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Abstract

In this paper, a novel dual-topology wireless power transfer
system for the battery charging application is presented. The
power circuit configuration is composed of Series-Series (SS)
and S-LCL topologies. The SS compensation topology
provides load independent current output and S-LCL
compensation topology provides load independent voltage
output for the process of the battery charging. The transmitter
H-bridge converter operates in fixed frequency and with full
square wave in its output. The transfer from the constant
current mode to constant voltage mode is performed through
the switching in the receiver side and without the
communication path between the transmitter and receiver. The
theoretical analysis and design considerations are presented in
this paper. The simulation results show good performance of
the proposed battery charger along with good compatibility
with the theoretical analysis.

Keywords: Battery charger, compensation topology, load-
independent current output, load-independent voltage output,
wireless power transmission.

I. INTRODUCTION

Wireless power transfer (WPT) concept is the transmission of
the power from the source to the load wirelessly and without
any connection using inductive coupling. The elimination of
the electrical connection provides some benefits such as
increase of safety, lifetime and reliability. Recently, WPT
systems are widely used in many applications such as battery
charger of electric vehicles, cellphones and medical devices

[1]-[3].

The lithium-ion batteries are widely used in many applications.
The charging process of a lithium-ion battery is composed of
the constant current (CC) step and constant voltage (CV) step
[4]. First, the battery is charged with the CC until the battery
voltage reaches a certain value and then the battery is charged
in CV mode until the charging current of it reaches nearly zero.
During the charging process, the battery equivalent resistance
changes considerably. Thus, the control must be able to
maintain the battery current or the battery voltage constant
independent of these load variations.

Different works have been done to control the charging process
of a battery. These techniques are classified into control
strategies [5]-[14] and compensation topologies [15]-[24].
Depending on where the control is applied, the introduced
control strategies are classified into three types: transmitter side
control [5]-[10], receiver side control [11] and dual-side control
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[12]-[14]. The output current and voltage of the battery can be
regulated from the transmitter side by H-bridge converter with
fixed frequency operation using phase shift modulation [5], [6]
or variable frequency control [7], [8]. With phase shift
modulation control in the transmitter side for control of the
output current or voltage, the soft switching for the H-bridge
converter cannot be achieved in different load conditions. In [8],
the CC and CV outputs are achieved through the operation of
the transmitter converter at two different frequencies. However,
the maximum efficiency cannot be obtained during the CV
operating mode since the system does not operate at resonant
frequency. In [9], a separate DC-DC converter is placed in the
transmitter side and before the H-bridge converter in order to
control the output of the WPT system. In receiver side control,
the output current or voltage is regulated from the receiver side
using a DC-DC converter [11]. In dual side control [12]-[14],
the output power or voltage is controlled using power
electronics in both sides of the system. In [13], an active
rectifier is employed instead of the diode-bridge and DC-DC
converter in order to build a bidirectional power transfer system.
The disadvantage of the transmitter side control and dual side
control is that the current and voltage of the battery are required
to be sent to the transmitter side. However, adding the
communication link between the transmitter and receiver
makes the control complicate, reduces the reliability and
increases the size and cost.

Different compensation topologies such as basic compensation
topologies and high order compensation topologies have be
presented in the literature [15]-[16]. Considering the supply
voltage constant, each topology has a specific CC or CV
characteristic at ZPA (zero phase angle) frequency. In order to
provide both CC and CV characteristics at the same time, one
idea is the construction of a hybrid topology and proper
switching between them [17]-[24]. In [17], realization of the
CC and CV modes is proposed with a dual topology WPT
system composed of series-series (SS) and series-parallel (SP)
topologies. However, this system is composed of a center tap
transformer. Two hybrid topologies, one SS and parallel-series
(PS) and the other SP and parallel-parallel (PP) compensations,
are proposed in [18] for the CC and CV charging of the battery.
In [18]-[20] communication path for the data exchange
between the two sides of the system is necessary.

In this paper, a new WPT system for the charging of a battery
is proposed. The CC and CV method are provided with a dual-
topology system. The advantage of the proposed method is that
the charging process control is taken place from the receiver
side and there is no need for the communication link between
the transmitter and receiver sides. This simplifies the control
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and reduces the size and cost of the system. The theoretical
operation of the proposed topology is presented in this paper.
Finally, the proposed topology with charging current of 2 A and
output voltage of 100 V is designed and simulated in order to
validate the theoretical analysis.

Il. FUNDAMENTAL ANALYSIS
11.1 Battery Charge Profile

Lithium-ion batteries are suitable for different applications
such as cell phones, electric vehicles, etc. The charging process
of the battery consists of two main modes: first, charging with
CC until the battery voltage reaches a certain value and second,
charging with CV until the charging current of the battery
reaches almost zero. The charging process of a battery is shown
in Fig. 1. In the mode of constant current charging, the battery
is charged by maintaining its current constant. There is a nearly
linear increase of the battery voltage in the constant current
charging period. At the end of this stage, the battery voltage is
in its peak value. At this point, constant voltage charging mode
starts. During this stage, the voltage of the battery is maintained
constant and the charging current reduces. Thus, both constant
current source and constant voltage source operations are
necessary in battery charging application.

Constant Constant

Charging current

Battery voltage

Charge time

Fig. 1. Charging process for a lithium-ion battery
11.11 SS compensation circuit with CC output

The equivalent circuit of a WPT system with the SS
compensated circuit is presented in Fig. 2. L1 and L, are self-
inductances of the transmitter and receiver coils and M is
mutual inductance. Ry and R, are the resistances of the
transmitter and receiver coils, respectively. Furthermore, C;
and C; are the compensation capacitors of the transmitter and
receiver, respectively. The resistance Ry is the equivalent load
resistance. By writing the voltage equations for the two sides of
the system, the following equation set is obtained:

1
Vl (Rl +](1)L1 +](1)—Cl> il _]lez

1)

1
joMi; = (Rz +jwL, +ij )12 + Ryl

2

The values resonant capacitors are designed in order to
compensate the inductance of the coil in resonant frequency wo
as follows:
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Fig. 2. Equivalent circuit of WPT system with SS
compensation

1 1

NN

By rewriting (1) and considering that the system operates at
resonant frequency according to (2), the current of the receiver
is calculated as follows:

Wy =

)

, jwoMVy
1, =
27 Ry(Ry + Rgo) + wZM?

3)

Mostly in design of the WPT systems, w3M? > R, and thus,
the receiver current is approximately constant with the
variation of the load. By neglecting the resistances of the
transmitter and receiver coil, (3) can be simplified as follows:

- jwoM

iy (4)
According the (4), the current of the receiver is load
independent when the switching frequency is equal to resonant
frequency and the mutual inductance and the transmitter
voltage are maintained constant.

11111 S-LCL compensation circuit with CV output

The equivalent circuit of the WPT system with S-LCL
compensation is presented in Fig. 3. In the transmitter side, a
series compensation is employed. In the receiver side,
additional the inductor L3 is added to the circuit to build an LCL
compensation circuit.

Fig. 3. Equivalent circuit of the WPT system with S-LCL
compensation

By writing the Kirchhoff’s voltage law for the transmitter and
receiver sides, the following equations set is obtained:

1
](1)—C> i1 —j(l)MiZ
1
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Fig. 4. Power circuit configuration of the proposed dual-topology WPT system

The series compensation is employed in the transmitter side and
the frequency of the transmitter is equal to the resonant
frequency of the C; and L. Similar to SS compensation circuit,
the current at the input of the LCL is approximately constant.
In order to have the load independent output voltage, the value
of the L, and Cs must be selected according to the following
equation:

1
VLG,

By writing the equation for the impedance of the receiver Zg,
the following equation is obtained:

Wy =

(6)

1 , 1
Fec (ja; 10k + age
2
Rac

In order to make the impedance of the receiver purely resistive,
the following equation must be justified:

1

Thus, the impedance of the receiver at the resonant frequency
is obtained as:

(")

Zg

Wo =

(8)

_ wo*L,”

=R 9)

ZR

Since in the transmitter side a series compensation is employed,
by making the impedance of the receiver resistive, the total
impedance seen from the input source (Zin) will be resistive as
follows:

M?R,,
L,?

Zin = (10)

Since Zj is purely resistive, the zero phase angle (ZPA) for the
transmitter converter can be achieved. By putting (6) and (8)
into (5) and rewriting it, the output voltage equation of the S-
LCL compensation circuit is calculated as follows

. LyMV,wo?Rge

® " M2wy2Rge + RiR,Rye + RiLy w2
The value of R, > R, and thus, the receiver output voltage is
approximately constant with the variation of the load. By

neglecting the resistances of the transmitter and receiver coil,
the output voltage equation is simplified as

L3V,
o = M

(11)

(12)
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It can be seen from (12) that if the converter works at the
resonant frequency, the output voltage is independent of the
load. It is only depended on the input voltage, mutual
inductance and inductor Ls. In conclusion, in order to have
constant voltage at the output of the S-LCL converter
accompanied with the ZPA at the transmitter side, the value of
the resonant element at the receiver side must be designed
according to Ly=L3=1/wCo.

I11. DUAL-TOPOLOGY AS BATTERY CHARGER

The power circuit configuration of the proposed dual-topology
WPT system is presented in Fig. 4. As shown in this figure, the
transmitter and receiver coils are common for both topologies.
Furthermore, only one resonant capacitor is employed in the
receiver side for both topologies. The switching between the
two topologies is performed with three switches in the receiver
side and thus, there is no need for the communication link
between the transmitter and receiver. The control is only based
on the values of the battery voltage and current. The switches
are needed to be AC switches to provide the bidirectional
current in both CC and CV modes and can be realized for
example by two anti-series MOSFET. During the CC mode, Sq
is on and Ss; and Ssz are off. Thus, C, becomes in series with L
and Lz becomes disconnected. During the CV mode, by turning
on S, C, becomes in parallel with the receiver coil and by
turning on Ss3 and turning off S, LCL circuit is constructed.

With fundamental harmonic analysis of the circuit, it is possible
to model the effect of the H-bridge converter and diode rectifier.
The output voltage of the H-bridge converter is a square wave
and thus, the first harmonic of it can be expressed as

V. = 2\/7]/ a
1 = —Vincos(3)

(13)
Where, a is the phase shift angle between the two legs of the
H-bridge converter. It this paper it is considered that the output
voltage of the H-bridge converter is a full square wave and a is
equal to zero. Furthermore, the voltage waveform at the input
of the diode rectifier is a square wave and in the similar way,
the first harmonic of it is given by

2V2
yo="

o T bat

(14)

Also, the relation between the battery current and the current at
the input of the rectifier is based on the following equation.

2

=4 lbat (15)

lo
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The battery equivalent resistance (Rpar) is defined as the relation
between the voltage and current of the battery. The relation
between the Rpar and Ry is calculated based on the following
equation:

2

R _ Vbat _ 4
bat — ~; ?
lpat

=—Rg (16)

IV. DESIGN CONSIDERATIONS

The battery specification is 100 V and 2 A. The input DC
voltage Vin is 50 VDC. The H-bridge converter works with the
fixed switching frequency of 85 kHz. The output voltage of the
H-bridge converter is a full square wave and the phase shift
between the two legs of the converter is zero. Based on (13), V1
is calculated 45 V. According to (14) and (15), the values of the
Vo and i, are calculated 90 V and 2.22 A, respectively. By
defining the current of the receiver 2.22 A, the mutual
inductance M is calculated 37.92 uH according to (4). In order
to have the constant voltage of 100 V at the battery side for the
S-LCL converter, the value of Ls is designed 75.86 uH based
on (12). After designing the value of Ls, the values of L, and C»
can be calculated easily from (6) and (8). The value of L, and
C, are designed 75.86 uH and 46.22 nF respectively.
Considering the calculated values M and Ly, the value of L is
obtained from the finite element analysis simulation according
to the design limitations such as size and shape of the coils and
air gap between them.

One issue that must be considered in the design of the circuit is
that the resistances of the transmitter and receiver coils affect
the output voltage and current. In CC mode and according to
(3), if the battery equivalent resistance increases, the output
current decreases and the constant output operating is affected.
The variation of the output current versus the battery equivalent
resistance for two different values of Ry and R, are shown in
Fig. 5. As shown in this figure, If Ry and R, increase, this
variation will be greater. During the CV operating mode, if the
battery equivalent resistance increases, according to (11), the
output voltage will increase. The variation of the output voltage
versus the battery equivalent resistance for two different values
of R1 and Rz are shown in Fig. 6. As shown in this figure, by
increasing the coil resistances, the output voltage variation
increases. Thus, the transmitter and receiver must be designed
with Litz wires and low ESR capacitors.

2.04
2.01
< ——R1,R2=0.50Q
S 1.95 \
1.92
1.89
35 50

Rbat

Fig. 5. Variations of the output current versus the battery
equivalent resistance when battery charger works in CC mode
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Fig. 6. Variations of the output voltage versus the battery
equivalent resistance when battery charger works in CV mode
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Fig. 7. Input impedance angle versus frequency for different
Rpat and for different charging modes
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Fig. 8. Battery current versus frequency for different Ry and
in CC mode

Fig. 7 shows the input impedance angle versus frequency for
different battery equivalent resistances for both charging modes.
It can be seen from this figure that at resonant frequency of 85
kHz, the input impedance is purely resistive and the input
impedance angle is zero. Thus, ZPA condition for the
transmitter in both CC and CV mode can be achieved. The
battery current versus switching frequency for different battery
equivalent resistances in CC operating mode is presented in Fig.
8. It is clear that at resonant frequency, the battery current is
independent of the load variations. Fig. 9 shows the battery
voltage versus the switching frequency for different load
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conditions when the battery charger is in CV mode. As shown
in this figure, the battery voltage is constant independent of the
load variations, when the system operates in resonant frequency.

Rbat=50 Q

- Rbat=80 Q
Rbat=110 Q

55 85 115 145 175
Frequency (kHz)

Fig. 9. Battery voltage versus frequency for different Rpa: and
in CV mode

V. CONTROL SCHEME

The control scheme of the battery charger is shown in Fig. 10.
The battery charger is composed of three switches which must
be switched properly in order to complete the charging process
of the battery. The switches employed for the control are high
frequency AC switches. According to the control scheme, the
voltage of the battery is measured and compared with the
reference voltage which is the voltage level that the control
must change the charging mode from the CC to CV mode.

slx |

v

v

|
I
|
52,53 :
|
i

CC mode CV mode

M
I— o~ 3000 ——

Cl e y Cz %“ 853 I—3
Ll L2 |<— Ssln
Ss2
V*bat
Vbat
(b)

Fig. 10. Battery voltage versus frequency for different Rpa
and in CV mode
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At the beginning of the charging process, the voltage of the
battery is lower than the reference voltage and thus, switch Sg
turns on and switches Ss; and Ss3 turns off and the charging
process in CC mode starts. The voltage of the battery start
increasing. At the moment that the voltage of the battery
reaches the maximum voltage level, switch S turns off and
switches Ss, and Ss3 turn on. The charging mode, changes from
the CC mode to CV mode and the current of the battery starts
decreasing until it reaches approximately zero.

VI. SIMULATION RESULTS

In order to validate the theoretical analysis, the proposed
battery charger with the output current of 2 A and output
voltage of 100 V is built according to the parameters presented
in TABLE 1. The transmitter H-bridge converter operates in
fixed frequency of 85 kHz. The transmitter current and voltage
in CC mode with the battery equivalent resistance of 30 Q are
shown in Fig. 11(a). Furthermore, the current and voltage of the
battery are illustrated in Fig. 11(b). As shown in this figure, the
battery current is 2 A and the battery voltage is around 60 V.
The current and voltage waveforms of the transmitter in CC
mode and with the battery equivalent resistance of 50 Q are
presented in Fig. 12(a). Also, the battery voltage and current
are shown in Fig. 12(b). It can be seen from this figure that the
battery voltage is 100 V and the battery current is 2 A. During
this mode, switch Ss; is on and switches Ss; and Ss3 are off.
During the CC mode, current of the battery is maintained
constant at the level of 2 A when Rya increases from 30 Q to
50 Q. The next charging mode of the battery is CV. This mode
starts when the voltage of the battery reaches 100 V. At this
moment, switch S turns off and switches Ss and Ssz turn on.
Fig. 13(a) shows the current and voltage of the transmitter in
CV charging mode and the battery equivalent resistance of 50
Q. As shown in Fig 13(b), the current and voltage of the battery
in Rpat equal to 50 Q are 100 V and 2 A respectively. At this
resistance, the values of the battery voltage and current for SS
topology and S-LCL topology are equal. The current and
voltage waveforms of the transmitter with Rpa of 90 Q are
presented in Fig. 14(a). Furthermore, the current and voltage of
the battery is presented in Fig. 14 (b). The charging profile of
the battery versus the battery equivalent resistance variations is
shown in Fig. 15. It can be seen from this figure that the WPT
system can provide both CC and CV modes when the battery
equivalent resistance changes during the charging process.

Table 1. Specification and parameters of the WPT system

Parameter Value Unit
Transmitter resistance, R: 0.2 Q
Transmitter inductance, L; 200 uH
Transmitter capacitor, Cy 17.53 nF
Receiver resistance, R, 0.2 Q
Receiver inductances, L 75.86 puH
Receiver additional inductor, L3 75.86 puH
Receiver capacitor, C, 44.95 nF
Mutual inductance, M 37.92 puH
Input DC voltage, Vin 50 \%
Battery current, ipat 2 A
Battery voltage, Vpat 60-100 \%
Switching frequency, fo 85 kHz
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The efficiency of the system versus the equivalent battery
resistance is shown in Fig. 16. During the charging process in
CC mode, the efficiency increases. At the Rpa equal to 50 Q
and with SS topology, the maximum efficiency for the system
is obtained. When the topology is changed from SS to S-LCL,
the efficiency reduces. This is due effect of the additional
inductor’s resistance. During the charging is CV mode and
increase of the battery equivalent resistance, the efficiency
reduces.

VII. CONCLUSION

In this paper, a new dual-topology WPT system for the battery
charging application is proposed. The hybrid topology is
composed of SS and S-LCL topology. The SS topology
provides CC charging and S-LCL topology provides CV
charging. The advantage of the proposed topology is that
transmitter H-bridge converter operates at fixed switching
frequency and phase shift angle between two legs of it is zero.
It means that the H-bridge converter output voltage is a full
square wave during the whole charging process Also, the WPT
system operates in ZPA and thus, the efficiency can be
improved. For the control of the charging process it is not
necessary to send the parameters of the battery to the
transmitter side. The lack of any communication link for data
exchange makes the control and implementation simple.
Furthermore, it is not necessary to add a DC-DC converter to
the receiver side. The results obtained by the simulation
validates the theoretical analysis.
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