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Abstract: Compensation is crucial in the inductive power transfer system to achieve load-independent
constant voltage or constant current output, near-zero reactive power, higher design freedom, and
zero-voltage switching of the driver circuit. This article proposes a simple, comprehensive, and inno-
vative graphic design methodology for compensation topology to realize load-independent output at
zero-phase-angle frequencies. Four types of graphical models of the loosely coupled transformer that
utilize the ideal transformer and gyrator are presented. The combination of four types of models with
the source-side/load-side conversion model can realize the load-independent output from the source
to load. Instead of previous design methods of solving the equations derived from the circuits, the
load-independent frequency, zero-phase angle (ZPA) conditions, and source-to-load voltage/current
gain of the compensation topology can be intuitively obtained using the circuit model given in
this paper. In addition, not limited to only research of the existing compensation topology, based
on the design methodology in this paper, 12 novel compensation topologies that are free from the
constraints of transformer parameters and independent of load variations are stated and verified
by simulations. In addition, a novel prototype of primary-series inductor–capacitance–capacitance
(S/LCC) topology is constructed to demonstrate the proposed design approach. The simulation and
experimental results are consistent with the theory, indicating the correctness of the design method.

Keywords: compensation topology; constant-voltage or constant-current output; zero-phase angle;
transformer; gyrator; inductive power transfer; loosely coupled transformer

1. Introduction

Compared to traditional plug-in systems, inductive wireless energy transmission
systems have advantages such as flexibility, convenience, electrical isolation, and strong
environmental adaptability [1]. It has been employed in many applications. For example,
in the field of electric vehicles, the inductive power transfer (IPT) method has a greater
advantage for the electric vehicle (EV) battery charger due to its convenience and safety
as compared to the plugged-in charger [2]. In the area of implantable medical devices,
compared to batteries, IPT can theoretically achieve an unlimited lifetime through wireless
power transfer, without the need for surgery to replace the battery, greatly reducing the
patient’s pain [3]. In the field of consumer electronics, inductively coupled chargers are
becoming more and more popular in wireless charging of mobile phones, laptops, and
other handheld devices as proposed in [4].

Figure 1 illustrates the schematic diagram of an IPT system. At the primary side, the
IPT system is powered by a DC source UDC (IDC), and the inverter produces a constant AC
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voltage or current. At the secondary side, a rectifier is applied to generate a DC voltage to
the load ZL. As shown in Figure 1, in order to transfer power within a certain distance in
the IPT system, a loosely coupled transformer (LCT) that involves the primary coil and
the secondary coil must be used. Due to the existence of the air gap between the coils,
when the distance of the coils increases, the coupling coefficient between the coils becomes
smaller while leakage inductance becomes bigger. Uncoupled magnetic flux generates
significant reactive power, which increases the ratings of the drive circuit and reduces the
power transfer capability [5]. Therefore, compensation circuits are generally required to
achieve or improve the following characteristics:

• Implementing the zero-phase angle (ZPA) feature. In order to achieve near-zero
reactive power and transfer more power to the load, it is desirable for the IPT system
to operate at the zero-phase-angle frequency [6]. At this frequency, the equivalent
impedance seen by the source is a pure resistance, minimizing the volt-ampere (VA)
ratings of the power supply and maximizing the transfer capability.

• Facilitating zero-voltage switching (ZVS) and improving system efficiency. Hard
switching refers to the phenomenon that the current and voltage on the power switch
overlap in a large area during the turn-on process of the power switch. This is the
main contributor to energy loss. Especially when the switching frequency is high,
the conversion rate of the power supply in the hard-switching state decreases, the
switching loss and the stress it bears also increases exponentially, which greatly
reduces the switching efficiency. The zero-voltage switching is to turn MOS on when
the voltage crosses zero, which requires the circuit to be slightly inductive when the
current crosses zero, thus causing resonant-tank current to lag the voltage. In this way,
the overlap area of voltage and current during turn-on is reduced, thereby reducing
loss and obtaining higher efficiency. It is worth noting that based on the realization of
near-zero reactive power, only a small adjustment of the compensation parameters
can make the circuit appear slightly inductive to facilitate ZVS [5]. Therefore, it is
critical to design the parameters of the compensation circuit properly to realize the
characteristics of ZPA.

Figure 1. Schematic diagram of a typical inductive power transfer (IPT) system.

• Load-independent constant-voltage (CV) or constant-current (CC) output. In wireless
power transmission systems, load-independent CV or CC output is necessary in many
cases. In recent years, lithium-ion batteries are increasingly used in EVs [7,8]. To
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ensure the safety of the lithium-ion battery and the effectiveness of the charging
system, proper charging strategies are crucial [9]. Constant-current–constant-voltage
charging is often adopted due to efficiency and safety. The typical charging process of
an EV lithium-ion battery is shown in Figure 2 [10]. It can be seen from Figure 2 that
the charging process is divided into two stages. The first stage is a constant current
process, with the charging current basically unchanged and the battery voltage rising
rapidly. The second stage is a constant-voltage process. When the battery voltage
reaches the specified level, the charger enters the CV charging process, where the
battery voltage remains basically unchanged and the charging current gradually
decreases until it approaches zero. In addition, in order to ensure the safe operation of
the implantable devices, the output voltage must remain basically unchanged within
a large range of load changes [11]. Designing the compensation topology meticulously
can be a better alternative compared to utilizing a backend DC–DC converter or
frequency control, which makes the control circuits simplified to obtain better system
stability and reduce energy loss to improve system efficiency.

Figure 2. Constant-current–constant-voltage charging of a lithium-ion battery cell.

• Freeing from LCT parameters to get higher design freedom. Low design freedom
means that the input-to-output transfer function is dependent on LCT parameters,
which implies the fact that once the input voltage or current is predetermined, the
output voltage or current does not change unless a new LCT with different parameters
is used [12]. However, the redesign of the LCT is time-consuming and complex. In
consequence, designing the compensation topology with the input-to-output transfer
function independent of LCT parameters is of great importance.

• Less use of compensation components. The authors of [13] proposed a compensation
topology, named double-side LCC compensation topology, which poses all the above
mentioned characteristics including ZPA, ZVS, load-independent output current, and
source-to-load transfer function independent of LCT parameters. However, it has
six compensation elements, including one inductor and two capacitors at both the
primary and secondary sides, which results in higher cost, more space, and a lower
power density. Therefore, the use of fewer compensation elements while satisfying
other characteristics mentioned above is also significant.

Some researchers have analyzed and designed how to realize the required character-
istics for the compensation topology of an IPT system. Based on the traditional mutual
inductance model of the LCT, the literature [14] adopted the method of the separation
of parameters to obtain the conditions of CV or CC. However, this approach of solving
the equations derived from circuits can be tedious and time consuming. Moreover, the
research has not made a comprehensive and systematic analysis of the ZPA characteristics
of topology. Reference [15] shows that by correctly combining resonant blocks with CC/CV
output functions, compensation structures can achieve a constant output and a minimum
input VA rating simultaneously. However, for some topologies, the method of separating
parameters is still used to obtain the compensation parameters of CC or CV, and the given
model cannot intuitively reach the conditions of realizing ZPA. The literature [16] proposes
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a general modeling method based on the basic LC network, T-network, and π-network
for realizing load-independent current and voltage output for compensation networks.
However, this method is not straightforward and does not analyze the ZPA characteristic.
In reference [17], the compensation topologies are modeled as basic L-Section matching
networks and the regularization mathematical expressions of load-independent current or
voltage and the realization conditions of ZPA are given. However, it is not straightforward
to solve the mathematical model of the circuit to obtain the conditions for constant output
and pure input resistance. A graphical approach method [18] based on gyrator is proposed
to visually and systematically analyze the CC/CV output with ZPA operation of com-
pensation topologies. However, CC/CV output and ZPA conditions cannot be obtained
simultaneously by intuitive analysis.

Therefore, there are three common deficiencies in the above researches.

1. The modeling method is not intuitive. The compensation circuits are analyzed in the
above literature mainly by mathematical methods. By solving the equation derived
from the circuit or matrix manipulation, the characteristics of the compensation circuit
are obtained, although the equation approach may be universal and unified. However,
it is usually tedious and time consuming;

2. In addition, all the above researches use new models or adopt a new perspective to
analyze the existing compensation circuits, some of the literature focuses on how
to design a new compensation topology with higher design freedom and fewer
compensating components;

3. The polarity of induced voltage is ignored. Under different resonant conditions, the
voltage waveform of the secondary coil and that of the primary coil may be in-phase
or antiphase. This causes the equivalent model to have two symbols and frequency
bifurcation phenomena.

As a supplement and improvement of previous design methods, a graphical and sim-
ple design methodology is proposed in this paper. The ideal transformer and ideal gyrator
are adopted to establish four types of models for LCT: CV input to CV output, CV input to
CC output, CC input to CV output, and CC input to CC output. Two models of voltage-
current conversion at the source and load side are also constructed. The combination of
four types of LCT models with the source-side/load-side conversion models can realize
the load-independent CV or CC output from voltage/current source to load. Based on
the above design methodology, 12 novel compensation topologies fed by a voltage source
are stated. They all provide the characteristics of ZPA, easy achievement of ZVS, load-
independent CV or CC output, and LCT-unconstrained transfer function. The conditions of
these characteristics can be obtained only by simply observing the equivalent model given
by the design method in this paper, giving a new perspective being free from the constraints
of complex equations. Moreover, compared to compensation topologies with less than
three compensation elements, including S/S compensation topology, S/PS compensation
topology, S/P compensation topology, and S/SP compensation topology, our topologies
have source-to-load transfer functions independent of LCT parameters, which makes it
possible to change the output power without replacing the LCT. Compared to double-sided
LCC compensation topology, they all have fewer compensation components, which means
lower cost, less space, and higher power density. In order to further verify theoretical
analysis, a new prototype of S/LCC topology is constructed. The experimental results
match well with the theory, validating the rightness of the newly proposed design method.

The remainder of this paper is structured as follows: Section 2 gives the overall design
block diagram of the IPT system to achieve load-independent voltage and current output.
Section 3 discusses four types of models of LCT that utilize the ideal transformer and
ideal gyrator for realizing conversion from CV/CC input to CV/CC output. Section 4
presents two models of voltage and current conversion at the source and load side. Section 5
analyzes the detailed design methodology for designing compensation circuits to realize
load-independent CV or CC output at ZPA frequencies. Section 6 demonstrates simulation
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and experimental results. Section 7 compares the design methods of this paper with those
of other previous works. Finally, the entire work is concluded in Section 8.

2. The Proposed Design Diagram

Figure 3 shows the design diagram for the compensation circuit with load-independent
CV or CC output in IPT systems. At the primary side, the DC source and the inverter
can be equivalent to the AC voltage/current source with the fundamental harmonic
approximation. At the secondary side, the rectifier and load ZL can be represented by an
equivalent resistance RL with the value of 8ZL/π2, as shown in Figure 2.

Figure 3. Design diagram for compensation circuit with load-independent constant-voltage (CV) or constant-current (CC)
output in IPT systems.

In order to achieve load-independent constant-voltage or constant-current output
from the AC source to the equivalent resistance, the design of compensation circuits is
divided into three sections as displayed in Figure 3: source-side conversion circuits, load-
side conversion circuits, and LCT conversion circuits. Both source-side and load-side
circuits are designed to convert voltage to current or convert current to voltage. The LCT
compensation models can realize the conversion of voltage and current in four forms: CV
input to CV output, CV input to CC output, CC input to CV output, and CC input to CC
output. It is clear to see that by properly combining four types of the LCT models with the
source-side and load-side conversion circuits, we can realize the load-independent CV or
CC output from voltage/current source to load.

3. Modeling of Constant Voltage/Current to Constant Voltage/Current for
Loosely-Coupled Transformers

The loosely coupled transformer can be simplified by the mutual inductance model in
the circuit [19], as shown in Figure 4. L1 and L2 are the self-inductance of the transmitting
coil and the receiving coil, respectively. M is the mutual inductance, and M = k

√
L1L2

always holds. k is the coupling coefficient between the coils. The magnitude of the induced
voltage generated by the primary coil of the secondary circuit is ±jwMI1, similarly the
magnitude of the induced voltage generated by the secondary coil of the primary circuit
is ±jwMI2. I1 and I2 are the currents flowing through the primary and secondary coils.
w represents the operating angular frequency of the LCT system. “±“ represents the
polarity of the induced voltage, which depends on the relative polarity of the mutually
coupled coils.

3.1. The Model of Constant Voltage to Constant Voltage

According to the mutual inductance model in Figure 4, we can get (1).

U1 = jwL1 I1 ± jwMI2 (1a)

U2 = jwL2 I2 ± jwMI1 (1b)
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Figure 4. Mutual inductance equivalent model of loosely coupled transformer (LCT).

U1 and U2 are the voltage across the primary and secondary coils, respectively. After
introducing a common factor I1 +

I2
A , we can transform (1) to (2).

U1 = jw(L1 ∓ AM)I1 ± jwAM(I1 +
I2

A
) (2a)

U2 = jw(L2 ∓
M
A
)I2 ± jw

M
A
(AI1 + I2) (2b)

It can be proven that the LCT can be modeled as Figure 5. The two circuits in Figure 5
are equivalent based on the impedance conversion rule of an ideal transformer. Applying
Kirchhoff’s law on the left and right circuit in Figure 5, respectively, we can get (2a) and
(2b), which demonstrate equivalence between the LCT with the circuits of Figure 5. As
shown in Figure 5, A is the voltage transfer ratio of the ideal transformer. Part A is the series
inductor of the primary circuit, and its value is L1 ∓ AM. Part B is the series inductor for
the secondary circuit, and its value is L2 ∓ AM. Part C is the parallel inductor with a value
of ±AM at the primary side or the parallel inductor with a value of ±M

A at the secondary
side. If part A and part B equal 0 at the same time, then U1 and U2 are ±jwAM(I1 +

I2
A )

and ±jw M
A (AI1 + I2), respectively. Therefore, the scale factor of U2 and U1 becomes 1/A,

which means that the output from constant voltage to constant voltage is realized. There
are three cases in which part A and part B can both be equal to 0, each with different value
of A leading to three types of constant-voltage to constant-voltage conversion models of
the LCT, which are shown in Table 1 and Figures 6–8.

Figure 5. Equivalent circuit of the LCT from constant voltage to constant voltage.

Figure 6. The equivalent model of the I_CV_CV circuit.
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Figure 7. The equivalent model of the II_CV_CV circuit.

Figure 8. The equivalent model of the III_CV_CV circuit.

Table 1. Modeling of constant voltage to constant voltage for loosely coupled transformers.

Classification Case Type Description
Voltage Ratio

of Ideal
Transformer

Part A Part B
Part C (The

Primary
Side)

Part C (The
Secondary

Side)

Compensation
Angular

Frequency
Model

Constant
voltage to
constant
voltage

(CV_CV)

Part A = 0 I_CV_CV

The primary circuit
must connect in

parallel to ensure
that U1 is constant

without
compensation. The
secondary circuit

must compensate the
capacitance in series
to resonate with the

inductor.

± 1
k

√
L1
L2

0 (1− k2)L2 L1 k2 L2
1√

(1−k2)
√

L2C2

Figure 6

Part B = 0 II_CV_CV

The primary circuit
must compensate for

the capacitance in
series. The secondary

circuit connects in
parallel to ensure

that U2 is constant
without

compensation.

±k
√

L1
L2

(1− k2)L1 0 k2 L1 L2 1√
(1−k2)

√
L1C1

Figure 7

Part A
and Part B
both need
compensa-

tion

III_CV_CV

Part A and part B
need series

capacitors to resonate
with inductors.

√
L1
L2

(1∓ k)L1 (1∓ k)L2 ±kL1 ±kL2

1√
(1∓k)

√
L1C1

, 1√
(1∓k)

√
L2C2

Figure 8

3.2. The Model of Constant Voltage to Constant Current

In accordance with (1), the Z matrix of the LCT is[
U1
U2

]
=

[
jwL1
±jwAM

±jwAM
jwL2

][
I1
I2

]
(3)

If we convert Z matrix to H matrix, we can have H matrix of the LCT as[
U1
I2

]
=

[
j(1− k2)wL1
∓M

L2

±M
L2

1
jwL2

][
I1

U2

]
(4)

Similarly, if we introduce a common factor I1 + AU2, then we can transform (4) into

U1 = jw
(
(1− k2)L1 ± j

M
wAL2

)
I1 ±

M
AL2

(I1 + AU2) (5a)

I2 =

(
1

jwL2/(1± jwAM)

)
U2 ∓ A

M
L2

(
I1

A
+ U2) (5b)
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In order to obtain the constant voltage to constant-current conversion model of the
LCT, we first introduce the gyrator theory. The gyrator is a two-port network first proposed
by Tellegen in 1948 [20]. As opposed to the ideal transformer whose voltage at one port is
proportional to the voltage at the other, an ideal gyrator can convert the voltage at one port
to the current at the other in a fixed scaling factor.

The voltage-current relationship of the ideal gyrator as shown in Figure 9 is

U′2 = − 1
A

I′1 (6a)

U′1 = − 1
A

I′2 (6b)

where I′1 and U′1 are the phasors of the primary-port current and voltage of the gyrator.
I′2 and U′2 represent the phasors form of the secondary-port current and voltage. A is the
transfer ratio of an ideal gyrator. The authors of (6) imply the fact that if the primary
voltage is fixed, the gyrator makes the secondary current a fixed ratio to the primary
voltage. Therefore, the gyrator can be used to construct the LCT model for achieving the
conversion of constant voltage to a constant current.

Figure 9. Impedance inversion of a gyrator.

It can be proven that parallel-connected impedance Z1 at the primary port can be
converted to series-connected impedance −1/A2Z1 at the second port while not affecting
voltage–current relationships (U1, U2, I1, and I2) between input and output. U1 and I1 are
the input voltage and current of the external port. U2 and I2 represent the output voltage
and current of the external port.

By applying Kirchhoff’s law to the circuit on the left of Figure 9, the voltage–current
relationship of the port can be obtained as

I1 =
U1

Z1
− AU2 (7)

Similarly, the same voltage–current relationship can be deduced from the circuit on
the right of Figure 9, indicating that the two circuits in Figure 9 are completely equivalent.

Therefore, the impedance inversion relationship of the ideal gyrator is

Z2 =
−1

A2Z1
(8)

Based on the current–voltage conversion and impedance conversion relationships
of the ideal gyrator, we can prove that the loosely coupled transformer can be converted
into the model in Figure 10. The two circuits in Figure 10 are equivalent due to (8). As
shown in Figure 10, Part A is a series inductor for the primary circuit, and its value is((

1− k2)L1 ± j M
wAL2

)
. Part B is a parallel inductor for the secondary circuit, and its value

is L2/(1± jwAM). Part C is a parallel inductor with a value of ± M
jwAL2

at the primary side

or a series inductor with a value of ∓ L2
jwAM at the secondary side.



Electronics 2021, 10, 575 9 of 27

Figure 10. Equivalent circuit of the LCT from constant voltage to constant current.

The voltage–current relationships of the left circuit in Figure 10 can be derived as follows:

U1 = jw
(
(1− k2)L1 ± j

M
wAL2

)
I1 ±

M
AL2

(I1 − I′2) (9a)

I′2 = −AU2 (9b)

If we apply Kirchhoff’s law on the right circuit in Figure 10, we can get

I2 =

(
1

jwL2/(1± jwAM)

)
U2 ∓ A

M
L2

(U2 −U′2) (10a)

AU′2 = −I1 (10b)

It is clear to see that (5a) and (9) are equivalent, and the same is true for (5b) and
(10), which proves that the LCT can be modeled after the circuit of Figure 9. Therefore,
if part A and part B equal 0 at the same time, then U1 and I2 are ± M

AL2
(I1 + AU2) and

∓A M
L2

(
I1
A + U2

)
, respectively, and the scale factor of U1 and I2 becomes −A. A is the

transfer ratio of an ideal gyrator. Therefore, by adjusting the transfer ratio A and adding
the compensation capacitor, the values of Part A and Part B can be 0 at the same time to
make the output current I2 and the input voltage U1 become a fixed ratio−A, which means
that the output from constant voltage to constant current is realized. There are three ways
in which A and B can both be equal to 0, which are presented in Table 2 and Figures 11–13.

Figure 11. The equivalent model of the I_CV_CC circuit.

Figure 12. The equivalent model of the II_CV_CC circuit.
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Figure 13. The equivalent model of the III_CV_CC circuit.

Table 2. Modeling of constant voltage to constant current for loosely coupled transformers.

Classification Case Type Description
Transfer Ratio

of Ideal
Gyrator

Part A Part B
Part C (The

Primary
Side)

Part C (The
Secondary

Side)

Compensation
Angle

Frequency
Model

Constant
voltage to
constant
current

(CV_CC)

Part A = 0 I_CV_CC_

The primary circuit
must connect in

parallel to ensure
that U1 is constant

without
compensation. The
secondary circuit
must parallel the

capacitance to
resonate with the

inductor.

∓ jM
(1−k2)wL1 L2

0 (1− k2)L2 (1− k2)L1 (1− 1
k2 )L2

1√
(1−k2)

√
L1C1

Figure 11

Part B = 0 II_CV_CC

The primary circuit
must compensate for
capacitance in series.
The secondary circuit
connects in parallel

without
compensation.

∓ 1
jwM

L1 0 −k2 L1 L2 1√
(1−k2)

√
L1C1

Figure 12

Part A
and Part B
both need
compensa-

tion

III_CV_CC_

Part A needs the
capacitor to
compensate

inductors in series.
Part B needs to

compensate for the
capacitance in

parallel.

1
jw(1∓k)

√
L1 L2

(1∓ k)L1 (1∓ k)L2
(
±k− k2

)
L1

(
1∓ 1

k

)
L2

1√
(1∓k)

√
L1C1

, 1√
(1∓k)

√
L2C2

Figure 13

3.3. The Model of Constant Current to Constant Current Model

To achieve constant current to constant current output, the Z parameter matrix of the
system is converted into a Y parameter matrix as follows:

[
I1
I2

]
=

 1
j(1−k2)wL1

∓ 1
jw(1−k2)

L1 L2
M

∓ 1
jw(1−k2)

L1 L2
M

1
jw(1−k2)L2

[ U1
U2

]
(11)

If we introduce the common factor U1 + AU2, we transform (11) into

I1 =
1

j(1− k2)wAL1 L2/(AL2 ±M)
U1 +

1

∓jw(1− k2)A L1L2
M

(U1 + AU2) (12a)

I2 =
1

j(1− k2)wL1 L2/(L1 ±MA)
U2 +

1

∓jw(1− k2) L1L2
AM

(U1/A + U2) (12b)

Considering that the primary-port current and secondary-port current of the ideal
transformer are a fixed ratio, we can model the LCT as a circuit based on the transformer.
As with the analysis in Sections 3.1 and 3.2, the analysis process and modeling results are
shown in Figures 14–16.

3.4. The Model of Constant Current to Constant Voltage

Due to the symmetry of the LCT, the conversion of constant voltage to constant current
and constant current to constant voltage are completely equivalent. The specific equivalent
process and analysis results are shown in Figures 17–19.
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Figure 14. The equivalent model of the I_CC_CC circuit.

Figure 15. The equivalent model of the II_CC_CC circuit.

Figure 16. The equivalent model of the III_CC_CC circuit.

Figure 17. The equivalent model of the I_CC_CV circuit.

Figure 18. The equivalent model of the II_CC_CV circuit.

Figure 19. The equivalent model of the III_CC_CV circuit.
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4. Source-Side or Load-Side Conversion Model

Source-side or load-side conversion model converts voltage to current at the source/load
side using LC/CL resonant tank or converts current to voltage at the source/load side
using LC/CL resonant tank. Therefore, depending on the direction of the transition, there
are two types of source-/load-side conversion circuits as shown in Figures 20 and 21. The
first type converts a constant voltage into a constant current, while the second type does the
opposite. The resonant angular frequency of the resonant tank consisting of the inductor LR
and the capacitor CR is equal to the angular frequencyω of the sinusoidal voltage source
Uin and current source Iin. Therefore, according to Norton equivalent

Iout =
Uin

jwLR
= Uin jwCR (13a)

Uout =
Iin

jwCR
= Iin jwLR (13b)

Figure 20. (a) Voltage to current at source side (I_S); (b) current to voltage at source side (II_S).

Figure 21. (a) Voltage to current at load side (I_L); (b) Current to voltage at load side (II_L).

In accordance with (13a) and (13b), if Uin/Iin is constant, the output current/voltage
of the LC/CL resonant tank (Iout/Uout) is constant as well.

5. Compensation Topology Design Method for IPT System

The design methodology for voltage-fed compensation circuit with load-independent
CC/CV output at ZPA frequencies is given in detail below. It should be noted that the
design method presented in this paper can be easily transplanted to the comprehensive
design of the current-fed compensation network.

Take voltage-source driving to realize load-independent CC output as an example
to illustrate the design method of this article. Combining with the model analysis in
Sections 3 and 4, there can be three types of design forms as shown in Figure 22.

1. The first type is direct conversion, that is, the CV_CC model of Section 3.2.
2. The second type uses the LC/CL resonant tank at the source side to convert voltage

to the current, and then the CC_CC model is used to convert to constant current.
3. The third type uses the CV_CV model to convert voltage to voltage, and the LC/CL

resonant tank at the load side is used to convert the voltage to constant current.

The first type (D_CV_CC): The voltage source cannot drive the parallel topology [6];
therefore, the I_CV_CC model cannot be directly used to achieve constant voltage to con-
stant current from the source to load. In order to achieve ZPA characteristics, the compensa-
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tion capacitor can be connected in series on the secondary side of the II_CV_CC/III_CV_CC
model, as shown in Figure 23. The ZPA realization condition is

S/S : C2L2 = C1L1 ⇒ C2 =
C1L1

L2
(14)

S/PS : CZPAL2(1∓
1
k
) = C2L2(1∓ k)⇒ CZPA = ∓kC2 (15)

Figure 22. Design diagram for CC output in IPT systems.

Figure 23. The D_CV_CC type compensation topology: (a) S/S [14,15,21–23] and (b) S/PS [15].

In terms of the current-voltage conversion characteristics of an ideal gyrator, the value
of the load-independent transconductance (|GVI |) of Figure 23 is expressed as

|GVI | = |A| (16)

A is the transfer ratio of the ideal gyrator.
The second type (S_CC_CV): As described above, the source conversion circuits have

two options, and the CC_CC model has three types. There is a total of seven design forms
as shown in Figure 24. Among them, LCL/P [21,22,24–26], LCC/P [15,21,25], CLC/P [21],
LC /S [27], and LCL/P [26] have all been analyzed in detail in the previous researches.
Two new topologies are designed, namely LC and CLC/S compensation topology. The
following seven design forms of ZPA implementation conditions can be converted into
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the circuits shown in Figures 23 and 24a. The Z parameter matrix corresponding to the

two-port network in the red box is
[

Z11 Z12
Z21 Z22

]
=

[
Z1 + Z3 Z3

Z3 Z2 + Z3

]
, Then, the

port input impedance is Zin = Z11 − Z12Z21
Z22+Req

. Req is the load resistance equivalent to the
resistance of the primary stage, which can be expressed as

Req = |A|2RL (17)

Figure 24. The S_CC_CC compensation topologies: (a) LCL/P [21,22,24–26]; (b) LCC/P [15,21,25];
(c) CLC/P [21]; (d) LC; (e) LC/S [27]; (f) CLC/S; and (g) LCL/P [26].
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A is the ratio of the primary voltage to the secondary voltage of an ideal transformer
in Figure 25a. The conditions for the constant-current output of the S_CC_CV type circuit
are w = 1√

LRCR
resulting in Z11 = 0. Z12 and Z21 are inductive or capacitive components,

which result in Z12Z21 not containing imaginary parts. Therefore, in order to make Zin a
pure resistance, the conditions for the establishment of ZPA are

Z11 = 0⇔ Z1 + Z3 = 0 and Z22 = 0⇔ Z2 + Z3 = 0 (18)

Figure 25. (a) The zero-phase angle (ZPA) condition of S_CC_CC compensation topology and (b) The ZPA condition of
CV_CV_L compensation topology.

According to (18), the ZPA conditions of LC and CLC/S compensation topology are

LC : LRCR = (
1
k2 − 1)L1CR ⇒ LR = (

1
k2 − 1)L1 (19)

CLC/S : LRCR = ((
1
k2 − 1)L1 + LR)k2 L2

L1
C2 ⇒ C2 =

CRLRL1

(1− k2)L1L2 + k2LRL2
(20)

The ZPA implementation conditions of other topologies are shown in Table 3.

Table 3. The design results for voltage-fed compensation circuit with load-independent CC output at ZPA frequencies.

Type Classification Compensation
Topology

Constant-Current Output
Condition

Transfer
Ratio ZPA Condition Circuit Model

D_CV_CC
D_IICV_CC S/S w = 1√

L1C1

1
wM C2 =

C1 L1
L2

Figure 23a

D_IIICV_CC S/PS w = 1√
(1∓k)
√

L1C1
= 1√

(1∓k)
√

L2C2

1
w(1∓k)

√
L1 L2

CZPA = ∓kC2 Figure 23b

S_CC_CC

IS_ICC_CC LCL/P w = 1√
LRCR

= 1√
L2C2

k
wLR

√
L1
L2

LR =
(
1− k2

)
L1 Figure 24a

IS_ICC_CC LCC/P w = 1√
LRCR

= 1√
L2C2

k
wLR

√
L1
L2

C1 =
CR LR

((1−k2)L1−LR)
Figure 24b

IS_ICC_CC CLC/P w = 1√
LRCR

= 1√
L2C2

k
wLR

√
L1
L2

C1 =
CR LR

((1−k2)L1+LR)
Figure 24c

IS_IICC_CC LC * w = 1√
LRCR

= 1√
L1C1

1
kwLR

√
L1
L2

LR =
(

1
k2 − 1

)
L1 Figure 24d

IS_IICC_CC LC/S w = 1√
LRCR

= 1√
L1C1

1
kwLR

√
L1
L2

C2 =
CR LR L1

(1−k2)L1 L2−k2 LR L2
Figure 24e

IS_IICC_CC CLC/S * w = 1√
LRCR

= 1√
L1C1

1
kwLR

√
L1
L2

C2 =
CR LR L1

(1−k2)L1 L2+k2 LR L2
Figure 24f

IS_IIICC_CC LCL/P w = 1√
LRCR

= 1√
(1±k)L1C1

= 1√
(1±k)L2C2

1
wLR

√
L1
L2

LR = ±( 1
k − k)L1

; CR = k
−k±1 C1

Figure 24g

CV_CV_L

II_CV_CV_IL S/LC * w = 1√
LRCR

= 1√
(1−k2)L1C1

1
kwLR

√
L2
L1

LR = L2 Figure 26a

II_CV_CV_IL S/LCC * w = 1√
LRCR

= 1√
(1−k2)L1C1

1
kwLR

√
L2
L1

C2 =
CR LR

L2
− CR Figure 26b

II_CV_CV_IL S/CLC * w = 1√
LRCR

= 1√
(1−k2)L1C1

1
kwLR

√
L2
L1

C2 =
CR LR

L2
+ CR Figure 26c

III_CV_CV_IL S/LC * w = 1√
LRCR

= 1√
(1∓k)L1C1

= 1√
(1∓k)L2C2

1
wLR

√
L2
L1

LR = ±kL2 Figure 26d

The bold format and * mean that the compensation topology has never been proposed before.

The load-independent transconductance (|GVI |) of Figure 24 is expressed as

|GVI | =
∣∣∣∣ Iout

Uin

∣∣∣∣ = |A||Z1|
=
|A|
|Z3|

(21)



Electronics 2021, 10, 575 16 of 27

Figure 26. The CV_CV_L compensation topologies: (a) S/LC; (b) S/LCC; (c) S/CLC;
(d) S/LC.

The third type (CV_CV_L): As described above, the CV_CV model has three types,
and the load conversion circuits have two options. Four novel compensation topologies
are designed as shown in Figure 26: namely, S/LC, S/LCC, S/CLC, and S/LC. The above
compensation topologies of ZPA implementation conditions can be converted into the
circuits shown in Figures 25b and 26. The Y parameter matrix corresponding to the two-

port network in the blue box is
[

Y11 Y12
Y21 Y22

]
=

[
Y1 + Y3 Y3

Y3 Y2 + Y3

]
. Then, the port

input impedance is Yin = Y11 − Y12Y21
Y22+1/RL

. Similarly, the ZPA realization conditions are

Y11 = 0⇔ Y1 + Y3 = 0 and Y22 = 0⇔ Y2 + Y3 = 0 (22)

The ZPA implementation conditions of the above compensation topologies are shown
in Table 3.

The load-independent transconductance (|GVI |) of Figure 26 is expressed as:

|GVI | =
∣∣∣∣ Iout

Uin

∣∣∣∣ = |Y3|
|A| =

|Y2|
|A| (23)

There are similar design methods for the voltage-fed high-order resonant network to
realize load-independent constant-voltage output. The specific design process can be seen
in Figures 27–29. Detailed design results are shown in Table 4.

As shown in Tables 3 and 4, for compensation topologies with less than three com-
pensation elements, including S/S compensation, S/PS compensation, S/P compensation,
and S/SP compensation, they all have LCT-constrained transfer functions, which means
that once the input voltage is determined, the output voltage or current of the system
is changed unless the LCT is replaced. However, many applications such as implanted
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devices have this strict limit on the size of the system space, making that the design of
LCT is generally space limited. Therefore, it is difficult to design an LCT to meet all the
requirements. Besides, the redesign of LCT is both time and cost consuming.

Figure 27. The D_CV_CV compensation topologies: (a) SP [5,14,15,28] and (b) S/SP [6,14,16,17,29,30].

Figure 28. The S_CC_CV compensation topologies: (a) LCL/S [22]; (b) LCC/S [6,15–17,31,32]; (c) CLC/S; (d) LC/P; (e) CL;
(f) CL/P; and (g) LC/S [12].
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Figure 29. The CV_CC_L compensation topologies: (a) S/LC; (b) S/LCC; (c) S/CLC [12]; and (d) S/LCL [33].

Table 4. The design results for voltage-fed compensation circuit with load-independent CV output at ZPA frequencies.

Type Classification Compensation
Topology

Constant-Current Output
Condition

Transfer
Ratio ZPA Condition Circuit Model

D_CV_CV
D_II_CV_CV S/P w = 1√

(1−k2)L1C1

1
k

√
L2
L1

C2 =
(1−k2)L1C1

L2
Figure 27a

D_III_CV_CV S/SP w = 1√
(1∓k)
√

L1C1
= 1√

(1∓k)
√

L2C2

√
L2
L1

CZPA =
(
± 1

k−1
)
C2 Figure 27b

S_CC_CV

IS_I_CC_CV LCL/S w = 1√
LRCR

= 1√
L2C2

M
LR

LR = L1 Figure 28a

IS_I_CC_CV LCC/S w = 1√
LRCR

= 1√
L2C2

M
LR

C1 =
CR LR

(L1−LR)
Figure 28b

IS_I_CC_CV CLC/S* w = 1√
LRCR

= 1√
L2C2

M
LR

C1 =
CR LR

(L1+LR)
Figure 28c

IS_II_CC_CV LC/P * w = 1√
LRCR

= 1√
(1−k2)L1C1

(1−k2)L1 L2
MLR

C2 =
LR(CR+k2C1)

L2(1−k2)
Figure 28d

IS_IICC_CV CL * w = 1√
LRCR

= 1√
(1−k2)L1C1

(1−k2)L1 L2
MLR

CR = k2C1 Figure 28e

IS_IICC_CV CL/P * w = 1√
LRCR

= 1√
(1−k2)L1C1

(1−k2)L1 L2
MLR

C2 =
LR(CR−k2C1)

L2(1−k2)
Figure 28f

IS_IIICC_CV LC/S w = 1√
LRCR

= 1√
(1∓k)L1C1

= 1√
(1∓k)L2C2

(1∓k)
√

L1 L2
LR

LR = (1∓ 1
k )L1;

CR = ∓kC1
Figure 28g

CV_CC_L

II_CV_CC_IIL S/LC * w = 1√
LRCR

= 1√
L1C1

LR
M

LR = L1 Figure 29a

II_CV_CC_IIL S/LCC * w = 1√
LRCR

= 1√
L1C1

LR
M C2 =

CR LR
(L2−LR)

Figure 29b

II_CV_CC_IIL S/CLC w = 1√
LRCR

= 1√
L1C1

LR
M C2 =

CR LR
(L2+LR)

Figure 29c

III_CV_CC_IIL S/LCL w = 1√
LRCR

= 1√
(1∓k)L1C1

= 1√
(1∓k)L2C2

LR
(1∓k)
√

L1 L2

LR = (1∓ 1
k )L2;

CR = ∓kC2
Figure 29d

The bold format and * mean that the compensation topology has never been proposed before.

Compared to these compensation topologies, six novel compensation topologies with
LCT-unconstrained CC output characteristics including LC, CLC/S, S/LC, S/LCC, S/CLC,
and S/LC and six novel compensation topologies with LCT-unconstrained CV output
characteristics including CLC/S, LC/P, CL, CL/P, S/LC, and S/LCC are designed as
listed in Tables 3 and 4. It is clear to see that the input–output transfer functions of these
compensation topologies depend not only on the parameters of the LCT but also on the
value of LR, which reveals the fact that the output voltage or current can be changed by
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changing the value of LR without replacing a new LCT, thus freeing the design from the
constraints imposed by the LCT parameters.

In addition, these topologies only require less than four compensation elements,
compared to the six compensation elements required for the double-side LCC compensation
topology, resulting in a smaller system size, higher power density, and lower cost.

6. Simulation and Experimental Verification
6.1. Simulation Verification

In this section, the novel compensation topologies with constant-current output char-
acteristics including LC, CLC/S, S/LC, S/LCC, S/CLC, and S/LC circuits are simulated to
verify the ZPA and constant-current output characteristics. The mathematical model of
the above compensation topologies is established in MATLAB for simulation. For all the
compensation topology, the simulation conditions are the same, including the inductance
of the primary and secondary coils which are 6.71 µH and 6.68 µH, respectively. The
coupling coefficient k is 0.1, the operating frequency of the circuit system is 200 kHz, and
the load resistors RL ranges from 100 Ω to 1000 Ω. The parameter designs of compensation
topology are referred to Table 3. The transfer ratio of the above compensation circuits and
the phase-frequency characteristic curve of the input impedance obtained by simulation are
shown in Figure 30. It can be seen that only the input impedances at the fully compensated
frequency (200 kHz) are purely resistive. In addition, the transfer ratio corresponding to
this point is independent of the load value, which verifies the theoretical analysis and the
designed parameters shown in Table 3.

Figure 30. Cont.
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Figure 30. Transfer ratio and phase angle of the input impedance simulation results for (a) LC, (b) CLC/S, (c) S/LC,
(d) S/LCC, (e) S/CLC, and (f) S/LC topologies versus operating frequency.

Similarly, the compensation topology with constant-voltage output characteristics
including CLC/S, LC/P, CL, CL/P, S/LC, and S/LCC circuits are also simulated. The
parameter designs of compensation circuits are referred to in Table 4. The simulation results
in Figure 31 are also consistent with the theoretical analysis.

Figure 31. Cont.
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Figure 31. Voltage transfer ratio and phase angle of the input impedance simulation results for: (a) CLC/S; (b) LC/P; (c) CL;
(d) CL/P; (e) S/LC; and (f) S/LCC topologies versus operating frequency.

6.2. Experimental Results

In order to further verify theoretical analysis, a S/LCC compensation network in an
IPT system is constructed as shown in Figure 32 and realized on the printed circuit board
(PCB) as shown in Figure 33. Q1~Q4 are primary-side power MOSFETs that constitute a
full-bridge inverter. L1 and L2 are the self-inductances of primary and secondary coils,
respectively. The values of L1 and L2 are fixed at 6.97 µH and 6.98 µH, respectively. C1
is the series compensation capacitor of the primary side. C2, CR, and LR are the series
compensation capacitor, the parallel compensation capacitor, and the series inductor of
the second side. D1~D4 are the rectifier diodes at the secondary side that form a full
bridge rectifier. CRec is the filter capacitor, and RL is the practical load. When the distance
between the two coils is 3.5 cm, the coupling coefficient is measured as 0.1. We selected the
resonant frequency of 200 kHz and the values of LR to be 1.44 µH and designed the values
of compensation capacitors according to Figure 29b and Table 4. The measured values of
compensation capacitance and other circuit parameters are shown in Table 5.

Table 5. Circuit parameters of S/LCC compensation topology.

Components Parameters Measured Values

C1 90.847 nF 91.1167 nF
C2 114.3064 nF 114.3070 nF
CR 439.7620 nF 439.2259 nF

CRec 22 µF /
Power MOSFET IRF7832 /

Diode MBRS3200T3G /
Input Voltage 3.3 V /

Figure 32. S/LCC compensation topology in IPT system.
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Figure 33. S/LCC compensated IPT prototype.

Figure 34 is the voltage waveforms of the primary coil and the secondary coil.
Figure 35 shows the waveforms of the inverter output voltage VAB and current IAB. It
can be seen from the Figure that the phase of VAB and IAB are basically the same. The
experimental results of inverter output voltage VAB and transmitter coil voltage VL1 are
shown in Figure 36. The phase difference between VAB and VL1 is 90◦. The above two
experimental results both prove that the system achieves ZPA characteristics.

As mentioned in Section 1, in order to achieve soft switching, the circuit should be
slightly inductive. When the C1 is adjusted to 101.16 nF, the measured VAB and IAB are
shown in Figure 37. It can be seen that the phase of the voltage leads the current by about
30◦, and the circuit realizes the ZVS characteristic.

Figure 34. Transmitter coil voltage VL1 and receiving coil voltage VL2.

Figure 35. Inverter output voltage VAB and current IAB when ZPA.
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Figure 36. Inverter output voltage VAB and transmitter coil voltage VL1 when ZPA.

Figure 37. Inverter output voltage VAB and current IAB when ZVS.

Figure 38 shows the output voltage waveform of the system when the load is suddenly
changed. When the load resistance RL drops suddenly from 1000 Ω to 100 Ω, the voltage
on the load drops from 7.91 V to 6.89 V. When the load resistance is 100 Ω, the system
efficiency is 88.6%. When the load drops by 10% on average, the output voltage only
decreases by 1.42%. Therefore, the system can still be regarded as a constant-voltage output
system. Although the theoretical analysis proves that the load voltage does not change
with the change of the load resistance, it should be noted that the theoretical analysis did
not consider the influence of factors such as parasitic resistance and parameter errors in the
real system. In addition, the simulation proves that if the series resistances of the coil and
the capacitor and the on-resistances of the power MOSFETs are considered, the resistance
voltage changes slightly with the change of resistance. Therefore, the constant-voltage
characteristic of S/LCC compensation topology is significantly improved if devices with
higher accuracy and smaller parasitic resistances are used.

Figure 38. The output voltage VLoad of the system when the load is suddenly changed.
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6.3. Discussion of the Experimental Results

Based on the above experimental results, we get the following: at zero-phase angle
frequency, the equivalent impedance of the S/LCC circuit is a pure resistance, minimizing
the VA ratings; on the basis of the realization of ZPA characteristics, it is very convenient
and easy to implement ZVS just by slightly changing the value of the primary compensation
capacitor; the S/LCC has excellent constant-voltage characteristics; and the load changes
in a large range while the output-constant voltage is almost unchanged, which simplifies
the design of the system control circuit.

7. Discussion

Table 6 shows the comparisons of the design method in this paper with other liter-
ature. Based on Table 6, we can get that the proposed design approach in this work is
suitable for practical use due to its intuitive, comprehensive, and innovative aspects for the
following reasons:

• It is intuitive because compared to the previous literature which used mathematical
methods, the proposed design method can be carried out with graphical steps without
complex equation calculations. The load-independent frequency, ZPA conditions, and
source-to-load voltage/current gain of the compensation topology can be obtained
almost by inspection conveniently, giving a new perspective that is free from the
constraints of complex equations;

• It is comprehensive because unlike the other literature that focuses on the analysis
of existing compensation topologies, the compensation topologies designed accord-
ing to our method not only include some compensation structures in the previous
researches but also include some new compensation circuits that have never been
proposed before;

• It is innovative because unlike the modeling methods of compensation topology in
previous literature, in this paper, LCT is modeled as four forms of circuits based on
the ideal gyrator and transformer under different input and output conditions, giving
fruitful insights that are not constrained by complex formulaic calculations. Moreover,
on the basis of the design methodology in this paper, twelve novel compensation
topologies with LCT-unconstrained CC or CV output are stated. They all have the
input-to-output transfer function independent of LCT parameters to get higher design
freedom compared to conventional compensation topology and fewer compensation
components compared to double-sided LCC compensation topology to obtain a lower
cost, less space, and higher power density.

Table 6. Comparison with previous works.

Modeling
Method of

Compensation
Topologies

Method for
Deriving a CV
or CC Output

Discussion
about the ZPA

Condition

Obtainment of ZPA
Condition, CV or CC

Transfer Function
Simultaneously Just

by Inspection

Proposing a
New

Compensation
Topology

Consideration
of the Polarity of

the Induced
Voltage

CATEGORY OF
METHODS

Ref. [14]

Based on the
traditional

mutual
inductance

model of the
LCT

Separate the
parameters

related to the
load

No No No No

Mathematics
Ref. [15]

The basic
resonant blocks

with CC/CV
output functions

Separate the
parameters

related to the
load

No No No No

Ref. [16]
The basic LC

network,
T-network, and

π-network

Derive the
transfer function No No No No

Ref. [17]

The basic
L-Section
Matching
Networks

Derive the
mathematical

models
Yes No No No
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Table 6. Cont.

Modeling
Method of

Compensation
Topologies

Method for
Deriving a CV
or CC Output

Discussion
about the ZPA

Condition

Obtainment of ZPA
Condition, CV or CC

Transfer Function
Simultaneously Just

by Inspection

Proposing a
New

Compensation
Topology

Consideration
of the Polarity of

the Induced
Voltage

CATEGORY OF
METHODS

Ref. [18] Based on the
gyrator

Solve the
derivative of the
transfer equation
with respect to

the load

Yes No No No

Graphical

This work

Based on the
ideal gyrator or

transformer
model of the

LCT

Only graphical
steps Yes Yes Yes Yes

The bold format is used to highlight our work.

8. Conclusions

In this paper, a simple, comprehensive, and innovative graphical design methodology
is proposed for designing compensation circuits to realize load-independent CV or CC
output at zero-phase angle (ZPA) frequencies. The proposed approach can be applied
to design a set of high-order compensation topologies in a consistent manner. Unlike
boring and time-consuming design methods for manipulating circuit equations, using the
circuit model given in this paper the load-independent frequency, ZPA conditions, and
source-to-load voltage/current gain of the compensation topology can be obtained almost
by inspection conveniently, giving a new perspective being free from the constraints of com-
plex equations. Unlike design methods that focus on the analysis of existing compensation
topologies, by virtue of the design method in this paper, twelve novel compensation topolo-
gies having the input-to-output transfer functions independent of LCT parameters and
load-independent CC/CV output are designed and simulated. An S/LCC-compensated
IPT system fed by a voltage source with load-independent CV output is designed and
manufactured in accordance with the design method of this paper. Simulation and exper-
imental results have shown excellent agreement with the theory. This paper focuses on
the compensation topology with constant current or constant voltage under the condition
that the coupling coefficient is constant but the load fluctuates greatly, which is suitable
for static wireless charging systems with a fixed position. Our future research direction
will research the capability of misalignment tolerance of different compensation topologies
with load-independent outputs, that is, the sensitivity of the output voltage or current to
the change of the coupling coefficient, which will be applied to dynamic wireless power
transfer systems.
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