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System Architecture, Design, and Optimization of a
Flexible Wireless Charger for Renewable

Energy-Powered Electric Bicycles
Peter K. Joseph , Student Member, IEEE, Devaraj Elangovan , Member, IEEE,

and Padmanaban Sanjeevikumar , Senior Member, IEEE

Abstract—Wireless power transmission (WPT) is one of the
breakthroughs in effortless electric vehicle (EV) charging technol-
ogy. Different types of wireless charger topologies were proposed
and implemented to meet various constraints like power transfer
efficiency, wireless transfer distance, and misalignment tolerance.
Yet the coupling separation and the transfer efficiency are still un-
derdeveloped for contactless charging of medium- and low-power
EVs like e-cycles and e-scooters. For achieving the high-distance
WPT in the vehicles which are prone to misalignment issues,
series–series (SS) compensated WPT is used. The conventional
SS-compensated WPT uses a voltage-fed converter for the power
conversion. But the combination of these topologies allows reverse
current flow in the system, which will affect the transfer efficiency
and life span of the source. To prevent this, a reverse blocking
diode or a current-fed converter can be used. Though the reverse
current problem can be solved, these approaches seem to reduce the
power transfer efficiency further. This article tries to optimize the
current-fed converter-based SS-WPT to achieve higher coupling
separation, higher power transfer efficiency, and higher misalign-
ment tolerance than the conventional designs. To achieve this, the
input inductor of the current-fed converter and the primary coil
of the SS-WPT are tuned without affecting the magnetic resonance
condition. The transfer efficiency was found to be 94% at a coupling
separation of 200 mm, which is 20% more than the conventional
voltage source inverter-based, renewable energy-powered SS-WPT
charging efficiency. After proving the concept in prototype design,
the results are validated by testing the same in a real-time electric
cycle.

Index Terms—Current source inverter, electric vehicle, series–
series compensator, voltage source inverter, wireless charging,
wireless power transmission.

I. INTRODUCTION

IN THE twenty-first century, energy conservation is one of
the top priorities for every aspiring researcher. Modern inven-

tions in each technological sector contribute to this purpose. If
the transportation sector is considered, conventional fuel-driven
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vehicles are being replaced with energy-efficient electric vehi-
cles (EVs) [1]. This combustion-free transportation holds a key
role in the conservation of energy. After the invention of the EV,
researchers began to concentrate on optimization of EV chargers
[2]. At the beginning of the nineteenth century, the Netherlands
implemented a practical prototype of battery-powered EV [3].
In 1890, William Morrison implemented a six-passenger EV
in the United States, which started an EV revolution in the
coming centuries [3], [4]. Even though the functional goal is
the same, several topologies [5] have been introduced in the
wired EV charging sector. One of the main challenges for wired
charging is the individuality of charging stations by different
service providers [6]. EV by a particular manufacturer cannot
be charged from the charging station of another manufacturer in
most of the cases [7]. For the battery charging of EVs by multiple
manufactures, Zhang et al. [8] has introduced a multipulse based
flexible rectifier for the secondary side. A single charging station
for charging multiple EVs is another breakthrough in charging
sector [9]. Power management scheme for such a multi-EV
charging station is explained in [10].

Amidst of all these developments in conventional wired charg-
ing technology, it faces some major disadvantages. Conventional
EV charging technology is based on wired transmission. Wired
networks form the basis of most of the energy transmission
and distribution sector. However, during the energy transmis-
sion, major energy loss occurs at transmission wires itself. The
resistance R of the wire contributes to the (I2R) loss [11].
So to reduce the transmission loss, either reduce R (by using
low resistance conductor or by increasing the diameter of the
conductor) and/or reduce current, I (high-voltage transmission).
Both of these solutions are expensive [12]. Apart from these
reasons, during wired charging, the chances of short-circuit
and open-circuit are extremely likely [13]. Apart from these
disadvantages, the plug point of a manufacturer needs not to
be suitable for every charging points [14]. Because of these
reasons, researchers began a quest for wireless charging of
EVs. A plethora of systems and topologies were introduced in
wireless charged EVs [15]. The invention of strongly coupled
magnetic resonance (SCMR) to efficiently transmit power for
more distance using magnetic resonance principle changed the
wireless power transmission (WPT) direction in 2007 [16].

As always, the ultimate objective of researchers in wireless
charging is to achieve more efficient power transfer for a longer
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distance and the incorporation of renewable energy. To improve
the power transfer efficiency and coupling separation, two ar-
eas in the wireless charger needs to be optimized—the power
converter and the wireless transformer. The power converter
at the input stage will invert the dc input to a high-frequency
ac to ensure high quality factor of the transmitter and receiver
coil and thereby increasing the power transmission capacity.
The power converter at the secondary side will rectify the
high-frequency ac power coming from the receiver coil to a
regulated dc output to charge the battery. To increase the power
transfer capacity, full-bridge converter topology is used for this
purposes conventionally. The coupling separation and transfer
efficiency of the wireless charger exclusively depends on the
wireless transformer design. Wireless transformer basically is a
combination of capacitor and inductive coil at the transmitter
and receiver side to establish magnetic resonance. For this
purpose, several topologies were introduced time to time mainly
series–series (SS), series–parallel (SP), parallel–series (PS), and
parallel–parallel (PP) [17]–[21], named after their configuration.
Some advanced topologies like LCL [22] and LCC [23] topolo-
gies were derived from these fundamental designs for enhanced
efficiency and performance.

Even though several topologies were proposed in the wireless
charging of EVs, the charging technology for the low-/medium-
power EVs is still underdeveloped. For low-power EVs like e-
cycles and e-scooters, the coupling separation and power transfer
efficiency are less compared to high-power EVs. An e-cycle
with an electric double-layer capacitor (EDLC) as the source
and WPT technology is proposed in [24]. Due to the relatively
low power level of the e-cycle, the coupling separation is very
less in EDLC-based wireless charging. Apart from the poor
performance, the wireless charging of two-wheeler EVs faced
the disadvantage of electromagnetic radiation, which should
be perfectly shielded for ensuring safety [25]. Therefore, a
suitable topology needs to be selected and modified for optimum
performance of the low-power EV wireless charging.

For the basic WPT topology SS, the coupling separation is
higher compared to other topologies; but the transfer efficiency
is very low for higher distance [26]–[28]. The researchers show
that SS-WPT gives better performance with voltage source
inverter (VSI), as it does not affect the resonant condition [29]
of WPT. But the integral combination of VSI and SS-WPT
is allowing reverse current flow [30] in the system due to the
high-frequency switching operation of the power converter. This
reverse current flow can affect the power transfer efficiency
of the charging system. In addition, the excess reverse cur-
rent will damage the power source. In the case of renewable
energy-powered wireless charger, this phenomena is deadly to
the delicate source. To protect the source as well as to improve
the performance, the reverse current should be mitigated. For
this purpose, two approaches are followed. A reverse blocking
diode can be used to prevent the current flow, or a current source
inverter (CSI) can be used instead of VSI, as CSI is equipped
with inherent reverse current blocking capability [29] due to
the presence of input inductor. But the use of reverse blocking
diodes will reduce the overall power transfer efficiency of the
system, due to the voltage drop [31] across the diode. As this

Fig. 1. Magnetic resonance circuit.

power loss is crucial in the case of low-/medium-power EVs, the
drop across the diode needs to be avoided, whereas in the case
of CSI based SS-WPT, this reverse current flow is successfully
mitigated. But the input inductor present in the CSI has a negative
impact on the resonance condition of the wireless transformer.
So whenever the input inductor is coming to the operation of
SS-WPT, the coupling separation and wireless power transfer
efficiency are dropping steeply [28]–[31].

The cause for the reduction in coupling separation and transfer
efficiency of CSI-based SS-WPT is the distortion in magnetic
resonance condition. If this challenge can be overcome, then
an efficient wireless charger with high and flexible coupling
separation can be designed. The factor affecting the distortion
in magnetic resonance is the interaction of the input inductor of
CSI and the transmitter coil. Due to this effective inductance, the
transmitter side will resonate with a different frequency than that
of the receiver. This phenomenon badly affects the performance
of WPT. To maintain the same frequency for both transmitter
and receiver, a tuning method is suggested in this article. As
per the proposed technique, the value of the transmitter coil is
tuned in such a way that the effective inductance in the trans-
mitter side will generate the magnetic resonance with the same
frequency. Along with the transmitter coil tuning, the entire
wireless transformer is also optimized in this article. In the
following sections, detailed implementation and testing of CSI-
based SS-WPT is presented. The basic principles and operation
of a WPT system and renewable energy-powered WPT are
discussed in Section II. Section III explains the working and
design of input-side inverter. The detailed hardware design and
testing are discussed in Section IV.

II. WIRELESS POWER TRANSMISSION

The basic working principle of WPT is electromagnetic induc-
tion. In order to give the wireless power a direction, a resonance
concept will be used in the primary and secondary sides. It is
known as strongly coupled magnetic resonance [32].

A. Basic Concept

Magnetic resonance [33] is the condition of oscillation be-
tween inductor and capacitor in the form of magnetic and electric
field, respectively. The standard circuit diagram of a wireless
power transfer system is shown in Fig. 1. In magnetic resonance
circuit, the energy oscillation and transmission can be done with
sufficient excitation. If the resonating energy in the system is
more than the losses in elements, it stagnates and transfers to
the secondary coil. In Fig. 1, Vg is the primary voltage and Rg is

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on June 08,2020 at 06:29:06 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

JOSEPH et al.: SYSTEM ARCHITECTURE, DESIGN, AND OPTIMIZATION OF A FLEXIBLE WIRELESS CHARGER 3

Fig. 2. Functional block diagram of renewable energy-driven EV.

the input source resistance. Cs and Cd are the source and device
capacitance, respectively. Ls and Ld are the source and device
inductor coils; Rs and Rd are the source and device parasitic
resistance correspondingly. With the proper excitation, it will
oscillate at a resonant frequency of

ωo =
1√
LC

. (1)

The transmission efficiency of a WPT system depends on its
quality factor Q.

Q =

√
L

C
.
1

R
=

ωoL

R
(2)

As quality factor is high, transfer efficiency also will be high.
From (2), it is clear that, in order to maintain a high quality-
factor of inductor coils of WPT, the winding resistance should
be minimized. For this purpose, high standard materials like Litz
wire can be used [14].

B. Renewable Energy-Powered Wireless Charging

The location of most of the parking slots is with abundance
of solar energy exposure. With the proper arrangement of solar
panel on the roof, it will simultaneously function as parking slot
and charging station [30].

Fig. 2 shows the block diagram of renewable energy-powered
EV. Here the dc input from the renewable energy-extracting
system is converted to high-frequency ac with an inverter.
This power is transferred from primary to secondary through
a wireless transformer and ac–dc rectifier. For conventional
grid-connected wireless charges, the input will be ac.

In a wireless transformer, the coupling coefficient will be
very much less than 0.3, whereas it is more than 0.9 for wired
transformers. Due to the loose coupling, the leakage inductance
of wireless transformer will be far high. In order to balance the
effects of leakage inductance, compensator networks are used.
A compensator network is an arrangement of capacitors and/or
inductors with respect to the primary and secondary coils. There
are mainly four types of basic compensators available such as
series–series (SS) [18], series–parallel (SP) [19], parallel–series
(PS) [20], and parallel–parallel (PP) [21].

Fig. 3 illustrates the basic compensator topologies in WPT. In
compensator design, the secondary capacitor is designed using
the basic resonant frequency (1).

The primary capacitor design varied according to the type
of compensator. If we observe various design equations [14],
out of four fundamental compensators, only SS design does not

Fig. 3. Basic compensator topologies. (a) Series-Series, (b) Series-Parallel,
(c) Parallel-Series, and (d) Parallel-Parallel.

depend on the coupling coefficient. It means SS compensator
maintains its resonance operation throughout the coupling sep-
aration, without affecting transfer efficiency. So for designing a
flexible distance wireless charger, the SS configuration can be
used.

However, while integrating the renewable energy power
source with the conventional compensator topology, the reverse
current flow needs to be considered. As the renewable energy
source is dc in nature and the transmitter-side coil requires an ac
power, a high-frequency inverter is mandatory for the wireless
charger. Due to the high-frequency switching of the transmitter-
side inverter, a reverse current flow will occur in the primary.
This reverse current flow can damage the delicate renewable
source. As reverse blocking diode causes a considerable power
loss in the system, a CSI can be used for mitigating the reverse
current. But the inductor interaction of CSI distorts the magnetic
resonance as explained in the previous section. To prevent that,
a proper inductance tuning approach needs to be followed, as
discussed in the next section.

III. PRIMARY-SIDE INVERTER

Either VSI or CSI can be used for converting dc to high-
frequency ac. VSI is the most commonly used inverter topology
for wireless charger applications. But there is no facility for
preventing reverse current flow in VSI topology. If charging
station is powered by renewable energy, as mentioned earlier,
the delicate charging system needs to be protected from all kind
of reverse currents. If the EV battery requires a constant current
supply, VSI will not be a right choice.

CSI has several advantages over VSI, including the inherent
capability to block reverse current flow, reduction of current
ripples, boosting ability, reduction of magnetic elements size,
etc. Compared to VSI, an additional inductor is connected in
series with the source. If one operating cycle is divided from
T0 to T8, there are following six operating modes for CSI-based
WPT:

1) S1, S2, S3, and S4 ON condition (from T0 to T1);
2) S1 and S2 ON and D3 and D4 conducting (from T1 to T3) ;
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Fig. 4. CSI—WPT mode 1 circuit diagram.

Fig. 5. CSI—WPT mode 2 circuit diagram.

3) S1 and S2 ON (from T3 to T4);
4) S1, S2, S3, and S4 ON (from T4 to T5);
5) S3 and S4 ON and D1 and D2 conducting (from T5 to T7);
6) S3 and S4 ON (from T7 to T8).
1) Mode 1. S1, S2, S3, and S4 ON (T0–T1): At T0, capacitor

Cp will be in negative polarity due to current flow through S3
and S4 in the previous cycle. At T0, S1 and S2 are turned ON

and S3 and S4 are already ON.
Fig. 4 shows the circuit diagram of mode 1 operation of CSI-

based WPT. As C and L are in resonance, at T0, capacitor starts
discharge from −VCmax toward positive. At T0, ILin was zero.
As transformer is disconnected, Lin starts charging. At T1, S3
and S4 turned OFF.

IS1 = IS2 =
1

2
(Iin + (ILp(t)))

IS3 = IS4 =
1

2
(Iin − (ILp(t))) (3)

2) Mode 2. S1 and S2 ON and D3 and D4 Conducting (T1–
T3): At T1, capacitor Cp will continue to be in negative polarity
as the previous cycle.

Fig. 5 shows the circuit diagram of mode 2 operation of CSI-
based WPT. At T1, S3 and S4 are turned OFF, but D3 and D4 are
forward-biased. The current flow is shown in the figure. At T2,
capacitor discharges completely and VCp = 0. Inductor current
ILp = ILmax. Diode current ID3 and ID3 follows the pattern of

Fig. 6. CSI—WPT mode 3 circuit diagram.

ILp in negative polarity.

IS1 = IS2 =
1

2
(Iin + (ILp(t)))

ID3 = ID4 =
1

2
(Iin − (ILp(t))) (4)

From T2 to T3, capacitor charges in positive polarity with
inductor discharging current ILp. At T3, Iin = ILp(t).

3) Mode 3. S1 and S2 ON (T3–T4): At T3, D3 and D4 stopped
conduction. Input and discharging current of Lin appear across
the primary.

Fig. 6 shows the circuit diagram of mode 3 operation of CSI-
based WPT. At T3, ILin is maximum and starts discharging. At
T4, the voltage across the capacitor is +VCmax. At T4, inductor
current ILp is zero.

Vin = (Lin + Lp)
dIin
dt

+
1

Cp

∫
Iindt−M

dIout
dt

+RpIout

0 =
1

Cs

∫
Ioutdt+ Ls

dIout
dt

−M
dIin
dt

+ (Rs +Rload)Iout

(5)

4) Mode 4. S1, S2, S3 and S4 ON (T4–T5): At T4, capacitor
Cp will be in positive polarity due to current flow through S1
and S2 in the previous cycle. At T4, S3 and S4 are turned ON

and S1 and S2 are already ON. The current flow is shown in the
figure. Fig. 7 shows the circuit diagram of mode 4 operation
of CSI-based WPT. As S3 and S4 turned ON, its current starts
increasing. And in S1 and S2, current starts decreasing. As C
and L are in resonance, at T4, the capacitor starts to discharge
from +VCmax toward negative. At T4, ILin was zero. At T5, S1
and S2 turned OFF.

IS1 = IS2 =
1

2
(Iin − (ILp(t)))

IS3 = IS4 =
1

2
(Iin + (ILp(t))) (6)

5) Mode 5. S3 and S4 ON and D1 and D2 Conducting (T5–
T7): At T5, capacitor Cp will continue to be in negative polarity
as the previous cycle. At T5, S1 and S2 are turned OFF, but D1
and D2 are forward-biased. The current flow is shown in the
figure.
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Fig. 7. CSI—WPT mode 4 circuit diagram.

Fig. 8. CSI—WPT mode 5 circuit diagram.

Fig. 8 shows the circuit diagram of mode 5 operation of
CSI-based WPT. At T5, S1 and S2 turned OFF. At T6, capacitor
discharges completely and VCp = 0. Inductor current ILp =
−ILmax. Diode current ID1 and ID2 follows the pattern of ILp

in reverse polarity.

IS1 = IS2 =
1

2
(Iin − (ILp(t)))

ID3 = ID4 =
1

2
(Iin + (ILp(t))) (7)

From T6 to T7, capacitor charges in positive polarity with
inductor discharging current ILp. ILin continues charging and
the source remains disconnected from secondary. At T3, Iin =
ILp(t). As per (11), diode current becomes zero. D1 and D2
stop conduction. Now short-circuit condition is absent and the
source is connected to secondary. Lin starts discharging. Source
voltage and input inductor stored voltage are added up and fed
to the primary.

6) Mode 6. S3 and S4 ON (T7–T8): At T7, D1 and D2
stopped conduction. Input and discharging current ofLin appear
across the primary. Capacitor still continues to charge in reverse
direction.

Fig. 9 shows the circuit diagram of mode 6 operation of CSI-
based WPT. At T7, ILin is maximum and starts discharging. At

Fig. 9. CSI—WPT mode 6 circuit diagram.

T8, the voltage across the capacitor is −VCmax. At T8, inductor
current ILp is zero.

Vin = VLin + VCp + VLp + VM + VR

Vin = (Lin + Lp)
dIin
dt

+
1

Cp

∫
Iindt−M

dIout
dt

+RpIout

0 =
1

Cs

∫
Ioutdt+ Ls

dIout
dt

−M
dIin
dt

+ (Rs +Rload)Iout

(8)

As the input-side inductor will store energy when the source is
separated from the load and will give back that energy in the next
cycle, the inductor value can be reduced compared to that of VSI
configuration to achieve the same performance. Since CSI will
block reverse current, no diode is required in the primary. With
these two characteristics, high efficiency can be achieved. But
with the integration of an inductor in the source, the resonance
condition of SS compensator should not be affected.

IV. DESIGN

The topologies for compensator and inverter are selected.
Now the WPT system should be designed with maximum per-
formance.

A. CSI Inverter

The resonance frequency condition for SS-compensated WPT
is given by

ωo =
1√

LPCP

=
1√

LSCS

. (9)

The frequency ωs of supply voltage fed to the primary should
be equal to the designed resonant frequency for efficient wireless
transmission. Consider an input inductor Lin is connected in
series with the source for converting it into current fed. During
the forward conduction mode, Lin will come in series with
primary inductanceLP . Now the effective inductance of primary
side in series with capacitor CS will become Lin + LP . So the
primary-side resonant frequency becomes

ω
′
1 =

1√
(Lin + LP )CP

. (10)
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As the supply frequency ωs and secondary-side resonant
frequency ω2 remain unchanged, there will be a conflict in the
frequency between primary-side supply voltage, the primary
coil, and secondary coil.

ωs = ωo =
1√

LSCS

�= 1√
(Lin + LP )CP

(11)

This frequency conflict is the reason why current-fed designs
are omitted in conventional designs. To mitigate this conflict, the
primary coil should be modified in such a way that L

′
P = LP −

Lin, whereL
′
P is the new primary inductance value. The value of

Lin will always choose less than LP to ensure smooth operation
of WPT and minimize the winding losses. The primary-side
resonant frequency will be changed to

ω
′
1 =

1√
(Lin + L

′
P )CP

=
1√

(Lin + (LP − Lin))CP

=
1√

LPCP

= ωo. (12)

Now the supply voltage frequency, primary coil frequency,
and secondary coil frequency will be the same as in the case of
conventional voltage-fed SS-WPT, hence the frequency conflict
is mitigated.

B. Wireless Transformer

Every wireless transformers are designed for a particular
coupling coefficient k, to get the desired output voltage in open
loop. In the design, we will fix the primary inductance L1 first,
based on the current flowing and winding loss. Then, secondary
inductance L2 is determined by fixing the coupling coefficient,
to get the desired output voltage using the following equations:

M = k
√
L1L2

V2

V1
= k.

N2

N1
= k.

L2

L1
(13)

where V2 and V1 are the secondary and primary voltages, re-
spectively; N2 and N1 are the secondary and primary number
of turns. By knowing the value of V2, V1 and fixing k, L2

can be determined using (12) and (13). Most of the papers
[16]–[26] designed transformer with 0.3 < k < 0.5 to minimize
the winding losses. As “k” reduces, L will increase, so does the
winding losses. But the effect of winding design has a severe
impact on transmission efficiency. A higher efficiency wireless
transformer model is proposed here.

A commonly adopted WPT design [16]–[28] with designed
coupling factor k = 0.33 is analyzed here. At this designed
separation, the output voltage will be the same as that of designed
voltage as in (13). Here the designed output voltage is 48 V.
A PSIM simulation of SS-compensated wireless power trans-
former designed for k = 0.33 is created. To check the variable
distance compatibility of the selected design, the value of k is
gradually reduced from k = 0.33 to k = 0.02 and tabulated the
performance values as shown in Table I.

Fig. 10 illustrates the PSIM simulation of conventional VSI-
based SS-WPT. The WPT parameters are obtained from [19].

TABLE I
PERFORMANCE OF THE CONVENTIONAL TRANSFORMER DESIGNED

WITH k = 0.33

Fig. 10. PSIM simulation of conventional VSI WPT.

Fig. 11. PSIM simulation of conventional voltage-fed WPT.

For preventing the reverse current, no blocking diodes are used
in the circuit. As there is no provisions for mitigating the reverse
current flow, there will be a current flow in the direction of
source. This can cause functional damage in the source. The
enhanced waveform of the source current corresponding to the
voltage-fed SS-WPT is illustrated in Fig. 11. A reverse current
flow exists in the circuit. As the input power increases, this
reverse current also will increase, which will cause major trou-
bles. The range of reverse current will increase for higher cou-
pling separations. This may damage the delicate power supply
systems.
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TABLE II
PERFORMANCE OF THE TRANSFORMER DESIGNED WITH k = 0.05

Fig. 12. PSIM simulation of modified WPT.

The variation of transfer efficiency with varying coupling for a
high k transformer is shown in Table II. The coupling coefficient
is varied from 0.3 to 0.02.

As the WPT is designed for an output voltage of 48 V at
the selected coupling coefficient of k = 0.33, it is delivering the
rated output at the same coupling separation.. The load resistance
is considered as 24 Ω for the simulation. But the transfer effi-
ciency of transformer drastically reduces with increased transfer
distance [17]–[30], especially after k < 0.15.

For analyzing the effect of coupling coefficient in wireless
transformer design, the designingk value is reduced to 0.05 from
the 0.33 of conventional design. The simulation of the modified
system is illustrated in Fig. 12. TheLin and newL1 are designed
using (12) for maintaining the resonance frequency same. The
value of L2 is increased from 28.5 to 36 μH to get the required
output of 48 V using (13). Apart from the input inductor and coil
modification, the secondary-side buck converter is removed for
compact size and simple transmitter-side control.

The enhanced input current waveform of the proposed
current-fed SS-WPT operating at a reduced coupling coefficient
of k = 0.05 is illustrated in Fig. 13. For obtaining the same
output voltage of 48 V as in the voltage-fed case, the reverse
current is successfully mitigated in the simulation. Though the
average current is the same in both cases, the peak current
also reduced in the current-fed case. This reduced peak current
and mitigated reverse current will effect in an improved power
transfer efficiency. This indicates that the proposed CSI-based
SS-WPT can successfully solve the reverse current without
affecting the WPT.

Fig. 13. PSIM simulation of proposed current-fed WPT.

Table II shows the variation of transfer efficiency with varying
coupling for a low k transformer. As it designed for an output
voltage of 48 V, at the designed coupling coefficient k = 0.05,
it delivers 48 V. If we compare the performance of conventional
and proposed design at a maximum distance like k = 0.02, the
transfer efficiency of conventional design is 15.65%, whereas
that of the proposed design is 74.6%. This satisfies the higher
separation tolerance requirement in [27] and [28]. This proves
the effectiveness of the proposed inductance tuning approach
with CSI-based SS-WPT. Even though the efficiency is im-
proved considerably, the output voltage is drastically varying
with the coupling variation. To obtain a regulated voltage at the
output side, a closed-loop control needs to be designed.

C. Closed-Loop Control

From the mode equations derived in Section III, the open-loop
transfer function of the proposed current-fed SS-WPT can be
obtained using state-space analysis [33] as follows:

G(s) =
6× 10−5s+ 60

2.525× 10−9s2 + 2.701× 10−5s+ 1.01
. (14)

From the open-loop transfer function, the closed-loop con-
troller can be designed using the Bode plot method as in [34], by
giving sufficient gain and phase margin with optimum pole-zero
injection.

Since the switching frequency is selected as 200 kHz, the
bandwidth of the proposed system is fixed as 20 kHz. Since
the gain of open-loop transfer function G(s) is not 0 dB at
the bandwidth, a controller H(s) is designed to give sufficient
compensation at 20 kHz. For providing a sufficient phase margin,
zeros are added to the design. The final controller transfer is
obtained as

H(s) =
5.995× 105s2 + 1.47× 1010s+ 9.007× 1013

s3 + 7.034× 105s2 + 1.136× 1011s
.

(15)
And the closed-loop transfer function will be

Y (s) = G(s)×H(s). (16)

The final Bode plot representation of G(s), H(s), and Y (s)
are illustrated in Fig. 14. With the proper controller design, the
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Fig. 14. Bode plot of open-loop, controller, and closed-loop functions.

Fig. 15. Stability testing of the controller in Matlab.

closed-loop transfer function having a perfect gain margin and
phase margin is illustrated. Now the feasibility of the controller
needs to be validated in simulation.

The closed-loop testing of the controller is illustrated in
Fig. 15. In the closed-loop system, load dynamics are inserted
after attaining the steady state. The output is returning to the
steady state of 48 V in 1 ms of settling time. Therefore, the
proposed CSI-based SS-WPT and its linear control are proved
in simulation. Now the same has to be validated in hardware.
Hence, the system is stabilized now.

V. HARDWARE IMPLEMENTATION

To validate the theoretical and simulated outcomes, the hard-
ware is needed to be implemented. As an initial prototype, the
parameters were chosen minimum. Table III tabulates the list
of parameters used for prototype development. Coil design is
the most delicate part of a WPT system. Winding resistance
increases the I2R loss in the transformer and affects the trans-
mission efficiency severely. The most feasible solution to this
problem is Litz wire [14], [27], [28]. By increasing the number of
strands, the winding resistance can be reduced. In the proposed
method, we used a 40 AWG × 800 strands Litz wire, which

TABLE III
HARDWARE DESIGN PARAMETERS

Fig. 16. 36 µH inductor.

constitutes lesser winding resistance for 36 μH, than that of
28.5 μH in [26].

Fig. 16 illustrates the fully fabricated wireless receiver (36
μH) coil. Similarly, transmitter (29 μH) coil is fabricated, both
having a size of 290 mm × 290 mm. To obtain maximum mutual
inductance during the wireless transmission, square shape is
adapted for fabrication [35]. To shield the electronic apparatus
and metallic objects from electromagnetic radiation, a ferrite
sheet of 300 mm× 300 mm× 3 mm is used behind both primary
and secondary coils. Transmitter coil uses a 13 number of turns
of Litz wire to contribute 26 μH, whereas receiver coil uses 27
number of turns for 36 μH inductance.

The hardware test setup of the proposed design with dc
electronic load is illustrated in Fig. 17. In the prototype design,
the primary coil is connected with programmable dc source and
current-fed inverter. The secondary coil of WPT is connected
to a rectifier and dc electronic load. The switching control was
done using Dspace controller at a switching frequency of 200
kHz. The input is varied from 9 to 27 V and load is varied from 0
to 70Ω. The coupling separation is varied to analyze the effect of
each parameter individually. With a minimum coupling separa-
tion of 1 mm between the coils, a minimum input voltage of 2 V
with some injected noise at the programmable power supply and
a moderate duty of 0.5, the testing is initiated. Voltage is slightly
increased to 8 V, then the coupling separation between coils is
increased gradually to a maximum of 30 cm, where efficiency
began to reduce drastically. Because of the proposed transformer
design, efficiency seemed to be stable and higher compared to
the available renewable energy-powered WPT techniques [24],
[28], where maximum efficiency was noted to be 75%.
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Fig. 17. Hardware testing setup with dc electronic load.

Fig. 18. Wireless charging of e-cycle with proposed system.

Fig. 19. WPT waveforms at a coupling separation of 15 cm at an input voltage
and load of 25 V and 24 Ω, respectively.

After proving the concept of the proposed current-wed wire-
less charger, the system is integrated with a real-time e-cycle
and validated the results. The test setup with the actual e-cycle
is illustrated in Fig. 18.

Fig. 19 illustrates the input and WPT coil waveforms at a
coupling separation of 15 cm. In the hardware waveforms, the
reverse current is successfully mitigated due to the current-fed
inverter design. The transmitter and receiver coil voltages have
a switching frequency of 200 kHz. If the input voltage, input

Fig. 20. Performance waveforms of the proposed WPT at a coupling separa-
tion of 20 cm at an input voltage of 25 V and load 24 Ω.

Fig. 21. Performance waveforms of the proposed WPT at a coupling separa-
tion of 30 cm at an input voltage of 25 V and load 24 Ω.

current, output voltage, and output load are known, the overall
efficiency of the system can be calculated using the equation

η =
V 2
out/Rload

Vin × Iin
. (17)

The performance waveforms of the proposed current-fed SS-
WPT at a coupling separation of 20 cm at an input voltage
of 25 V and load resistance of 24 Ω is illustrated in Fig. 20.
As the parameters are known, the overall efficiency of 94.3%
can be obtained using (17). The output voltage is 48.3 V. The
performance waveforms of the proposed current-fed WPT at an
increased coupling separation of 30 cm are shown in Fig. 21. As
visible in the figure, voltage ripple is increased with the increase
in coupling separation. Though the distance is increased with
the same input voltage and load resistance, due to the closed
loop, the output voltage remains the same at 48 V.

At this operating condition, the efficiency can be calculated
as 70%. Similarly, performance waveforms are taken for various
operating conditions, by varying the coupling separation from 0
to 30 cm and input voltage from 4 to 25 V. The output voltage
is approximately maintained at 48 V at all the conditions. And
input reverses current flow was absent throughout the operation.

Fig. 22 illustrates the detailed analysis of the relationship
between efficiency and coupling separation for the variation
in input voltages with given noise. If the coupling separation
is analyzed, a clear efficiency peak is visible at a separation
of 20 cm, where the system attains the maximum efficiency
condition [14]. Maximum efficiency of 94% is obtained at a
higher separation of 20 cm, input voltage of 25 V, an output load
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Fig. 22. Efficiency vs. coupling separation plot for different input voltages.

Fig. 23. Performance waveforms of the proposed WPT with an increased load
of 30 Ω at 25 V input and 20 cm separation.

of 10 Ω, and a duty of 0.5. If the known values are substituted
in the maximum efficiency condition [14]

k =

√
Z2
o −R2

(2πf)2L1L2
. (18)

From (18), k = 0.259, which corresponds to maximum effi-
ciency separation of 20 cm in the designed WPT system. The
variation of load, duty, and input voltage have a major impact
on defining efficiency. The load is varied up to 70 Ω to study the
effect.

Fig. 23 shows the input and output performance waveform
of implemented current-fed SS-WPT system at a higher load of
30Ω at a coupling separation of 20 cm. Even though the supplied
input voltage contains considerable noises, the proposed system
is able to provide a regulated output of 48 V across the terminals
with the closed-loop operation. Here also, the power transfer
efficiency can be found out using (17). The overall efficiency
of the system for 30 Ω load is obtained as 85.12%, which is far
better compared to the conventional systems which are operating
under lower load conditions. As the load decreases, efficiency
will increase, but the load voltage remains the same.

Fig. 24. Efficiency vs. duty plot for different coupling separation values.

A. Analysis and Discussion of Hardware Outcomes

As proposed in the CSI design section, the transmitter induc-
tance value is tuned by considering the input inductor of the
primary-side converter. The major goals of this tuning are to
eliminate reverse current flow, improve wireless power trans-
fer efficiency, and to achieve a higher and flexible coupling
separation. The hardware waveforms prove that the reverse
current flow is absent from the source side. By considering
the efficiency vs. coupling separation plot as shown in Fig. 22,
maximum efficiency of 94% is achieved at a coupling separation
of 20 cm, which is 20% more than the conventional VSI-based,
renewable energy-powered SS-WPT charging efficiency. This
makes the proposed system more suitable for renewable energy-
powered operations. As mentioned in the previous sections, the
low-/medium-powered EVs like e-cycles and e-scooters lack
physical stability due to the two-wheeler structure. This criterion
points to the misalignment changes during the wireless charging
operation. As the developed linear closed loop is ensuring a
regulated voltage even for high coupling separation, the linear
misalignment tolerance is covered. The angular misalignment
tolerance is discussed in this section.

Fig. 24 considers the variation of efficiency against the duty
for various distances. As explained earlier, maximum efficiency
is associated with a coupling separation of 20 cm. Here also,
for a duty of 0.5, efficiency is maximum for each considered
case of coupling separation, which proves the mathematical
analysis. Here voltage and load are maintained as 25 V and
10 Ω, respectively. At each distance cases, maximum efficiency
is obtained at a duty of 0.5.

In addition to the improved coupling separation and higher
transfer efficiency, another objective of this proposed design
is to obtain higher misalignment tolerance, which will incor-
porate flexibility to the charging mechanism. As the linear
misalignment tolerance is already verified in Fig. 22, angular
misalignment-tolerance needs to be validated. Initially, the mis-
alignment is analyzed through simulation. Then, the same study
is carried out in implemented hardware. Fig. 25 shows the anal-
ysis of angular displacement. A misalignment of a maximum of
90° is allowed for angular alignment testing. This analysis also
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Fig. 25. Efficiency vs. angular misalignment plot.

carried out with respect to the maximum efficiency condition of
20 cm. Up to 10°, the reduction in efficiency is less; then up to
30°, efficiency falls drastically; and beyond 30°, efficiency falls
with a reduced slope.

In practical applications of EV charging, misalignment toler-
ance has huge importance. Here the proposed design is imple-
mented for low-/medium-power EVs like e-bicycles or e-bikes.
The major disadvantages of these vehicles are their poor physical
stability due to two-tire structure. We cannot expect a perfect
parallel posture for e-bicycles. As per the analyzed results, the
proposed design provides high efficiency even for worst-case
misalignment.

VI. CONCLUSION

Wireless charging of EVs is becoming the era-defining tech-
nology in the transportation sector. Several types of WPT tech-
niques were introduced for EV charging, each having its own
merits and demerits. The true essence of EV transportation
concept will be achieved only with the integration of renewable
energy sources in the context of energy conservation. But renew-
able energy integration along with flexible charging distance and
improved transfer efficiency cannot be achieved with the con-
ventional topologies. A prototype for 96-W current-fed SS-WPT
is designed for an electric bicycle. The major achievements are
listed as follows.

1) A coil tuning mechanism is implemented, which success-
fully mitigated the reverse current flow in the wireless
charger without affecting the performance.

2) A maximum coupling separation of 300 mm is achieved
for transferring the rated power.

3) A maximum efficiency of 94% is achieved for a coupling
separation of 200 mm, which is better than any known
renewable energy-based low-power WPT systems.

4) A high level of linear and horizontal misalignment toler-
ance is achieved.

5) The proposed linear closed-loop control mechanism suc-
cessfully regulates the output voltage irrespective of the

variations in coupling separation, input voltage, load, and
alignment.

The proposed wireless charging topology is designed for
low-/medium-power EV charging applications. Since the per-
formance is promising, it can be extended to charge high-power
EVs. By modifying the converter circuit to bidirectional mode,
a high efficient vehicle-to-grid system can be implemented as
future work.
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