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Secondary-side Compensation Circuit for Inductive
Power Transfer System∗

Shogo Isogai

Abstract

We propose a novel compensation circuit for inductive power transfer (IPT) system
which is implemented only at the secondary side. In IPT systems, compensation cir-
cuits are implemented to suppress reactive components in the circuit to create large
currents, resulting in improved power transfer efficiency and capability. The conven-
tional compensation circuit method requires mounting on both the primary side and the
secondary side. In the method using a series resonance capacitor on the primary side,
a large current flows transmitting coil when the load is absent. Also, in other schemes,
the output depends on the mutual inductance between the transmitting and receiving
coils. In the proposed method, the reactive component existing on the transmitter side
is also canceled by the proposed receiver-side compensation circuit. And this method
can simplify primary side while realizing load-independent constant voltage/current
functionality. Furthermore, that output value can be changed independently of the
mutual inductance. When expanding the proposed system, it is only necessary to
install transmitting coils, so that all the changing conditions can be changed only by
modifying the compensation circuit, which is considered to be easy to apply to various
applications. In this thesis, we show the design of the secondary-side compensation
circuit and confirm its effectiveness by simulation and experiment results.

Keywords:

inductive power transfer, secondary-side compensation circuit, constant voltage, con-
stant current
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1 Introduction

1.1 Background and motivations

In 2007, the Witricity team at the Massachusetts Institute of Technology (MIT) suc-
ceeded in wirelessly supplying power to a 60 W bulb at a distance of 2 meters [1].
The main techniques of the experiment are "electromagnetic induction of Faraday" and
"resonance", and the technology combining these is called inductive power transfer
(IPT) [2]. But since 2007, highly efficient and long distance wireless power transmis-
sion is enabled by the IPT system [3]. It is used for various devices from consumer
electronics to automatic guided vehicles and the future electric cars [4]- [10].

In IPT systems, compensation circuits are implemented to suppress reactive com-
ponents in the circuit to create large currents, resulting in improved power transfer
efficiency and capability. Four basics topologies; series-series (S-S), series-parallel (S-
P), parallel-series (P-S), and parallel-parallel (P-P), have been investigated extensively
in open literatures [11] [12]. These topologies require resonant capacitors on transmit-
ting and receinving coil. Series-Parallel (S-P) expresses primary-side compensation
circuit - secondary-side compensation circuit, so it shows a series resonant capacitor -
a parallel resonant capacitor. Based on these basic schemes, more sophisticated com-
pensation circuits, e.g., LLC-S, CLC-LC, LCC-S, LCC-P, LCC-LCC [13]- [16], have
been proposed to achieve practically attractive functionalities, e.g., load-independent
constant voltage, constant current or zero phase angle (ZPA), where L is a induc-
tor. However, all of these schemes implement compensation circuits for both primary
(transmitter) and secondary (receiver) sides as shown in Fig. 1.1(a).

Therefore, when designing the system, it is necessary to investigate reactance com-
ponents of circuits on both sides and to design each compensation circuit. Further,
in the applications of dynamic charging or wide-area charging, since the wide ser-
vice area needs to be covered by many transmitting coils, these conventional methods
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have several disadvantages, mainly because of their requirement for transmitter-side
implementation. The first disadvantage is the hassle for making a huge a mount of
compensation circuits. The second one is the necessity for carefully designing the
circuit elements to deal with cross-coupling among the transmitting coils.

In this thesis, we propose a novel compensation topology, which is implemented
only at the secondary side as shown in Fig. 1.1(b). In this method, the reactive
component existing on the primary side is also canceled by the proposed secondary-
side compensation circuit when the coils are coupled. By not installing a compensation
circuit in the transmitting coil, even if a change in the system or an external influence
is newly added, designing the system is easy because it is only necessary to redesign
the compensation circuit on the receiver side. Coupling between the some transmitting
coils can also be thought of as combined coil, which is not complicated.

Furthermore, when the receiver side does not present, the current flowing into
transmitter side is suppressed and the magnetic field from its coil is weak because
there is connection only a power sourve and a transmitting coil having a large reactance
component at transmitter side. This can solve the problemof large current flowing in no-
load condition which is faulty with S-S and S-P topology. On the other hand, when the
receiver side is present, the reactance of the transmitting coil is canceled by the proposed
receiver-side compensation circuit, so that a sufficient current corresponding to the load
flows to the transmitting coil. Therefore, complicated sensors are unnecessary because
it is automatically switched according to the presence or absence of the receiver side,
which leads to simplification of the primary side. In addition, the output voltage/current
can be controlled only by changing the compensation circuit.

1.2 Contribution

The main contribution of this research is establishing a design of secondary-side com-
pensation circuit which can achieve load-independent constant voltage/current and
control output voltage/current. To this end, we investigate the proposed compensation
circuit design using ABCD-parameters. We then perform electromagnetic simulations,
followed by experiments to validate the analytic results.

Important conclusions are drawn as follows.
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Figure 1.1: Inductive power transfer (IPT) system with compensation circuits

1. These verifications show that the output voltage/current can be freely changed only
by the secondary-side compensation circuit. Furthermore, their output performance
is load independent.

2. This method requires only a power source and a transmitting coil at the primary
side. So, This leads to simplification of a complex system using a plurality of power
transmitting coils.

1.3 Outline

The remainder of this thesis is organized as follows.
Chapter 2 introduce the IPT system with basic compensation topologies. Chapter

3 investigates the design of the proposed method and further analyzes characteristics
in practical conditions. Next, chapter 4 describes EM simulation system which is
in various configuration, and show results. Chapter 5 presents experiment setup and
shows results. Finally, chapter 6 indicates conclusion and future works.
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2 IPT system with basic compensation
circuits

In this chapter, we introduce IPT system and its basic compensation circuit. We analyze
the characteristics of the four basic compensation topologies; S-S, S-P, P-S, P-P, that
are representative of compensation circuit.

2.1 Basic compensation circuits

FIg. 2.1 shows simple equivalent circuit of IPT system with four basic compensation
circuit. Here, an internal resistance of the coil is neglected, the values of the transmitting
and receiving coil are equal,L = L1 = L2, and the turns ratio is 1. The power supply is a
sinusoidal AC voltage source VS , and the load is a resistorRL. A capacitor is inserted in
series or in parallel for each compensationmethod. M is themutual inductance between
the two coils. In this section, we introduce four basic compensation topologies. These
methods are adopted to various applications depending on the purpose [17], [18].

2.1.1 S-S compensation topology

In the S-S compensation topology, series capacitors Css1 and Css2 are inserted for
primary and secondary side, respectively [19]- [21]. When the capacitor is set to

Css1 = Css2 = 1
ω2L

(2.1)

for the resonance angular frequency ω, the output current IL for the load RL is

IL = VS

ωkL
, (2.2)
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Figure 2.1: Simple equivalent circuit of IPT system with basic compensation circuit

where k is the coupling coefficient between the transmitting and receiving coils,

k = M√
L1L2

. (2.3)

From (2.2), this topology has a load-independent constant current function.

2.1.2 S-P compensation topology

In the S-P compensation topology, a series capacitor Csp1 is inserted on the primary
side and a parallel capacitor Csp2 is inserted on the secondary side [22]- [24]. When
the capacitor is set to

Csp1 = 1
ω2(1− k2)L1

(2.4)

Csp2 = 1
ω2L2

, (2.5)

the output voltage VL for the load RL is

VL = VS

k
. (2.6)

From (2.6), this topology has a load-independent constant voltage function.

5



2.1.3 P-S compensation topology

In the P-S compensation topology, a series capacitor Cps1 is inserted on the primary
side and a parallel capacitor Cps2 is inserted on the secondary side [25]- [27]. When
the capacitor is set to

Csp1 = 1
ω2L1

(2.7)

Csp2 = 1
ω2(1− k2)L2

, (2.8)

the output voltage VL for the load RL is

VL = kVS. (2.9)

From (2.9), this topology has a load-independent constant voltage function.

2.1.4 P-P compensation topology

In the P-P compensation topology, parallel capacitors Cpp1 and Cpp2 are inserted for
primary and secondary side, respectively [28]- [30]. When the capacitor is set to

Cpp1 = Cpp2 = 1
ω2(1− k2)L, (2.10)

the output current IL for the load RL is

IL = kVS

ω(1− k2)L. (2.11)

From (2.11), this topology has a load-independent constant current function.

2.2 Problem statement

Important problems of these basic compensation topologies are drawn as follows.

1. Four basic topologies require the implementation of a compensation circuit in both
the primary and secondary side, which increases the cost and complexity in systems
using multiple coils.
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2. Series compensation capacitor on the primary side as in S-S and S-P leads to a very
large current flowing on the transmitting coil when the secondary-side is absent. This
is why that input impedance is very small. Therefore, when using these topologies,
On/Off switching mechanism may be required.

3. The output voltage of S-P and P-S topologies having a load-independent constant
voltage output function depends on k factor as shown in (2.6) and (2.9).

4. The output current of S-S and P-P topologies having a load-independent constant
current output function also depends on k factor as shown in (2.2) and (2.11).

In this work, we propose a novel compensation circuit that solves all of these prob-
lems. This compensation circuit is mounted only on the secondary side, and the output
can be a constant voltage or a constant current regardless of k factor.

7



3 Design of secondary-side
compensation circuit

In this chapter, we investigate a design of secondary-side compensation circuit which
can achieve load-independent constant voltage/current.

3.1 System model

This thesis considers an IPT system with secondary-side compensation circuit shown
in Fig. 3.1. Throughout this thesis, it is assumed that all the circuit parameters are
linear and that the IPT system is operating in a steady state and includes no switching
harmonics. The transmitting coil is connected directly to a voltage source with zero
impedance, frequency f and the angular frequency ω = 2πf . The receiving coil is
connected to a resistive load RL via a compensation circuit. All the circuit parameters
are represented in complex phasor form; specifically, VS and IS are the phasors of the
fundamental frequency component of the source voltage and current; V2 and I2 are the
phasors of voltage and current in the receiving coils; VL and IL are the phasors of the
load voltage and current. In the figure, L1 is the self inductance of the transmitting
coil, L2 is the self-inductance of the receiving coil, and M is the mutual inductance
between the two coils.

In this figure, Zx represents the Z-paremeters; respectively, Zin is the input; Zipt is
the IPT link as shown in (3.1) ; Zcom is the compensation and ZL is the load resistance.

Zipt =
jωL1 jωM

jωM jωL2

 (3.1)
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Figure 3.1: Equivalent circuit of IPT system with secondary-side compensation circuit

The input (VS , IS) and output (V2, I2) relation of the IPT link is characterized byVS

IS

 = Aipt

V2

I2

 , (3.2)

where Aipt is the ABCD-matrix of the IPT link. This matrix can be expressed by

Aipt =


L1

M
ω(M − L1L2

M
)

1
jωM

L2

M

 . (3.3)

Let Acom be the ABCD-parameters of the compensation circuit, then the voltage and
current of the receiving coil are related to those of the load byV2

I2

 = Acom

VL

IL

 . (3.4)

As a consequence, the relation between input and output of the whole system is given
by VS

IS

 = Asys

VL

IL

 , (3.5)
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where

Asys = AiptAcom (3.6)

is the ABCD-matrix of the whole system.

3.2 Design of compensation circuit

3.2.1 Constant voltage design

In the constant voltage design, the objective is to yield a stable load voltage VL for
all value of RL. The target value V ?

L of the load voltage can be related to the source
voltage VS by a real constant α which represents a transformation ratio. In other words,
the parameters Acom of the compensation circuit must be chosen so that V ?

L = αVS

regardless of the value of load current IL. On the other hand, the target value I?
L of the

load current must be I?
L = IS/α to achieve unity power factor. As a consequence, the

target value for the over all system parameters A?
sys are determined as

A?
sys =

1/α 0
0 α

 . (3.7)

Thus, ABCD-parameters of the compensation circuit must be

Acom = A−1
iptA

?
sys =


L2

αM
j
αω(M2 − L1L2)

M

j

ωαM

αL1

M

 . (3.8)

From this it follows that the Z-parameters of the compensation circuit must be equal to

Zcom =
 −jωL2 −jωαM
−jωαM −jωα2L1

 . (3.9)

The compensation circuit can be realized by a T-equivalent model shown in Fig. 3.2(a)
with capacitors given as below

C1 = 1
ω2(L2 − αM) (3.10)

C2 = 1
ω2(α2L1 − αM) (3.11)

C3 = 1
ω2αM

. (3.12)
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Figure 3.2: Three type of secondary-side compensation circuit

Or, the compensation circuit can be realized by a π-equivalent model shown in
Fig. 3.2(b) with capacitors

C31 = αM

ω2α2(L1L2 −M2) (3.13)

C12 = L2 − αM
ω2α2(L1L2 −M2) (3.14)

C23 = α2L1 − αM
ω2α2(L1L2 −M2) . (3.15)

Moreover, that can also be realized by aL-equivalentmodel shown in Fig. 3.2(c). This
model is consist of two capacitors C12,31 without capacitor C23 from the π-equivalent
model. We had investigated L-equivalent model paformance in [32].

When the aforementioned compensation circuit is implemented and the ESRs of the
coils are ignored, input impedance of the whole system seen by the source is

Zin = 1
α2 ·

V ?
L

I?
L

= RL

α2 (3.16)

This means the whole system performs an impedance compression on the purely
resistive load RL at a compression ratio of α2.

3.2.2 Constant current design

In the constant current design, the objective is to yield a stable load voltage IL for
all value of RL. The target value I?

L of the load voltage can be related to the source
voltage VS by a purely imaginary constant jβ which represents a transformation ratio.
In other words, the parameters Acom of the compensation circuit must be chosen so that

11



I?
L = VS/(jβ) regardless of the value of load voltage VL. On the other hand, the target
value V ?

L of the load current must be V ?
L = jβIS to achieve unity power factor. As a

consequence, the target value for the over all system parameters A?
sys are determined

as

A?
sys =

 0 jβ

j/β 0

 . (3.17)

Thus, ABCD-parameters of the compensation circuit must be

Acom =


L2

M
j
ω(M2 − L1L2)

M

j

ωM

L1

M




0 jβ

j/β 0



=


−ω(M2 − L1L2)

βM

jβL2

M

jL1

βM
− β

ωM

 (3.18)

From this it follows that the Z-parameters of the compensation circuit must be equal to

Zcom =


−jω(L2 −

M2

L1
) −jβM

L1

−jβM
L1

j
β2

ωL1

 (3.19)

The compensation circuit can be realized by an equivalent T-model shown in Fig. 3.2(a)
with capacitors given as below

C1 = 1
ω2(L2 −M2/L1 − βM/ωL1) (3.20)

C2 = 1
ω2(−β2/ωL1 − βM/ωL1) (3.21)

C3 = 1
βωM/L1

. (3.22)
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Or, the compensation circuit can be realized by a π-equivalent model shown in
Fig. 3.2(b) with capacitors

C31 = αM

ω2α2(L1L2 −M2) (3.23)

C12 = L2 − αM
ω2α2(L1L2 −M2) (3.24)

C23 = α2L1 − αM
ω2α2(L1L2 −M2) . (3.25)

When the aforementioned compensation circuit is implemented and the ESRs of the
coils are ignored, input impedance of the whole system seen by the source is

Zin = β2 · I
?
L

V ?
L

= β2

RL

(3.26)

This means the whole system performs an impedance compression on the purely
resistive load β2 at a compression ratio of RL.

3.3 Characteristics In Practical Conditions

Taking internal resistances of the coils r1,2, the Z-parameters of the IPT link is repre-
sented as follows.

Zipt =
r1 + jωL1 jωM

jωM r2 + jωL2

 (3.27)

Equivalently, the ABCD-matrix of the IPT link is given by

Aipt = 1
jωM

Aipt
11 Aipt

12

Aipt
21 Aipt

22

 (3.28)

where

Aipt
11 = L1

M
+ r1

jωM

Aipt
12 = (r1r2 − ω2L1L2 + ω2M2) + jω(r1L2 + r2L1)

jωM

Aipt
21 = 1

jωM

Aipt
22 = L2

M
+ r2

jωM

13



3.3.1 Constant Voltage Design

Substituting (3.28) into (3.6), we obtain the end-to-end system’s ABCD-matrix as

Asys =
Asys

11 Asys
12

Asys
21 Asys

22

 , (3.29)

where

Asys
11 = 1 + r1r2

ω2M2 + j
r2L1

ωM2

Asys
12 = r1 + r2

L2
1

M2 − j
r1r2L1

ωM2

Asys
21 = r2

ω2M2

Asys
22 = 1− j r2L1

ωM2

The ratio of input voltage to output voltage is determined as

VL

VS

=
∣∣∣∣∣ 1
A+B/RL

∣∣∣∣∣
=
(1+ r1r2

ω2M2 + r1M
2+r2L

2
1

M2RL

)2

+ r2
2L

2
1

ω2M4

(
1− r1

RL

)2
− 1

2

u


1 +

r2
(

L1
M

)2

RL


2

+

r2
(

L1
M

)2

ωL1


2(

1− r1

RL

)2


− 1

2

(3.30)

VS = AVL +BIL = (ARL +B)IL (3.31)

IS = CVL +DIL = (CRL +D)IL (3.32)

In put power is given by

Pin = 1
2Re{V1I

∗
1} (3.33)

= 1
2Re{(ARL +B)(CRL +D)∗|IL|2} (3.34)

= 1
2Re{(ARL +B)(C∗RL +D∗)|IL|2} (3.35)
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The efficiency is given by

η = 1/Re{AC∗RL +BD∗/RL +BC∗ + AD∗} (3.36)

= 1
1+ 2r1r2

ω2M2 +
(
1+ r1r2

ω2M2

)
r2RL

ω2M2 +
(
r1+r2

L2
1

M2 + r1r2L2
1

ω2M4

)
1

RL

(3.37)

3.3.2 Constant Current Design

Substituting (3.28) into (3.6), we obtain the end-to-end system’s ABCD-matrix as

Asys =
Asys

11 Asys
12

Asys
21 Asys

22

 , (3.38)

where

Asys
11 = r1r2L1

ωM2 + jr1 + jr2
L2

1
M2

Asys
12 = − r2L1

ωM2 + j + j
r1r2

ω2M2

Asys
21 = r2L1

ωM2 + j

Asys
22 = j

r2

ω2M2

The ratio of input voltage to output voltage is determined as

jIL

VS

=
∣∣∣∣ 1
ARL +B

∣∣∣∣
=
 r2

2L
2
1

ω2M4 (RLr1−1)2+
(
RL
r1M

2+r2L
2
1

M2 + r1r2

ω2M2 +1
)2
− 1

2

u


r2

(
L1
M

)2

ωL1


2

(RLr1 − 1)2 +
(
1 +RLr2

(
L1

M

)2)2


− 1
2

(3.39)

VS = AVL +BIL = (ARL +B)IL (3.40)

IS = CVL +DIL = (CRL +D)IL (3.41)
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In put power is given by

Pin = 1
2Re{VSI

∗
S} (3.42)

= 1
2Re{(ARL +B)(CRL +D)∗|IL|2} (3.43)

= 1
2Re{(ARL +B)(C∗RL +D∗)|IL|2} (3.44)

The efficiency is given by

η = 1/Re{AC∗RL +BD∗/RL +BC∗ + AD∗} (3.45)

= 1
1+ 2r1r2

ω2M2 +
(

r1r2L2
1

ω2M4 +r1+r2
L2

1
M2

)
RL+

((
1+ r1r2

ω2M2

)
r2

ω2M2

)
1

RL

(3.46)
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4 Simulation Evaluation

We investigate the availability of the design of the secondary-side compensation circuit
mentioned in capter 2 by simulation results.

4.1 Simulation setup

We employ WIPL-D©, a commercial EM simulation software based on the method of
moments, to evaluate the proposed IPT system shown in Fig. 4.1. In this configuration,
the lower coil is the transmitter and the upper coil is the receiver. Both the transmitter
and receiver are identical 8-turn spiral coils made of copper wire with a conductivity of
58×106 S/m and a diameter of 1 mm. Self inductances of the coils are L1 = 14.35µH
and L2 = 14.35µH, and their mutual inductance is M = 6.64µH. The operating
frequency is 2 MHz. Other parameters of the coils can be found in Table 4.1.

4.2 Simulation results

4.2.1 Constant voltage design

With simulation setup values and (3.12) , capacitances of the proposed compensation
circuit when α is 0.5, 1 and 2 and input impedance of the whole system at RL = 0 Ω
are shown in Table 4.2. It can be confirmed that the reactive components of the system
is canceled in all three types of compensation circuits as indicated by (3.16).

Fig. 4.2 demonstrates the ratio of output to input voltage and current at three different
α a function of the load resistance RL. As shown in this figure, this system performs
the desired performance of V ?

L = αVS and I?
L = IS/α. And as α increases, a larger

load is required to stabilize the voltage ratio. However, as α decreases, the current ratio
stabilizes over a wide range of the load.
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x y

z Transmitting coil : L1

Receiving coil : L2

Compensation circuit
and Road : RL

Figure 4.1: Simulation model

Next, Fig. 4.3 shows simulation results of the efficiency at three differentα a function
of the load resistance RL. From these results, it can be confirmed that load value at
which the efficiency peaks varies and the load range which the efficiency stabilizes
differs depending on α.

4.2.2 Constant current design

We prepare a compensation circuit of constant current design under the same conditions
as the previously described constant voltage design. With these values, capacitances of
the proposed compensation circuit when β is 1, 50 and 100 and input impedance of the
whole system at RL = 0Ω are shown in Table. 4.2. It can be confirmed that the input
impedance increases as β increases, as indicated by (3.26).

Fig. 4.4 demonstrates the ratio of output to input voltage and current at three different
β a function of the load resistance RL. As shown in this figure, only when β is very
large, this system performs the desired performance of I?

L = VS/(jβ) and V ?
L = jβIS .

Next, Fig. 4.5 shows simulation results of the efficiency at three different β a function
of the load resistance RL.
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Table 4.1: Simulation paramters
Parameters Value

Operating fequency f 2.0 [MHz]
Coil size 100× 200 [mm]
Coil gap d 20 [mm]
Transmitting coil inductance L1 14.35 [µH]
Internal resistance of transmitting coil r1 520 [mΩ]
Receiving coil inductance L2 14.35 [µH]
Internal resistance of receiving coil r2 520 [mΩ]
Mutual inductanceM 6.64 [µH]
Input voltage VS 12 [V]
Conductivy 58× 106[S/m]
Copper wire dianeter 1.0 [mm]
Analysis moment method(MoM)

Table 4.2: Compensation circuit parameters of constant voltage design and input
impedance of whole system in simulation
α C1 C2 C3 Zin

2.0 574.1 [pF] 23.67 [nF] 1.91 [nF] 2.46 + j0.28 [Ω]
1.0 821.2 [pF] 821.2 [pF] 953.0 [pF] 2.47 + j0.16 [Ω]
0.5 9.52 [nF] 143.5 [pF] 476.9 [pF] 2.47 + j0.04 [Ω]

Table 4.3: Compensation circuit parameters of constant current design and input
impedance of whole system in simulation
β C1 C2 C3 Zin

100 833.7 [pF] 8.09 [µH] 1.71 [nF] 9869− j5826 [Ω]
50 671.0 [pF] 2.94 [µH] 3.43 [nF] 3599− j5804 [Ω]
1.0 563.3 [pF] 367.77 [nH] 171.97 [nF] 2.55− j3.36 [Ω]
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(a) Ratio between source and load voltages

(b) Ratio between source and load current

Figure 4.2: Simulation results for ratio of output to input voltage and current with
constant voltage design
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Figure 4.3: Simulation results for efficiency with constant current design
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(a) Ratio between source and load current

(b) Ratio between source and load voltage

Figure 4.4: Simulation results for ratio of output to input voltage and current with
constant current design
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Figure 4.5: Simulation results for efficiency with constant current design

23



(a) Ratio of output to input voltage (b) Ratio of output to input current

Figure 4.6: Simulation results for system performance variation due to coupling
coefficient

4.3 EM simulations in practical conditions

In this section, we investigate the performance that assumes possible adverse effects
when using the proposed method in a real environment. For the purpose of simplicity,
we evaluate only by the simulation of the constant voltage design as α = 1,RL = 100Ω
and other conditions are the same as in Table 4.1.

4.3.1 Impact of coupling coefficience

In theWPT application, the coupling coefficient between the transmitting and receiving
coils ismade as big as possible in order to improve the transmission efficiency. However,
due to restrictions such as the use environment, the distance between the coils may be
long, and applications where the coupling coefficient is not so large may be considered.
Therefore, we investigate the difference in performance due to the changing coupling
coefficient. Fig. 4.6 shows the results of the ratio of output to input voltage and current
when the coupling coefficient is changed by varying the gap between the coils and the
compensation circuit is mounted accordingly. It can be confirmed that the larger the
coupling coefficient, the wider the stable range of the output.
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(a) Ratio of output to input voltage (b) Ratio of output to input current

Figure 4.7: Simulation results for Impact of deviation of coupling coefficient

4.3.2 Impact of deviation of coupling coefficient

Especially in dynamic WPT applications, the secondary side often moves irregularly.
Since the coupling coefficient at the time of actual feeding is different from that at the
time of system design, we investigate the influence of the deviation of the coupling
coefficient on the proposed system.

Fig. 4.7 shows the results when when the coupling coefficient deviates by changing
the distance between the coils from 20.0 mm at design to 17.5 mm and 22.5 mm.
When error is compared with ±0 %, the output voltage does not stabilize in the range
where the load resistance is small for both positive and negative coupling coefficient
deviations. In addition, when the coupling coefficient deviates to a negative value, the
output voltage stabilizes at a large value with respect to the input voltage. On the other
hand, a positive deviation stabilizes at a small value.

4.3.3 Impact of internal resistances

We have investigated the impact of internal resistances on the proposed system [31]. In
[31], when the internal resistances of the transmitting and receiving coils are negligibly
small, load-independent constant voltage functionality can be achieved. On the other
hand, when the internal resistance is not negligible, the output voltage is not stabilized
unless the load is sufficiently large. In this section, We investigate the performance of
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Figure 4.8: Simulation results for Impact of internal resistances

not only voltage but also current when the load resistance RL is fixed and the internal
resistances of the transmitting and receiving coils are changed.

Fig. 4.8 demonstrates the the ratio of output to input voltage and current as a function
of the ratio of the internal resistances Rinternal to the load resistance RL = 100Ω. By
connecting two resistors in series with the transmitting and receiving coils to vary
internal resistances of the coils in a pseudo manner. It can be confirmed that the current
ratio is greatly affected by the internal resistance compared to the voltage ratio.

4.3.4 impact of compensation errors

In practical applications, it is very difficult to accurately measure the parameters of
the transmitting and receiving coils and additionally the capacitor contains an error.
Therefore, we investigate the impact of compensation errors on the system.

Fig. 4.9 shows the results of the ratio of output to input voltage and current when the
capacitors of the compensation circuit are changed by±15%. According to this figure,
among the three types of capacitors, the error of C1 greatly affects the performance.
On the other hand, the error of C2 doesn’t significantly affect performance.
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(a) Ratio of output to input voltage (b) Ratio of output to input current

Figure 4.9: Simulation results for impact of compensation errors
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5 Experimental Evaluation

We investigate the availability of the design of the secondary-side compensation circuit
mentioned in capter2 by experiment results.

5.1 Experiment setup

The experimental equipment consists of a DC power supply, a DC/AC inverter, trans-
mitting and receiving coils, a compensation circuit, and a load resistance, as shown in
Fig. 5.1. Both the transmitting and receiving coils are identical 2-layer and 10-turn
each spiral coils made of litz wire with diameter of 0.08 mm (IWTX-4646BE-50). The
operating frequency is set to 200 kHz. The observed values for self inductances of
the transmitting and receiving coils are L1 = 23.89 µH and L2 = 23.62 µH, and their
mutual inductance isM = 11.69 µH. Other parameters are shown in Table 5.

5.2 Experiment results of constant voltage design

With these values, a compensation circuit is designed at α = 0.75, 1.0, 1.5. The
parameters of these compensation circuits and the input impedance of the system with
a short load (RL = 0 Ω) are shown in the TABLE 5.2. Reactive components of the
system is canceled as well as simulation results.

Fig. 5.2 demonstrates the ratio of output to input voltage as function of the load
resistanceRL. It was confirmed that the output voltage can be closer to the target value
V ?

L = αVS , and the smaller the value of α, the smaller the load value at which the
stabilization starts.

Finally, Fig. 5.3 shows the waveform of input and output voltage at RL of 110 Ω.
It can be confirmed that the waveforms have the same tendency that the phase of
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DC power supply

Oscilloscope

Coils Compensation circuitInverter

Load

Figure 5.1: Experiment setup

output voltage are nearly identical to those of the input and the amplitude are close to
V ?

L = αVS in any compensation circuit.
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Table 5.1: Experiment paramters
Parameters Value

Operating fequency f 200 [kHz]
Coil size 43× 43 [mm]
Coil gap d 5.0 [mm]
Transmitting coil inductance L1 23.89 [µH]
Internal resistance of transmitting coil r1 272 [mΩ]
Receiving coil inductance L2 23.62 [µH]
Internal resistance of receiving coil r2 149 [mΩ]
Mutual inductanceM 11.69 [µH]
Input voltage VS 10 [V]

Table 5.2: Compensation circuit parameters of constant current design and input
impedance of whole system in experiment
α C1 C2 C3 Zin

1.5 103.95 [nF] 17.50 [nF] 36.21 [nF] 2.0 + j0.6 [Ω]
1.0 52.83 [nF] 51.74 [nF] 54.37 [nF] 2.0− j0.3 [Ω]
0.75 44.37 [nF] 106.56 [nF] 67.54 [nF] 2.2 + j0.5 [Ω]
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Figure 5.2: Experiment results for ratio of output to input voltage

Figure 5.3: Experiment results for waveforms of input and output
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6 Conclusion

In this thesis, we proposed the secondary-side compensation circuit for IPT system.
First, we analyzed the design of the proposed method, and characteristics in practical
conditions by using ABCD-parameters. Next, we then showed the effectiveness of the
proposedmethod and the same tendency as the theoretical formula by simulation results.
Finally, we confirmed the operation of the proposed system by experiments. From these
results, we showed the operation and benefits of the secondary-side compensation circuit
for IPT system, which was the purpose of this study. At the same time, we confirmed
that this method can change the output freely and it is independent of the load value.

6.0.1 Future works

We verified only SISO (single-input single-output) IPT system with one transmitting
coil and one receiving coil in this research. However, this method can simplefy the
primary-side circuit. Therefore, this method is considered to have a great advantage
in MISO (multiple-input single-output) and MIMO (multiple-input multiple-output)
systems with multiple power transmission coils. In such a system, it is a future work to
compare the efficiency with the conventional method.
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