side current dynamics, this voltage loop is intentionally designed with a lower
bandwidth than the inner current loop, and its output is the reference for the d-axis current
i, which governs active power flow.

The DC-link capacitor dynamics can be described by an energy balance relation
that links the capacitor voltage to the net power exchange between the AFE rectifier and
the DC-side loads, forming the basis for deriving the voltage-loop transfer function and
tuning the outer PI controller.
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v
de __ : -
C 4 =1,~1,

where C is the DC bus capacitance, vqc is the bus voltage, iqc is the current drawn by the
downstream loads such as the inverter, battery, or auxiliary converters, and i; the net DC
load current. In order to simplify the analysis, i1 is assumed to be zero. Using the standard

Yy

\ A

power balance approximation

.3 . :
Bic = Vdcldcz E(led-i_ vqlq )’

(12)
and with voltage-oriented alignment (v, = 0) and i; — 0, we get
dv, 3v
C—den (=) .
a2 (13)

Linearizing around (vac,iz) and treating 3/2(va/vac) as a constant gain Ky, the voltage-to-
current small-signal plant becomes

Vils)  Km

=T o s (14)

The outer PI controller

kiv
C(5) =k 2= 15)

closes the loop to yield a second-order behaviour:

172



International Journal of Science Technology Education Entrepreneurship & Management (IJ-STEEM) Vol. 2. No.1 March, 2026

INTERNATIONAL JOURNAL OF SCIENCE
TECHNOLOGY EDUCATION

ENTERPRENEURSHIP AND MANAGEMENT

(IJ-STEEM)
ISSN: 3093-0898 Journal homepage: https://atbuijsteem.com.ng/journal IJ-STEEM

Ve(s) K, (k,s+k,)
Vils) s°+K,k,s+K,k, (16)
Matching to wn, ¢ gives

_ 2é/va)nv
nET (17)

m

2
[

nv

2% Km ‘
For the voltage controller, the natural frequency and damping ratio are set to 10 Hz
(wny = 2m X 10rad/s)and 0.707, respectively, ensuring a well-damped response of the
DC-link voltage. In line with common design practice, the outer voltage-loop bandwidth
is selected to be roughly one-tenth of the inner current-loop bandwidth to guarantee
stable, well-coordinated cascaded control while remaining within the limits imposed by
the converter switching frequency.

Table 1: System Parameters

Symbol Quantity/Description Value
Vs System supply voltage 115V rms
R AC side resistance 0.1 Q
L AC side inductor 1 mH
C DC-link capacitance 2.4 mF
RL DC side load resistance 40 Q
F System frequency 400 Hz

Ssw Switching frequency 10 kHz
Vi Reference DC-link voltage 270 VDC
kepy Voltage loop proportional gain 0.316
kiv Voltage loop integral gain 14.037
kpd g Current loop proportional gain 1.677
kiaq Current loop integral gain 1579.137

Using these specifications, the PI gains for the DC-link voltage controller are
obtained as k,,,, = 0.316and k;, = 14.037, providing adequate dynamic performance
without exciting high-frequency dynamics. This dg-frame modeling and control design
framework underpins advanced vector-control implementations, enabling precise
regulation of the 270 V DC bus while satisfying automotive power quality and
electromagnetic compatibility requirements, which makes the approach well suited for
EV applications where both power quality and transient response are critical [26].
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Simulation Results and Discussion

Time-domain simulations were carried out in MATLAB/Simulink to validate the
performance of the proposed 270 V DC power system. The simulation model incorporates
the Active Front-End (AFE) rectifier and the 270 V DC bus, with the AFE described in
the synchronous dq-reference frame and controlled via decoupled voltage and current
loops tuned to ensure stability and adequate dynamic response over a wide operating
range.

Simulation Setup

The simulated system consists of a three-phase AC supply connected to the 270 V
DC bus through the AFE rectifier. The supply is modelled at 115 V rms (line-to-line), 400
Hz, with the DC bus reference fixed at 270 V, a converter switching frequency of 10 kHz,
and a nominal load resistance of 40 (2. A Permanent Magnet Synchronous Generator
(PMSG) provides the primary source, feeding the AFE through a controlled rectifier
stage, while PWM voltages v,;, V1, and v  are applied at the rectifier input terminals
and the DC-link voltage is filtered before entering the control block, as sketched in Figure
3 and implemented in the CRU switching model of Figure 4. Simulations are performed
under steady-state, dynamic, and transient conditions, and the key electrical and control
parameters are summarized in Table 1.

Steady-State Operation (Nominal load)

Under rated load, the DC bus voltage is tightly regulated around 270 V, and the AC
input currents remain nearly sinusoidal while satisfying harmonic distortion limits and
operating at approximately unity power factor. In this operating mode, the DC-link
reference voltage is set to 270 V and the g-axis current reference igis held at zero,
enforcing in-phase operation between the grid voltage and current. Figures 5 and 6
illustrate the resulting steady-state current tracking: Figure 5 shows that the instantaneous
d-axis current izclosely follows its reference iy, ensuring accurate DC-link voltage
control, whereas Figure 6 confirms that the g-axis current ijtracks i; = 0, thereby
maintaining unity power factor at the AC input.

idref id

40

20 ey v . R - . v v

0.099 0.1 0.101 0.102 0.103 0.104 0.105 0.106 0.107 0.108

idx (A), id (A)

Time {sec)

Figure 5. Comparison of reference and instantaneous d-Axis current components (iz* and

id)
g igref iq
=
- 5
'&" O allha als thba o dde abi _hha olhal ada  Bha ol aha_ b oAb ahh lada ohha 2l dlda odl
—_— i Al e h Al A d A h el AR A A L el LA h bl L el b A bl A el b Al b el A
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Fig. 6. Comparison of reference and instantaneous g-axis current components (i;* and i,)
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Figure 7 shows the steady-state DC-link voltage response, where the measured
voltage rapidly converges to the 270 V reference within approximately 0.1 s, confirming
stable and well-damped voltage regulation. The corresponding three-phase line currents
in Figure 8 exhibit symmetrical, nearly sinusoidal waveforms with low ripple content,
indicating that the total harmonic distortion remains within acceptable limits for
automotive power electronics.

Figure 9 further illustrates that the supply phase voltage v,and current i are closely
in phase, thereby validating that the system operates at or near unity power factor under
nominal conditions. These results collectively demonstrate the effectiveness of the dg-
frame control strategy in achieving robust steady-state performance of the 270 V DC bus
in EV applications.

wvdcret

wdc

280
260
240 /

220

o o.1 0.2 o3 o4 0.5 0.6
Time {sec)

vdex (V) vdc (V)

Figure 7. Steady-state waveforms of reference and measured DC-Link Voltage (vq-* and
Vdc)
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Figure 9. Steady-state waveform of input voltage and current in phase (v, and i,)

Step Change in Load

A step change in traction motor demand from 6.25 A to 12.5 A is applied at t = 0.2 s.
Following this disturbance, the DC bus voltage experiences a transient sag of
approximately 10—15 V but rapidly recovers to the 270 V reference within about 0.1 s, as
shown in Figure 10, demonstrating the strong dynamic performance of the outer voltage
control loop.

Figure 11 shows that the AC source currents increase proportionally with the load while
remaining balanced and nearly sinusoidal, confirming correct operation of the AFE under
dynamic conditions. As depicted in Figure 12, the supply voltage and current remain
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effectively in phase throughout the transient, preserving unity power factor and validating
the effectiveness of the proposed control strategy.
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Figure 10. Response of the DC-link voltage (va4.) to a step increase in load current
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Figure 11. Response of the line currents (iusc) to a step increase of load current
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Figure 12. Response of input voltage and current (v, and i,) to a step increase of load
current
Step Change in DC-Link Voltage

A step change test is performed by increasing the reference DC-link voltage from
270 Vto 300 Vatt = 0.2 s. As shown in Figure 13, the measured DC-link voltage tracks
the new reference within roughly 40 ms, highlighting the fast dynamics and robustness
of the designed outer voltage controller.

Figures 14 and 15 depict the corresponding current and voltage responses. The
higher DC-link reference causes an increase in the d-axis current i;to charge the DC-link
capacitor, while the g-axis current i;remains close to zero, so that the line current
magnitude rises but the phase alignment between supply voltage and current is preserved,
thereby maintaining unity power factor during the transient.
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Figure 13. Response of DC-link voltage controller to a 30 V step change in DC-link
voltage
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link voltage
The simulation results show that the AFE rectifier and its associated control

structure are able to maintain tight DC bus regulation over a range of operating conditions,
including steady-state, load steps, and DC-link voltage changes. Both transient and
steady-state responses exhibit fast recovery following disturbances and high-quality AC-
side currents with low harmonic content, confirming the suitability of the proposed 270
V DC system for electric vehicle drive applications and motivating further studies on
multi-source and renewable-integrated configurations to assess scalability.
Conclusion

This paper has presented the modelling and simulation of a 270 V DC power system
for electric vehicle drive applications, with particular emphasis on the AFE rectifier and
its control implementation in the synchronous dg-reference frame. The AFE has been
shown to regulate the DC bus voltage effectively while maintaining nearly sinusoidal
input currents and high power factor, thereby validating its applicability in modern EV
drive architectures that require both power quality and efficiency.The simulation results
across different loading scenarios confirm that the proposed system can deliver reliable
power to both traction and auxiliary subsystems, even under dynamic operating
conditions, and demonstrate that:
1)  The AFE rectifier provides robust DC-link voltage regulation.
i1) The dg-based control strategy decouples active and reactive power components,

enabling independent control of DC bus voltage and grid-side reactive power; and
ii1)) The system preserves stability and performance across a wide range of load

profiles, underscoring its adaptability for EV applications.

Future work will extend the present single-source framework to multi-source

configurations combining grid charging and onboard generation, investigate advanced
control approaches such as model predictive and adaptive control to enhance dynamic
performance and fault tolerance, and pursue hardware-in-the-loop and experimental
validation to translate the simulation findings into practical EV powertrain
implementations.
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