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Abstract:

Using partial power processing (PPP) in the bidirectional DC-DC stage, this work aims to
design and build a novel three-port boost AC-DC converter that enables on-board rapid
charging for electric cars. The proposed three-port converter (TPC) significantly reduces
charging time and allows higher-power operation without additional device stress, in contrast
to conventional two-stage chargers that use a two-port AC-DC converter followed by a full-
power-processing (FPP) DC-DC converter. The PPP-based DC-DC stage reduces power
processing in the power conversion chain, which further improves efficiency. With its three
distinct output voltage levels, the suggested TPC also reduces switching losses. To control the
flow of power between the battery, AC, and DC connections, a Sliding Mode Controller
(SMC) is utilized. With the SMC, the converter can be reliably controlled regardless of the
load, grid voltage, or battery status. Its ability to withstand external disturbances and
parameter uncertainties allows it to regulate the DC-link voltage precisely, operate at unity
power factor on the AC side, and respond quickly to transient situations. As a result, the
charging process is more reliable and the system is more stable overall. When PPP and the
suggested SMC-based control strategy are used together, the DC-DC stage processes a
fraction of the total power, which leads to smaller converters, lower costs, and reduced losses.
This is in comparison to traditional two-stage FPP-based chargers, and this is true even
without the use of soft-switching techniques. We use a MATLAB/Simulink-based model for
6.6 kW to assess the performance of the proposed charger under various operating situations.

I. INTRODUCTION on-board EV chargers consists of an AC-
Quick and effective charging solutions, on DC converter with two ports and a DC-DC
par with traditional fuelling systems, are converter with full power processing
required due to the accelerated uptake of (FPP), as seen in Figure 1(a) [5] - [8]. The
electric vehicles (EVs) [1]. Developing DC-DC stage uses constant-
high-power on-board chargers is crucial current/constant-voltage (CC/CV)
since the charging speed is a big obstacle regulation to charge the batteries in such
to EV adoption. But in traditional AC-DC systems, while the AC-DC stage keeps the
topologies, getting a lot of power on board DC-link voltage (VH) constant. The AC-
increases the size, rating, losses, and cost DC and DC-DC stages can be subjected to
of the converter [2] — [4]. The two-stage voltage stress levels of 400-600V when
architecture often used by conventional fed single-phase AC inputs, which
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increases the size and cost of the device
and limits its ability to operate at high
power [9] - [I1]. Overall efficiency is
further reduced and bidirectional control
becomes more complicated due to the
requirement for high-current-rated
components in the DC-DC stage [12] —
[15]. A number of methods for improving
efficiency have been suggested to
overcome these restrictions; they include
soft-switching, high-gain single/two-stage
converters, and DC-DC stage partial-
power processing (PPP) [16]-[18].
Although  soft-switching does  boost
efficiency, the control complexity grows
dramatically and peak values in FPP-based
chargers stay between 93% and 96% [19].
By reducing the of power
processed by the converter and increasing
efficiency with fewer components, PPP
lowers converter stress and improves
battery life [20]. The proposed work
incorporates a bidirectional PPP-based
DC-DC stage with a three-port boost AC-
DC converter, as seen in Figure 1(b).
Although the DC-DC stage handles some
power, the three-port converter (TPC) is
responsible for immediately delivering the
bulk of the power needed to charge the
batteries. Charging efficiency is improved,
devices may be made smaller, and strains
on the switches are reduced as a result.

amount

The TPC further reduces switching losses
by providing three separate voltage levels.
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Fig. 1. General architecture of. (a)
Conventional charger with FPP two-port
converter, and (b) proposed fast charger
with three-port converter. To achieve
robust operation under variations in grid
voltage, battery state-of-charge, and load
demand, a Sliding Mode Controller (SMC)
is proposed to regulate power flow among
the AC, DC, and battery ports. The SMC
ensures fast dynamic response, unity
power factor at the AC side, and precise
DC-link  voltage regulation,  while
inherently tolerating parameter
uncertainties and external disturbances.
Integration of SMC with PPP ensures that
only partial power is processed by the DC—
DC stage, reducing losses, size, and cost,
while enhancing overall system reliability
and efficiency.

Main Contributions

1. Integration of a three-port boost AC-DC
converter with PPP reduces the DC-DC
stage rating while delivering high charging

power.
2. Application of a Sliding Mode
Controller provides robust and fast

regulation of DC-link voltage, battery
current, and AC power factor.

3. The proposed charger reduces switch
voltage and current stress, switching
losses, and component size, improving
efficiency.

4. The combination of PPP and SMC
allows for high-speed EV charging without
the need for complex soft-switching
techniques.

In summary, the proposed TPC with PPP-
based DC-DC stage and SMC addresses
the limitations of conventional two-stage
chargers, offering higher efficiency,
reduced cost, and faster charging suitable
for on-board EV applications.
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II. CIRCUIT CONFIGURATION,
STEADY-STATE ANALYSIS, AND
DESIGN

The proposed on-board EV charger
consists of a three-port boost AC-DC
converter (TPC) at the front-end, followed
by a bidirectional buck—boost DC-DC
converter with partial power processing
(PPP), as shown in Fig. 2(a). The TPC
comprises switches S,,, S, diodes D,
D,, inductor L;, and DC-link capacitors
Cyand C;. The bidirectional DC-DC stage
consists of switches Sp;, Sppand inductor
L,. For a single-phase 220 V system, the
DC-link voltage Vyis regulated at 400V,
while the battery charging port Vyis
controlled at 270 V.
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Fig. 2. Proposed PPP converter based fast
charger and Pulse generation and
switching waveforms.

The PPP architecture allows a direct
transfer of power from the lower port V;to
the battery (bypass path, red line in Fig.

2(a)), while the DC-DC converter
processes only a fraction of total charging
power. Consequently, the charger can still
supply the full battery charging power
while significantly reducing the size, cost,
and voltage/current stress on the DC-DC
converter.

A. Modes of Operation

The TPC operates in two distinct modes:

Mode-1 (V;,, < V):

e Switch S, remains ON, and diode
D, is reverse-biased.

e Switching state 1: Inductor

L;stores energy through S,,and S,,;,

while capacitor C;supplies the

battery directly (Fig. 3(a)).

e Switching state 2: Switch
Switurns OFF, S, remains ON, and
diode D,conducts, releasing energy
from L;to the battery (Fig. 3(b)).

e In this mode, the complete
charging power is provided directly
by the TPC.

Mode-2 (V;, > V):

e Switch S, remains OFF, while
Swswitches ON and OFF.

e Switching state 1:S,is ON,
D,conducts, and L;stores energy
through the voltage difference
Vin = Vp(Fig. 3(c)).

e Switching state 2:S,,turns OFF,
D,conducts, and the battery
receives charging power through
Cyvia the DC-DC stage (Fig. 3(d)).

e Charging power is shared between
Cyand C;, with most power still
directly transferred via Cj.
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Fig. 3. Converter/Charger operation over
one switching cycle during (a)—(b) Mode-
1. (c)~(d) Mode-2.
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B. Volt-Second Balance and Duty Ratios
Applying volt-second balance for the boost
inductor L;, the relation among Vi,, V,,

and Vyfor the two modes is:

. { Vp(1—dy), Mode-1
= \Vydy + (Vp + Vy)(1 —d;), Mode-2

where diand d,are the duty ratios of
switches S,and S,,;, respectively. These
duty ratios are given by:

V.
1-— ﬂ, Mode-1
d, = Vs
- Vin - Vb
1———, Mode-2
Vy
Vin
d, _ 1- V—b, Mode-1
0, Mode-2

For V,=220V, V,=270V, and
Vy = 130V, the duty ratio variations over
a switching cycle are shown in Fig. 4(a).
Only one high-frequency switch operates
in each switching cycle.

C. Inductor Current Ripple
Considering a switching period Tgfor TPC,

the peak-to-peak current ripple in L;is:
(Vi
% d,T,,
Vin =V,
kab d,T,, Mode-2
Substituting (2) into (4):

Mode-1
Al =<

(Vp
7(1 - dZ)dZTSJ Mode-1
Al = <

Vy
T (1-d,)d;T;, Mode-2

The maximum ripple occurs at d; = 0.50r
d, = 0.5, which aligns with the duty cycle
variations shown in Fig. 4(a).
D. Power Transfer Analysis
Assuming lossless operation:

¢ Instantaneous input power:

Voly
pin(t) = Vinlin = T (1 — Cos Zwt)

Power through Cyto DC-DC stage
(Mode-2):

m—arcsin(Vp/Vp)
Py = J. I, sinwt(1 — dy)Vy dwt
arcesin(Vp/Vp)

Power directly transferred to battery:
T
PL :f pin d(l)t_PH
0

Fraction of direct power:

P Py 2V + Vs -V
dir = —7————— — —arcsin— + —cosarcsin—
Jo pin dt B %

The fraction S4,depends only on the ratio
Vy/Vpand is independent of the DC-link

voltage V.

E. Component Design
e (supplies battery charging current
and can be an electrolytic capacitor.
e (ymitigates
voltage ripples and is typically a
film capacitor.

high-frequency

e Inductors L;and Ljare designed
considering  maximum  ripple
current and duty ratios for both
modes.
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e DC-DC converter rating is reduced
due to PPP, as it only processes a
fraction of total power.

F. Sliding Mode Controller for TPC

A Sliding Mode Controller (SMC) is
employed to regulate DC-link voltage Vy,
battery current, and AC input current,
ensuring:

1. Robust operation under input voltage
variations.

2. Fast dynamic response for transient
conditions.

3. Partial power processing efficiency by
directing most power through the lower
port.

The sliding surface is defined as:

s(t) = ky(Vg — Vi) + ko (Ip = I)
where Vjand [jare reference DC-link
voltage and battery current, and k4, k,are
control gains. The switching law ensures:

u(t) = ugq — K sign(s)
where u,qis the equivalent control, Kis the
gain for robustness, and sign(s)provides
fast

discontinuous ~ switching  for

convergence.

III. CONTROL STRATEGY

The control strategy of the proposed
charger is designed to achieve unity power
factor (UPF) operation while maximizing
the power transferred directly through the
TPC, thereby minimizing the power
processed by the DC-DC stage. To achieve
this, a dual-carrier pulse-width modulation
(PWM) scheme is employed in
combination with a Sliding Mode
Controller (SMC) for robust regulation.

1. Mode-1 (V;, <Vp): C, > v, where
switch S,,remains continuously ON, and
diode D;stays OFF. Switch S,,; operates at

high frequency, supplying the battery

This article can be downloaded from https://ijerst.org/index.php/ijerst

predominantly through the lower port
C, (single-stage conversion).

2. Mode-2 (Vi,, > Vp): C, < v.p, where
switch S,,is switched ON/OFF,
Swiremains OFF. In this mode, the battery

and

receives power through both the lower
port (direct) and the DC-DC stage, but
the majority of power still flows directly
via TPC.

The Sliding Mode Controller regulates the
DC-link voltage Vyand battery current
Ipwhile ensuring robust operation under
grid voltage variations and load changes.
The sliding surface is defined as:

s(©) = ki (Vg — Vi) + ko (Ip — 1)
where Vgand [jare reference DC-link
voltage and battery current, and k4, k,are
control gains. The control law is:
u(t) = uegq — K sign(s)

Here, u,4is the equivalent control for
nominal operation, Kis the gain for
sign(s)provides
discontinuous switching to ensure fast
convergence of the system to the desired
operating point. The SMC ensures precise
DC-link regulation, unity power factor,

robustness, and

and fast transient response during supply
or load variations.

IV. RESULTS AND DISCUSSION

The performance of the proposed charger
is validated using MATLAB/Simulink
under both steady-state and dynamic
operating conditions for a rated supply
voltage of 220V, 50 Hz.

The device voltage stress across switches
Swand S, is 110V (Vg —V,) and 290V
(for Vyat 60% SOC),
significantly lower than conventional two-
stage FPP chargers (400-650 V).

The DC-DC stage processes only ~10 %
of the total battery current (~2.3 A), while
~90 % of the power is delivered directly

which is
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via the TPC, demonstrating the efficiency
of PPP. The pulse waveforms confirm:
Mode-1: S,,ON, S,,; switching

Mode-2: S,,switching, S,,; OFF

The three-level output voltage at the
battery is observed (270 V-400V-0V),
corresponding to the lower and upper port
operation.
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Fig. 4. Simulated Performance of proposed
fast charger during change in vs (a) from
220 V=270V, and (b) from 270 V-220 V.

' (—\ {1}

Fig. 5. Simulated performance of proposed
fast charger during change in load i.e., Ib
changes from full load to half load.

CONCLUSION

This paper presents a three-port boost AC—
DC  converter integrated with a
bidirectional buck—boost DC-DC stage
using partial power processing (PPP) for
on-board fast EV charging. A Sliding
Mode Controller (SMC) is implemented to
regulate DC-link voltage, maintain unity
power factor (UPF), and ensure robust
operation under supply and load variations.
The proposed charger achieves the
following: High efficiency (~99.2 %)
without requiring soft-switching due to the
majority of power being delivered directly
to the battery via TPC. Reduced device

This article can be downloaded from https://ijerst.org/index.php/ijerst

voltage and current stress compared to
conventional two-stage full-power-
processing (FPP) chargers, enabling higher
charging currents with smaller switches.
Robust performance under supply voltage
fluctuations, load transients, and start-
up/shut-down conditions due to the
inherent robustness of the SMC.
Significant reduction in DC-DC converter
rating due to PPP, which lowers the size
and cost of the charger. Three-level output
voltage at the Dbattery,
switching losses and improving dynamic
response. Simulation results validate that
the proposed charger effectively combines
high efficiency, compact design, fast
charging capability, and robust control,
making it a promising solution for next-
generation EV on-board chargers.

minimizing
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