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ABSTRACT The human intervention free bidirectional efficient energy exchange between the grid and
Electric Vehicles (EVs) relies on effective bidirectional power flow control in Wireless Power Transfer
(WPT) system. This essential bidirectional control feature enables the grid to charge the EV’s battery and,
during surplus energy periods, allows the EV to feed power back to the grid. This capability facilitates
the implementation of Vehicle-to-Grid (V2G) functionalities. Implementing this bidirectional flow requires
sophisticated modulation techniques to ensure seamless power transfer and optimize overall efficiency.
In comparison to pulse width modulation, pulse density modulation (PDM) proves more effective in
minimizing switching losses in the converter. PDM efficiently manages the amplitude of high-frequency
pulses generated by the inverter and converter systems for WPT applications. However, the PDM techniques
are not effectively investigated in the bidirectional wireless power transfer system (BWPT). In this paper,
Fuzzy Logic Controlled Pulse Density Modulation (FLC-PDM) approach for the BWPT is proposed for
the first time. This approach uses dual side pulse density control for high-frequency converters with the
fuzzy rule base to adjust the pulse density and duty ratio based on the load demand. The proposed approach
aiming to optimize efficiency across diverse loads and regulate the output voltage and provides effective
control approach for the BWPT system. This method ensures constant switching frequency output voltage
regulation and delicate shifting operation for high-frequency converter switches, requiring no additional
components. The circuit simulations and hardware prototype testing are performed for the 3.7 kW power
rating and 85 kHz operating frequency to validate the proposed FLC-PDM approach for the BWPT circuit
and yielded an efficiency over 93% across diverse load resistances and pulse densities.

INDEX TERMS Electric vehicle (EV), bidirectional inductive power transfer (BIPT), pulse width modula-
tion (PWM), pulse density modulation (PDM), zero-current switching (ZCS), zero-voltage switching (ZVS).

I. INTRODUCTION

Frequent power outages, escalating due to an aging grid and
climate change, have led to economic costs of $100-$200
billion annually, impacting comfort, productivity, and public
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safety [1], [2]. Distribution system outages are more common
than transmission system disruptions which requires effective
solutions [3], [4]. The growing interest in EVs introduces
the potential requirement for mobile Energy Storage Systems
(ESSs) to serve as backup power sources, spinning/non-
spinning reserves, and grid regulation providers [5], [6].
Despite their marketability, current EVs lack the capability
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to share the power to the power grid or provide services,
attributed to unidirectional charging systems. Integrating
EVs into the energy landscape shows promise for sup-
porting renewable energy and stationary ESS, enhancing
grid resilience and stability. Overcoming charging limita-
tions in EVs represents a crucial step towards realizing
their full potential in grid services and emergency backup
power [7]. WPT through inductive coupling has emerged as
a versatile technology, facilitating the wireless transmission
of electrical energy between sources and loads [8]. This
approach ensures flexibility, precision, and safety, proving
effective in industrial and everyday applications. Current
research focuses on achieving low cost, simplicity, and reli-
ability, particularly in the context of charging EVs [9].
The rise of bidirectional WPT systems, particularly for EV
charging, underscores the significance of a time-varying mag-
netic field in inducing voltage for effective bidirectional
power transfer [10]. Traditionally, WPT systems focused on
one-way power flow, with research aimed at improving effi-
ciency, compensation strategies, and handling misalignment.
However, recent applications demand bi-directional power
flow, such as those involving regenerative braking, vehicle-
to-grid (V2G), or vehicle-to-home (V2H) energy storage
systems [11]. In bi-directional WPT, controlling the amount
and direction of power flow is typically achieved through
either phase or magnitude differences between the transmitter
and receiver coils [12]. These differences are created by
dedicated power converters on both sides, requiring effective
control algorithms. While existing methods offer benefits
like communication-free operation, they can also be com-
plex. Additionally, considerations for magnetic design in
bi-directional WPT systems have been explored in recent
research [13], [14].

Among different designs for BWPT systems, a current-
sourced approach is seen as ideal for facilitating V2G
applications [15]. This system allows for power exchange
between the grid and multiple independent devices. To con-
trol the grid current and maintain a stable DC voltage, a grid
integrated bidirectional converter is used [16]. In contrast to
unidirectional WPT systems, the suggested BWPT system
demands more intricate control mechanisms. This complexity
arises from the identical converter topologies and compen-
sation networks on both ends, particularly when considering
a single receiving unit. Typically, controlling the direction
and amount of power flow relies on manipulating the voltage
phase angle or magnitude produced by the converters. For
battery charging applications, maintaining a specific active
power level while minimizing reactive power is crucial [17].
However, detuned systems can suffer from variations in
parameters and component tolerances, making this consis-
tency difficult to achieve. To overcome this hurdle, a control
technique relying on power-frequency droop characteristics
has been suggested [18]. However, adopting this approach
entails a trade-off, leading to heightened reactive power and
volt-ampere rating as the operating frequency undergoes
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changes. The Series-Series (SS) compensation, known for
its straight forward design and stable resonance frequency,
is extensively utilized in high-power IPT systems, offering
control over load and coupling factors [19]. Recognizing the
impact of voltage and current on transmitter and receiver
coils, achieving highly efficient WPT involves exploring var-
ious control algorithms. Conventionally, the regulation of
output voltage or current in WPT systems involves employing
phase shift control (PS), variable frequency control (VF),
pulse density modulation (PDM) control, or alternative DC-
DC converters [19], [20], [21]. However, challenges arise
with VF and PS control, as achieving Zero Voltage Switching
(ZVS) conditions across a wide load range proves difficult.
However, efficiency is a major concern in BWPT systems,
especially at high operating frequencies. Soft-switching the
system across a wide range of voltages and loads is cru-
cial for both efficiency gains and reducing electromagnetic
interference. For unidirectional topologies, various meth-
ods have been proposed to ZVS on the primary inverter
side [22]. These approaches include parameter tuning, con-
trol strategies, cascaded dc-dc converters, and incorporating
controllable branches [23], [24], [25]. A key advantage of
BWPT is the use of dual active bridges instead of a secondary
rectifier. This allows for easy control of bidirectional power
flow through phase-shifting and secondary bridge modulation
for impedance tuning. Despite the introduction of a dual
phase-shift (DPS) modulation strategy aimed at minimiz-
ing coupling coil losses, the challenge persists in achieving
full soft-switching across a broad operating range [26].
Another strategy, the triple phase-shift (TPS) modulation,
has been presented to tackle issues related to load match-
ing and ensure zero voltage switching (ZVS) for all power
switches throughout the entire power range [27]. However,
this method neglects reactive current in its optimization,
limiting further efficiency improvements. In Phase-Shift
Modulation (PSM), a prevalent strategy for high-frequency
inverters, adjusting the phase difference between leading
and trailing bridge arms alters output voltage. Yet, this
approach struggles with low loads and significant current
harmonic components. Addressing the surging demand for
EVs and the necessity for bidirectional power flow, PDM
techniques have gained attention. Unlike traditional PWM,
PDM adjusts energy transfer time during specific intervals,
offering higher-resolution control, along with ZVS and Zero
Current Switching (ZCS) tuning methods to enhance energy
transfer efficiency. To achieve ZVS and ZCS for primary
and secondary side converter switches, a conventional PDM
technique regulates the output voltage. A proposed dual-side
controlled system by H-Bridge inverter aims to boost overall
efficiency without an additional DC-DC converter. Neverthe-
less, the effectiveness of this approach is impacted by the
dependence of the SS compensation topology on coupling
coil parameters. This reliance can potentially result in signifi-
cant output voltage and current ripples due to prolonged PDM
duration. The proposed PDM technique, applied for inverter
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switching on both sides of the WPT system, enhances system
efficiency, particularly under moderate load conditions. This
method ensures constant switching frequency output voltage
regulation and delicate shifting operation for high-frequency
converter switches, requiring no additional components. The
primary contributions outlined in the paper include:

o The FLC tuned dual side PDM technique for the BWPT
system to provide better control and improved system
performance.

o The performance of the proposed system is validated for
the G2V and V2G modes of operation under different
pulse density conditions and load variations.

o The circuit simulation and experimental prototype vali-
dation of the proposed FLC-PDM are performed for the
BWPT system.

Section III describes the modes of operation of Pulse Density
Modulation (PDM). Section IV elaborates on the Power Con-
trol using PDM techniques. Section V discusses the switching
strategy sequence for pulse pattern identification in FLC-
PDM. Section VI presents the simulation results during G2V
and V2G mode of operation. Finally, the section VII discusses
the experimental results and discussion.

High Frequency
Secondary Side Converter
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FIGURE 1. Block diagram of SS compensated BWPT system.

High Frequency
Primary Side Converter

Il. BIDIRECTIONAL POWER TRANSFER SYSTEMS

The SS compensation of the BWPT system is illustrated
in Figure 1. A single-phase, voltage-fed inverter composed
of four MOSFETs (S{-S4) is connected to a DC source.
An equivalent series resonance (ESR) tank, consisting of Cp
and Lp, is connected to the output of the inverter through
a series resonant circuit, facilitated by a wireless charging
coil with the coupling coefficient (K). The coefficient M
represents the mutual inductance between the primary and
secondary coils of the magnetic coupler.

The primary function of SS compensation is to operate res-
onantly at the switching frequency wgs and can be described
as follows:

1 1
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Similarly, the coupling coefficient of the coil can be described

as,
K = M+/LpLs )
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where Lp and Lg are the inductance of the primary and
secondary sides. The energy is transferred from the primary
to the secondary terminals. The resonant circuit at the sec-
ondary side mirrors the primary side resonant circuit, and
an H-bridge converter connection is established using four
MOSFETs (S5-Sg). The DC-link capacitor is denoted by CS,
and the load resistance is denoted by Ry. The switching
pairs of the primary and secondary sides are S1&S4, S2&S3
and S5&Sg, Se&S7 respectively. The angular frequency is
represented by the expression w = 2xfL, where w is the
angular frequency, f is the operating frequency and L is the
inductance of coil. The converter and inverter switches are
identical, that makes the current to flow in both forward and
reverse directions between the primary and secondary sides.
The fundamental harmonic approximation approach can be
used to determine the fundamental components of current
phasors, ignoring loss resistance, where,

1
I = —jaV; L, — Lfi = 3)
4 a)glcl
1
ip =—jaVp Ly — Lfp = —— 4
p>Lp wfzcz

From (3) and (4), it is described that the current phasors of
a BIPT circuit with specified parameters are solely depen-
dent on the output voltage of the other side’s converter in
a steady state. Figure 2 shows the equivalent circuit of the
bidirectional WPT system. It consists of three impedances
namely input impedance ZP, mutual impedance ZLM and
output impedance ZS. From these values, equations of the
primary and secondary parameters can be expressed as

1
Zp = Ziy + jo((Lp — Ly) — (——)) )
Cp
1
Zs = Req +jo((Ls — Ly) — (—-)) (6)
2
Zim = joLy || Ls @)
Cr LyLn L.L, Cs
Y Y Y

Vp

@ Lmn Vs

FIGURE 2. Equivalent circuit of the BWPT system.

1ll. PDM TECHNIQUE FOR POWER CONTROL

PDM offers two operational states: Injection Mode (IM) and
Operational Mode (OM) [28]. In IM, two MOSFETs are
turned on while the remaining two are turned off during each
half-resonant cycle. Transitions from IM to OM involve ener-
gizing a single MOSFET while the others remain inactive.
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Within each switching cycle, Ton represents the duration of
the active mode, while Topr represents the duration of the
passive mode. The sum of these durations (Ton + Torr)
equals the total time period (T). The High-Frequency Con-
verter functions as a standard diode bridge, delivering power
to the load in the active mode. It switches control in the
passive mode, where the output filter capacitor supplies the
load, leading to a reduction in the output voltage.

L [\ [\ [\

b \.j U U T
Va >T(s)
A\ »T(s)

< Tox » Torr
. - %scillation
A | Mode
Vab | - Dela‘j »T(s)
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FIGURE 3. PDM-based power control operation.

The PDM technique maximizes the input voltage and
current drawn from the high-frequency converter, as demon-
strated by equations (8) and (9).

242V,

T
22V,
R,

where (d) represents the Pulse Density can be expressed by
the equation (10),

Vs = x d ®)

Is = x d ©)

T
g — LoN
Trpm

(10)

Equation (11) conveys the following specification for the
WPT system regular output power of the implementing the
PDM technique

8Ve
P()—PDMZ dRs:Pmax

22
TR}

Ton \°
T ) (1D

PDM

Equation (11) shows that adjusting the duty cycle (d) regu-
lates the output power. The load receives its maximum power
when d = 1. During the Operational Mode (OM) state of the
PDM controller, the switches are remain in their transition
conditions until the state changes. Figure 3 illustrates the
control logic for the switches under PDM operation and the
rectifier’s input voltage waveform. The blue solid line in
the figure represents the gate control signals for the active
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mode of switch conduction switches S; and S4. Whereas
the red dashed line representing the passive modes of the
switches S, and S4. Both converter voltages (Vp) and inverter
voltages (Vg) can be represented as bipolar square waves.
These waveforms consist of three distinct voltage levels: zero,
positive, and negative. Various switching combinations of
these levels are employed. The predetermined length of the
PDM logic sequence defines the bipolar wave as a sequence
of K total pulses. This sequence includes negative and posi-
tive square waves. Furthermore, an absence of oscillations is
incorporated. Due to the time dependence of the PDM pulse
sequence, it is possible to represent the voltage waveform
Vap with respect to time. The PDM Converter adjusts its
RMS output voltage by repeating “‘run and stop’ in accor-
dance with a control sequence. The circuit waveform f(x),
with a magnitude of V, can be expressed in trigonometric
series form using the Fourier series described in equations (4)
and (5). This expression is given as follows:

a, = % /T Vf(x)cos 27mxdx
T Jo
wheren=0,1,2,3,....... 00 (12)
2 (T . 2mnx
b, = T/o Vf (x)sin T dx
where n=0,1,2,3,....... 00 (13)

Here, n indicates the n'! order of the Fourier-Series

1
0y = ———— (14)
0= o JIC
KTy
7=220 (15)

2

The equation (14) & (15) representing the resonant frequency
as (w0) and (T) represent the period of the periodic pulse
beginning with the K pulse.

IV. PDM MODE OF OPERATION

Here, the control technique keeps the frequency constant and
adjusts the powering period to change the pulse density of the
inverter. ZVS is achieved throughout the entire power control
range due to the fact that the switching frequency cannot
be changed. Concurrently, the MOSFETs S, and S3 become
active at the zero level with respect to the conduction of the
switches S1, S4 on the primary side. Meanwhile, MOSFETs
Se and S7 become active at the zero level, whereas secondary
side conduction enables the switching of MOSFETs Ss, Sg.
The traditional PDM control method consists of solely two
categories: active and passive modes. Modes I and II are
referred to as the active mode or Injection mode, whereas
Modes IIT and IV are known as the passive mode or oscillat-
ing mode. In Active Modes, the High-Frequency Converter
functions at specific resonant cycles as a square-wave volt-
age source with an amplitude of V, whereas in the passive
mode, it functions for some cycles as a zero-voltage source.
To enable ZVS implementation, it is imperative to maintain
a negative and positive current during the transition from
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(-Vdc to +Vdc) and (4+Vdc to -Vdc) of the output voltage.
The input voltage (VRrgr) is governed by the functioning of
the MOSFETSs on both the primary (S1-S4) and secondary
(S5-Sg) sides. The underlying principle of conventional PDM
is to vary the pulse density of the control signals originating
from the High-Frequency Converter at both terminals.

A. INJECTION MODE OR ACTIVE MODE(IM)

The switching pairs S; and S4 are assigned on the primary
side in the direction of current flow, while the switch pairs S
and Sg are situated on the secondary side. On the primary side,
current moves in a positive direction through Sy, capacitor Cy,
the transmitter coil, and S4. In contrast, on the secondary side,
the current passes through the receiver coil, capacitor Cp, Ss,
resistive load, and Sg. The duty cycle of switches has been
selected as 50% on both the converter and inverter sides.

iy
1l T

3l

! [

o= El
J=&

FIGURE 4. (a) Converter operates in positive (IM) mode (b) Converter
operates in Negative (IM) mode.

As illustrated in Figure 4 (a), the switching position
was modified in accordance with changes in the direction
of the current. As power transfer is takes place from the
input(primary) side to the output(secondary) terminal via a
loosely coupled inductance, there is a surge in current, leading
to an elevation in load voltage due to the charging of the
DC capacitor. During the negative mode of IM, the current
travels through the primary side via Sy, Cy, the transmitter
coil, and S3. Similarly, the current flows through the par-
allel capacitance (C,), the switches (S7, S¢), the resistive
load, and the receiver coil on the secondary side, as shown
in Figure 4 (b).
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B. OSCILLATING MODE OR PASSIVE MODE (OM)

In OM mode, the gate turn-on signal is provided to a MOS-
FET positioned at the top or bottom limb, respectively,
as depicted in Figures 5 (a) and (b). To provide a conduct-
ing path for the current, switches Sy & S4 at primary side
and S¢ & Sg in secondary side are activated in this mode.
As power is transferred from the primary input side to the
secondary output terminal through a loosely coupled induc-
tance, an increase in current occurs. This surge in current
results in a rise in load voltage, attributed to the charging of
the DC capacitor. During the transition from IM to OM, the
state of a single MOSFET is altered. The ZVS state can be
achieved to the on-state MOSFET, similar to the Transition
state. During the transition, an individual MOSFET modifies
its conducting state, achieving ZCS.

(a)

N
Il ! '[

3y, 15 Co—— EI
Il
.
[ oll

S| Ss|

(b)

FIGURE 5. (a) Converter operates in OM (Upper Switch conduction) state
(b) Converter operates in OM (Lower Switch conduction) state.

The primary (S1&S3) and secondary (S5&S7) switches are
in the upper switching conduction state, with positive cur-
rent flowing through the primary coil via switch Sy, parallel
capacitor (Cy), the transmitter coil, via switch S3, and the
secondary coil through switches S5 and S7 via the parallel
capacitor (Cp). As part of a control sequence, the PDM
Converter cycles run and stop in order to modify the rms
output voltage. During the transfer of power from the primary
input side to the secondary output terminal through a loosely
coupled inductance, an increase in current occurs, resulting
in a rise in load voltage attributed to the charging of the DC
capacitor. A negative current flow from the primary coil side
through the, switch S;, parallel capacitor (Cy), transmitter
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coil, and switch S4, and vice versa for the secondary coil
through switches S¢ and S8 via the parallel capacitor (C»).

Gate Pulses
For Switches

x |_Sl)&54
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Control Output For Switches
Ss&Sg

X_.

High Frequency
Signal
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For Switches
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Fuzzy Logic
Control Output

Low Frequency
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(b)

FIGURE 6. (a) Block diagram of gate Pulse generation for primary side
converter (b) Block diagram of gate Pulse generation for Secondary Side
Converters.

V. FUZZY LOGIC CONTROL-BASED SWITCHING
STRATEGY FOR PDM

For improving the effectiveness and performance of wireless
power transfer systems is achieved by using the Fuzzy Logic
Control-Based Switching Strategy for PDM in BWPT sys-
tem. This approach uses fuzzy logic control to optimize the
PDM technique’s switching decisions, making it especially
suitable for bidirectional power transfer applications. Fuzzy
logic allows the control algorithm to be more adaptive to
changing and unpredictable operating conditions by allowing
human-like reasoning and decision-making to be incorpo-
rated. The PDM technique involves maintaining a constant
inverter switching frequency slightly higher than the load res-
onant frequency to minimize switching losses. Figure 6 shows
a logic circuit that generates pulses for inverter switches. The
gate signals for MOSFETs S1 through S4 on the primary
side and MOSFETSs S5 through S8 on the secondary side
converters are illustrated in Figures 6(a) and (b), respectively.
The process involves logically contrasting pulse signals with
high frequencies (85 kHz) and low frequencies (80 Hz). The
PDM controller’s duty cycle is defined as:

fo,
appy = —2 (16)
tpDM
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FIGURE 7. Block diagram of Series-Series (S-S) Compensated FLC- PDM
Controlled BWPT system.

where (ton) and (toff) represent the time periods during which
the PDM pulses transition from On to Off, respectively.

The duty cycle (D) is determined by the output power
(Po) or from the output voltage and current value. The D
value changes based on the difference between the reference
value (Prr) and the actual value. Figure 7 illustrates the
block diagram to control the BWPT system for the proposed
converter using FLC-PDM. The proposed technique regulates
the output voltage of an inverter/rectifier, eliminating the need
for a dc-dc converter.

This process modulates the pulse density of the inverter’s
switching signals, ensuring constant switching loss across the
load range due to the absence of variation in the switching fre-
quency. Figure 8 illustrate the flowchart to generate the duty
cycle based on fuzzy system. The focus was directed towards
the four resonant cycles, resulting in the converter’s output
voltage being a periodic waveform. In this waveform, the
average output voltage corresponds to 3/4 when compared to
full power operation, as indicated by equations (17) and (18).

T 3
p=-9_2 (17)
T 4
T = NT, = Ton + Torr (18)

The resonant circuit (Vap) enters a zero-voltage state when
the fourth cycle shows an off-period (Topr) in the resonant
converter. It operates in modes I and II, producing square
wave voltages oscillating between (+Vab and -Vab) during
the period of [Ton], which comprises three resonant cycles.
This is referred to as Oscillation Mode (OM) or Passive
Mode. Table 1 provides the fuzzy table for duty cycle gen-
eration for PDM pulses, offering the range of duty cycle to
be generated for the optimal PDM pulse width. Fuzzy logic
presents an approach to adaptively control indeterminate and
non-linear issues. The FLC requires two input parameters:
error (PO) and the change in error (APO), and a single out-
put parameter (DPDM). The triangular membership function
(MF) is chosen to describe variables (PO, APO, DPDM) in
the range [—1, 1], as illustrated in Figure 9. Table 1 displays
the rule base, encompassing seven membership functions
identified as LN, MN, SN, Z, SP, MP, and LP. Each of these
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FIGURE 8. Fuzzy-PDM control strategy.
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FIGURE 9. FLC's membership function input and output parameters.

functions corresponds to the respective classifications: zero,
small positive, medium positive, and large positive.

In accordance with the rule basis, the PDM pulses for the
inverter switches are generated using the control signal sup-
plied by FLC. The designed FLC will regulate the modulation
index (Dppm) in order to monitor the specified power. The
FLC with 7 MF has lower time domain specifications with
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optimum rules, while the controller with 9 MF has similar
results but requires an increased number of rules, requiring
more space and time for computation. Therefore, 7 MF con-
tinues to be the most effective and preferred selection in this
article as illustrated in Table 1.

TABLE 1. Fuzzy system for duty cycle generation for PDM.

Po/APo| LN | MN | SN V4 SP | MP | LP
LN LN | MN| SN | SP | MP | LP V4
MN |MN | SN | SP | MP | LP Z LN
SN SN | SP | MP | LP V4 LN | MN

Z SP | MP | LP Z LN | MN | SN
SP MP | LP V4 LN | MN | SN | SP
MP LP zZ LN | MN | SN | SP | MP
LP V4 IN | MN | SN | SP | MP | LP

Consequently, by changing the pulse density of the square
wave voltage, it is possible to regulate the output power of the
converter. By continuously operating all MOSFETs at zero
current, lower frequency control in the PDM can significantly
reduce switching losses. The converter’s output voltage dis-
plays a periodic waveform over four resonant cycles, allowing
precise control of output power by adjusting pulse density.
The continuously cycling nature of each MOSFET at zero
current significantly reduces switching losses compared to
control based on lower frequency pulses. The investigation
involves a switching pattern consisting of active and passive
modes for each pulse.

In a typical SS topology application, voltage fluctuations
may occur due to load resistance changes. To uphold voltage
stability, it is essential to fine-tune the pulse density D, and
the overall efficiency hinges on the collective impact of pulse
sequences. The finite solution for the arrangement of IM
and OM states can be achieved across various densities by
integrating the respective configurations. The design phase
procedure involves computing efficiency for each combina-
tion to identify the optimal pulse sequence for each density.

Stage 1: Determine the K value of the PDM sequences

Stage 2: To generate the pulse combinations with a speci-
fied density within a K-length sequence, expressing voltages
(VINV), and (VRECT) in different forms using the combina-
tion definition.

Stage 3: Optimal power transfer efficiency at a standard
pulse-density D can be chosen by utilizing the outcomes from
the earlier stage 2 and incorporating them into efficiency
calculation processes with the utilization of measured system
parameters.

Stage 4: Attaining the most efficient Pulse Density Mod-
ulation (PDM) sequence involves integrating different pulse
densities D together into the aforementioned steps. The
sequence of the PDM is identified as containing a specific
quantity of K pulses, and the proportion of IM states within
the generated sequence is denoted by the pulse density D.

VOLUME 12, 2024
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VOLUME 12, 2024

Fundamental{85000Hz)=6.514¢-05, THD=4.27%
1 1 1 I 1 I I 1 i ] FE O TA

R p
S T
; i 1

Mag (% of Fundamental)

I
n
i

0 085 1.7 2585 34 425 51 505 68 7.6 85 035

Frequency(Hz) x10°
()
Fundamental{85000H2)=6.514¢ 05, THD=4.27%
T T T T T T T T T-4 A0RRY
aor 1
2.5 -
Ead 4
i
8
=
E1st -
=
-
<
2ok 4
H
Z 0.5 4
0

0 085 17 255 34

425 51 505 68 6 85 935
Frequency(Hz) x

(b)

Mag (% of Fundamentaly
-
]

2
n

)

0 085 17 255 34 425 51 505 68 7.6 B5 035y

©
Fi 0001628, THD=4.28%
T T T T T T T T T T T

2.0- 1

"
n
T
i

Mag (% of Fundamental)
-
=3
7
i

e

n
T
L

e

o 0.85 1.7 255 34 425 51 595 68 7.6 85 935
Frequency(Hz) x10°

@

FIGURE 11. (a) THD of Transmitter Coil Side Current for G2V operation

(b) THD of Receiver Coil side current (c) THD of Transmitter Converter Side
Current for G2V operation (d) THD of Receiver Converter side current for
G2V operation.

Equation (19) provides an equation for calculating the
combined quantity current(I) for each density

1=c{™* pelo, 1 (19)
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FIGURE 12. Voltage and Current waveforms of Primary side of Converter
in Charging Mode (G2V) of operation (a) § = 30% (b) § = 50% (c) § = 70%.

Consequently, the formula (20) can be employed to articulate
the total count of combinations that necessitate computation.

A= Z I (20)

De[0,1]

The modulator adjustment step P and the quantity K are
interconnected through the equation (21)

P=1/K 1)

As per equation (21), it is evident that a greater number of
pulses in the sequence leads to an increased computational
workload. Simultaneously, it is observed that the adjustment
step P is inversely proportional to K. Therefore, striking
a balance between adjustment precision and computational
load becomes crucial. Equation (21) elucidates that the com-
putational workload rises with an increase in the number of
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FIGURE 13. Voltage and Current waveforms of Primary side of Transmitter
Coil Pad in Charging Mode (G2V) of operation (a) § = 30% (b) § = 50%
() § = 70%.

pulses in the sequence. Conversely, the relationship between
K and the adjustment step P can be mathematically expressed
as inverse proportionality. Thus, achieving a balance between
calculation quantity and adjustment precision is necessary.

VI. SIMULATION RESULTS

A Simulink model was developed in MATLAB to simulate
a SS compensated BWPT system using Fuzzy-PDM con-
trol. The proposed system parameters were set to design
for 3.7 kW power and resonance frequency of 85 kHz. The
inverter supplied a 325 V DC input voltage, and the PDM
frequency was chosen to be 85 Hz. Detailed circuit parame-
ters can be found in Table 2. The switching frequency of the
IPT converter was determined through simulation to match
the resonance frequency (85 kHz) with a load resistance of
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8 = 70%

TABLE 2. Electrical circuit parameters for BWPT Systems.

S: No Parameters Symbols Values

1 Input DC Voltage N 325V

2 Load Voltage Vou 360 V

3 Coupling Co-efficient K 0.1-0.4

4 Switching Frequency £ 85 kHz

5 Mutual Inductance M 46.4 uH

6  Primary Side Series Gy 31 nF
Compensation Capacitor

7  Self-Inductance of the L, 116 uH
Primary Coil

8  Self-Inductance of the L, 116 uH
Secondary Coil

9  Secondary Side Series Cs 31 nF
Compensation Capacitor

10  Capacitance Filter Co 27 uF

11 Load Resistance R 35Q

35 Q. Both the converter-side switches (S1-S4) and (S5-Sg)
are operated at different duty ratios of the PDM signals.
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FIGURE 15. Voltage and Current waveforms of Secondary side of

Converter in Charging Mode (G2V) of operation (a) § = 30% (b) § = 50%
(€) & = 70%.

The resulting Total Harmonic Distortion (THD) for the
85 kHz switching frequency was 4.27% on the transmitter
coil side and 4.28% on the receiver coil (G2V side), as illus-
trated in Figures 11(a), (b), (c) and (d). The THD at the coil
and converter side is below the 5% range only. Moreover,
the fundamental and third harmonic components are only
dominating in the system. The duty ratio and pulse density are
varied based on the load voltage and current. The triangular
membership function is used to tune the density with Fuzzy
rule base.

A. POWER FLOW FOR G2V (CHARGING MODE)
The G2V simulation is performed for the duty of 30%, 50%
and 70% and the voltage and current across the primary side
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FIGURE 16. Voltage and Current waveforms of Load in Charging Mode
(G2V) of operation (a) § = 30% (b) § = 50% (c) § = 70%.

converter and coil are measured. The simulation results show
the effective power transfer changes as the density of the
waveform changes. Figure 12 and 13 illustrates the primary
side converter and coil voltage and current.

As the density of the waveform increases the duty ratio
changes accordingly or vice versa. The measured voltage
waveform across the converter is not having spikes, whereas
the current waveform shows that the increase in the spikes
for the higher duty ratio condition. It indicates the excess of
stored energy circulation across the resonant tank. Similarly,
the voltage and current waveform measured across the pri-
mary pad shows the voltage and current spikes at the starting
and ending cycle of the waveform. The measurements are
performed at the secondary side of the BWPT system as
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FIGURE 17. Voltage and Current waveforms of Primary side converter in
Discharging Mode (G2V) of operation (a) § = 30% (b) § = 50% (c) § = 70%.

illustrated in the Figure 14 and Figure 15. The simulations
are performed under different duty ratio of the pulse density
conditions. Similarly, the current and voltage waveforms for
the secondary converter and coil sides are captured under
G2V mode of operation.

The measured voltage and current indicates that the switch-
ing (ON & OFF) time varies depending on the output power
requirement. The ideal technical solution for ensuring ZVS in
Fuzzy-PDM control is variable switching frequency control
that approaches the resonance frequency during zero-crossing
instants. To attain the ZVS condition, the switching PWM
frequency of the high-frequency converter is kept constant at
85kHz. In contrast to frequency and duty cycle adjustments,
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Discharging Mode (G2V) of operation (a) § = 30% (b) § = 50% (c) § = 70%. Discharging Mode (G2V) of operation (a) § = 30% (b) § = 50% (c) § = 70%.
this method functions in a soft-switching mode through den- lesser impact on the voltage spikes as compared to the current

sity manipulation of the high-frequency pulses. The voltage transition. As the converter output is connect to the filter
across the receiver pad is over 1200 V and current is of 15 A capacitor across the load unit. The power supplied to the load

and the effective power changes based on the density of the is adjusted using the secondary PDM also, irrespective of the
pulse supplied to the primary converter. primary control.

The power transfer to the secondary side the converter The load voltage and current waveforms of the G2V charg-
is varied based on the coupling factor and the pulse den- ing mode systems are illustrated in Figures 16. The equivalent

sity condition. For the 50% duty cycle the secondary side load is modelled with the resistance of 35 €2 based on the cal-
converter voltage and current are 360 V and 18 A. As the culation. The waveform shows that the measured voltage and
duty ratio is adjusted to the 30% and 70% of the cycle the current for the different duty cycle are in the order of 360 V
overall power transferred to the load also varied as indicated and 10 A. The effective power across the load changes as per
in the Figure 15(a) and (c). The voltage and current spikes the percentage of the duty ratio. For the fluctuations across
are present during the transition period of the PDM changes the load voltage and current are eliminated with the use of
from 50 to 70% or 30%. The secondary converter is having filter capacitor at the output of the secondary side converter.
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FIGURE 20. Voltage and Current waveforms of Secondary side converter
in Discharging Mode (G2V) of operation (a) § = 30% (b) § = 50% (c) § =
70%.

Moreover, the filter capacitor also provides better stabiliza-
tion during the reverse operation of the BWPT system. The
power transfer to the load depends on the duty ratio, coupling

factor as well as the load resistance.

B. POWER FLOW FOR V2G (REVERSE SIDE)

This study investigates the impact of duty cycle on a Vehicle-
to-Grid (V2G) simulation. The experiment measures voltage
and current across the primary side converter and coil at
three duty cycles: 30%, 50%, and 70%. The results show
that changes in waveform density (pulse density) affect the
efficiency of power transfer. Figures 17 and 18 illustrate
the voltage and current waveforms across the primary side
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FIGURE 22. Experimental prototype setup of the proposed BWPT system.

converter and coil. As the duty ratio increases or decreases,
the converter adjusts accordingly. Notably, the converter’s
voltage waveform remains smooth, while the current wave-
form exhibits increasing spikes at higher duty cycles. This
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FIGURE 23. Charging mode of G2V system (a) Transmitter coil side Voltage and current (b) Primary converter side Voltage and current (c) Receiver coil
side Voltage and current (d) secondary converter side Voltage and current (e) Load voltage and current.

suggests the circulation of excess stored energy within the The effective power delivered to the load varies with the
resonant tank. Similar observations are made on the sec- duty cycle percentage. A filter capacitor at the output of the
ondary side of the Bidirectional Wireless Power Transfer secondary side converter eliminates fluctuations in the load
(BWPT) system, as shown in Figures 19 and 20. Here, cur- voltage and current. This capacitor also enhances stability
rent and voltage waveforms measured across the secondary during the BWPT system’s reverse operation (G2V). The
converter and coil also exhibit spikes at the beginning and power transferred to the load depends on three key factors:

end of the waveform cycle. These simulations are conducted duty ratio, coupling coefficient, and load resistance.

under various duty ratios for the pulse density modulation.

Additionally, voltage and current waveforms are recorded VIil. HARDWARE RESULTS

for the secondary converter and coil during Vehicle to Grid The prototype of the BWIPT system is designed as per the

(V2G) operation. rating specified in Table 1 to validate the performance of

Figures 21 illustrate the load voltage and current wave- the proposed Fuzzy-PDM approach. The proposed BWPT
forms for the V2G charging mode. The equivalent load is components with substantial power consumption are the
modeled as a 35 2 resistor based on calculations. The wave- primary side inverter, compensation inductor, and coupling
forms show measured current and voltage values in the range coils, respectively. By implementing ZVS on both sides of the
of 360 V and 10 A, respectively, for different duty cycles. high-frequency converter, switching losses are minimized.
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FIGURE 24. Discharging Mode of V2G system (a) Transmitter coil side Voltage and current (b) Primary converter side Voltage and current (c) Receiver coil
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A constant switching frequency of 85 kHz is maintained for
the transmitter side converter. The performance of the Fuzzy-
PDM approach were evaluated for different pulse density
values. As the power losses are frequency-dependent, and
the equivalent switching frequency is directly proportional
to pulse density. The input and output voltage are 325V and
360V, respectively, and the load resistance is 35 2. For full
load operation, the output current is 10A. Normally, a 150 mm
air gap has to be created between the primary and secondary
pads. The Litz-Wire (with a strand diameter of 0.1 mm) are
employed to develop the coupling coils to minimize the skin
and proximity effects. The coils on the primary and secondary
sides of the inductors are squarely wound with Litz wires
to decrease the ESR. The coupling coefficient between the
charging pad is maintained constant by keeping the distance
between the coil as per the ground clearance norms. The
high-frequency inverter for both sides is managed by the
Field Programmable Gate Array (FPGA SPARTAN 6) via a
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PWM signal operating at 85kHz and a 50% duty ratio. Due
to resonance conditions, high voltage is generated across the
resonant inductor.

Consequently, the resonant inductor is equipped with an
air coil. Silicon carbide (SiC) MOSFETs C2M0040120D
are preferred for high-frequency converters with a full-
bridge inverter, capable of withstanding voltages of 1200V
and currents of 60A. The TEKTRONIX (A622) current
probe measures AC and DC current signals with 100 Amps
and 70 Amps RMS, while the TEKTRONIX (MSO44 4-BW-
500) displays voltage and current waveforms.

Figures 23 and Figure 24 illustrate the experimental current
and voltage waveforms across the receiver and transmitter
coils side, evaluated at 50% of duty ratio conditions for
G2V & V2G operation. Whereas the suggested Fuzzy-PDM
is implemented across the output and input terminals of the
charging pads using high frequency converters. The pulse
density is reduced to 50% to maintain a constant output
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voltage. The Fuzzy-PDM inverter produces zero-voltage con-
ditions, resulting in no transition in a MOSFET, leading to a
significant decrease in the average switching frequency and
reduced switching loss. The proposed Fuzzy-PDM shows
increased efficiency with reduced output voltage ripple due
to the short-duration operation during PDM control. The
effectiveness of the Fuzzy-PDM method was assessed under
a load condition of 50%, where it produced a maximal output
power of 3.7kW while maintaining an efficiency of 93.1%.
The performance of the FLC-PDM based BWPT system
where evaluated under different load regulations and the
equivalent load resistance. The duty ratio is adjusted to vary
the pulse density, the measured output load power is plotted
in the Figure 25. Similarly, the efficiency of the developed
FLC-PDM and PID controlled PDM were compared under
different load conditions as illustrated in Figure 26. The peak
efficiency of the proposed approach is achieved around 93%
and maintains higher than PID for various load conditions.

VIil. CONCLUSION

In conclusion, this manuscript presents a novel solution
specifically designed for BWPT systems using FLC-PDM
technique. FLC-PDM, which is essential for G2V and
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V2G functions to maximize power transfer efficiency by
addressing flaws in current modulation approaches. The
technique uses a fuzzy rule base in conjunction with dual-
side pulse density control to provide smooth load demand
adaptability. Notably, FLC-PDM accomplishes output volt-
age regulation, delicate shifting operations, and consistent
switching frequency for high-frequency converter switches
without the need for extra parts. Extensive circuit cal-
culations and hardware testing at 85 kHz frequency and
3.7 kW power demonstrate that the FLC-PDM technique
achieves an efficiency of more than 93% for a variety of
pulse densities and load resistances. Moreover, the FLC-
PDM is a flexible and resilient solution that can improve
bidirectional control in BWPT systems. This might lead to
breakthroughs in smart grid technology and the integration
of EV, which will be important for a sustainable energy
future.
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