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Abstract: Uncertainty commonly exists in the wireless power transfer (WPT) systems for moving
objects. To enhance the robustness of the WPT system to uncertain parameter variations, a modified
WPT system structure and an interval-based uncertain optimization method are proposed in this
paper. The modified WPT system, which includes two Q-type impedance matching networks,
can switch between two different operating modes. The interval-based uncertain optimization method
is used to improve the robustness of the modified WPT system: First, two interval-based objective
functions (mean function and variance function) are defined to evaluate the average performance
and the robustness of the system. A double-objective uncertain optimization model for the modified
WPT system is built. Second, a bi-level nested optimization algorithm is proposed to find the Pareto
optimal solutions of the proposed optimization model. The Pareto fronts are provided to illustrate the
tradeoff between the two objectives, and the robust solutions are obtained. Experiments were carried
out to verify the theoretical method. The results demonstrated that using the proposed method,
the modified WPT system can achieve good robustness when the coupling coefficient, the operating
frequency, the load resistance or the load reactance varies over a wide range.

Keywords: wireless power transfer; uncertain parameter variations; interval-based uncertain
optimization; tradeoff decision; robustness

1. Introduction

In recent years, wireless power transfer (WPT) for moving objects using coupled magnetic
resonance (CMR) has become a hot research topic, such as WPT for portable electronic devices and
moving electric vehicles [1–3]. Unlike WPT systems for stationary objects, there are many uncertain
parameters in the WPT systems for moving objects. For example, because users prefer to move the
receiver freely, the distance between the transmitter and receiver coils is uncertain [4,5]. In addition,
the magnetic field of the dynamic charging system is prone to interact with the objects around it, such
as metal materials, and electromagnetic devices, etc. These external uncertain factors will change the
impedance parameters of the circuit and make the resonance frequency of the system uncertain [6,7].
Moreover, the load impedance of the WPT system will be influenced by many uncertain factors,
including environmental change, and load switching, etc. [8–10] The load impedance variations will
also bring uncertainty to the WPT system.

As we know, the efficiency and output power of the WPT system will be maximized if the system
satisfies the optimal impedance matching condition [11]. However, the uncertain parameter variations
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will change the impedance characteristics of the transmitter and/or the receiver, and hence break the
impedance matching status of the overall WPT system. As a result, the system efficiency and the
power received by the load will decrease rapidly.

Many works [12–19] have been done to improve the performance of the WPT system with
uncertain parameters. In [12], an adaptive frequency-tracking technique is proposed to address coil
distance and orientation variations. Through the method, the WPT system can maintain nearly constant
efficiency when the user moves the receiver within a short range.

Because the frequency tracking technique can only be used when the coils are strongly
coupled [13,14], impedance matching network methods [15,16] using energy-storage components
are proposed. In [15], an impedance matching network was inserted into the transmitter-circuit so that
the impedance of the transmitter can be dynamically matched to the source impedance. This method
allows the WPT system to be robust toward coil misalignments and load impedance variations.

An automatic load resistance transformation method is proposed in [18]. A receiver-side switching
converter was used to transform the load resistance into an optimum resistance, based on the measured
coil distance and load current information. In this way, the WPT system can maintain high efficiency
under the variations of coil distance and load current. Aiming at improving the robustness for moving
robot wireless power supplies, it proposed in [19] that a H∞ control method for the WPT system with
multiple uncertain parameters. Using this control method, the WPT system can achieve 70% mutual
inductance variation and 50% load variation tolerance.

Although these methods can improve the performance of the WPT system with uncertain
parameter variations, there still exist some drawbacks: (1) To deal with uncertain parameter variations,
an active compensation system (like frequency tracking system, automatic impedance matching system,
and H∞ control system, etc.) is needed [12–19]. However, introducing the active compensation system
will obviously increase the size, control difficulty, and energy losses of the overall WPT system. In some
situations, the respond speed of the active compensation system cannot catch up with the changing
speed of the uncertain parameters [20]; (2) To implement active control, real-time information of the
uncertain parameters is needed [21–23]. However, because the uncertain parameters in the WPT
system often change rapidly and randomly, it is very difficult and expensive to obtain the real-time
information for them in engineering practice. Even a small measurement error can result in a large
deviation of the system response. Therefore, there is a need to explore more efficient ways to address
uncertain parameter variations.

In this paper, a modified WPT system structure and an interval-based uncertain optimization
method are proposed to address uncertain parameters variations. Based on the method, an interval
is used to model the uncertainty of a parameter in the WPT system. Thus, the WPT system can be
analyzed and optimized based on the variation bounds of the uncertain parameters. There is no need to
measure the real-time information of the uncertain parameters. Using the proposed method, the WPT
system can achieve good robustness to uncertain parameter variations. Compared with previous
methods [12–19], the proposed method only uses passive compensation networks (Q-type impedance
matching networks). The structure and control difficulty of the overall WPT system can be reduced.
In addition, the proposed method is not affected by the changing speed of the uncertain parameters.

The rest of the paper is organized as follows: Section 2 investigates the effects of uncertain
parameter variations on the WPT system performance; Section 3 proposes a modified WPT system
structure and an interval-based uncertain optimization method to address uncertain parameter
variations; Section 4 shows the experimental results, and, finally, conclusions are provided in Section 5.

2. Modeling and Analysis of the WPT System with Uncertainty

2.1. Uncertain Parameters in the WPT System

Figure 1 shows the structure of a WPT system using CMR. A power source is used to supply
high-frequency power to the transmitter coil. The power is transmitted from the transmitter coil to the
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receiver coil through magnetic coupling. A load is used to consume the power received by the receiver
coil. Two tuning and impedance matching circuits are used to compensate the reactive power in the
WPT system.
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Figure 1. Structure of a WPT system using CMR.

In this paper, the following uncertain parameters are mainly investigated:
First, the coupling coefficient k between the transmitter and receiver coils is one uncertain

parameter. As shown in Figure 1, the receiver coil movement may lead to lateral, longitudinal,
and angular displacements between the coils. The influence of the coil displacements on the WPT
system is reflected in the change of the coupling coefficient.

Second, the operating frequency f is another uncertain parameter in the WPT system. Some
uncertain factors, such as external objects, etc., will change the inherent frequency of the WPT system.
To achieve resonance, the operating frequency should dynamically change according to the inherent
frequency variation of the circuit.

Third, the load impedance ZL is another uncertain parameter in the WPT system. In many
practical applications, the load is not a pure resistance but a complex impedance. The load resistance
RL and the load reactance XL will change dynamically with temperature rise, load switching, and many
other uncertain factors.

2.2. Modeling of the WPT System

To analyze the effects of uncertain parameters on the WPT system performance, a cascade two-port
network model of the WPT system is proposed. As shown in Figure 2, the WPT system is divided into
five parts: The power source, the two-port network I, the two-port network II, the two-port network
III, and the load. The port voltages and currents and the transmission parameters of the two-port
networks are used to analyze the WPT system.
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2.2.1. Transmitter Coil and Receiver Coil

The two-port network II includes the transmitter and receiver coils. The input and output
characteristics of the two-port network II can be described as:[

UT
IT

]
=

[
AII BII

CII DII

][
UR
IR

]
(1)

where UT and IT are the voltage and current at Port 2, UR and IR are the voltage and current at Port 3.
AII, BII, CII, DII are the transmission parameters the two-port network II, which can be calculated as: AII =

RT+jωLT
jωk
√

LT LR
, BII =

(RR+jωLR)(RT+jωLT)+ω2k2LT LR
jωk
√

LT LR

CII =
1

jωk
√

LT LR
, DII =

RR+jωLR
jωk
√

LT LR

(2)

where LT and LR are the inductances of the transmitter coil and the receiver coil respectively, RT and RR
are the resistances of the transmitter coil and the receiver coil respectively, k is the coupling coefficient
between the coils, and ω is the angular operating frequency.

2.2.2. Tuning and Impedance Matching Circuits

The two-port network I includes the tuning and impedance matching circuit at the transmitter-side.
The two-port network III includes the tuning and impedance matching circuit at the receiver-side.
The input and output characteristics of each can be described as:[

US
IS

]
=

[
AI BI

CI DI

][
UT
IT

]
&

[
UR
IR

]
=

[
AIII BIII

CIII DIII

][
UL
IL

]
(3)

where US and IS are the voltage and current at Port 1, UL and IL are the voltage and current at Port 4.
AI, BI, CI, DI and AIII, BIII, CIII, DIII are the transmission parameters of the two-port network I and
the two-port network III, respectively.

There are many types of tuning and impedance matching circuits for the WPT system [24,25].
Table 1 shows the topologies and transmission parameters of some commonly used circuits, in which
Xn (n = 1, 2, · · ·) is a reactive power compensation unit, like a capacitor or an inductor.

Table 1. Some commonly used tuning and impedance matching circuits.

Type Topology Transmission Parameters

Series
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2.2.3. Overall WPT System

The overall WPT system is the cascade system of the power source, the two-port network I,
the two-port network II, the two-port network III, and the load. The input and output characteristics
of the overall WPT system can be described as:[

US
IS

]
=

[
AI BI

CI DI

][
AII BII

CII DII

][
AIII BIII

CIII DIII

][
UL
IL

]
=

[
A B
C D

][
UL
IL

]
(4)

where A, B, C, D represent the transmission parameters of the overall WPT system, which can be
calculated as:{

A = AIII(AI AII + BICII) + CIII(AIBII + BIDII), B = BIII(AI AII + BICII) + D(AIBII + BIDII)

C = AIII(AIICI + CIIDI) + CIII(BIICI + DIDII), D = BIII(AIICI + CIIDI) + DIII(BIICI + DIDII)
(5)

Based on Equation (4), the input and output impedances of the WPT system can be calculated.

Zin =
US
IS

=
AZL + B
CZL + D

& Zout = −
UL
IL

=
DRS + B
CRS + A

(6)

where RS is the source internal resistance. ZL is the load impedance, which usually includes a resistance
part RL, and a reactance part XL.

A matching factor Z is defined to evaluate the impedance matching status of the system.

Z = |Zin − R∗S|+ |Zout − Z∗L| (7)

where R∗S and Z∗L are the conjugate values of RS and ZL. If Z = 0, the WPT system can achieve
dual-side conjugate impedance matching.

The source output power can be calculated as:

PS = |IS|2Rin =

∣∣∣∣ V0

RS + Zin

∣∣∣∣2Rin (8)

where V0 is the source voltage, Rin is the real part of the input impedance Zin.
The power delivered to the load can be calculated as:

PL = |IL|2RL =

∣∣∣∣ (A− CZin)V0

(AD− BC)(RS + Zin)

∣∣∣∣2RL (9)

In previous studies [26–28], the transmission efficiency ηT was defined as the ratio of the load
power to the source output power.

ηT =
PL
PS

=

∣∣∣∣ A− CZin
AD− BC

∣∣∣∣2 RL
Rin

(10)

However, the transmission efficiency ηT cannot reflect the load power level. Because the source
output power PS is uncertain, the load power PL can be low even if the transmission efficiency
ηT is high.

To solve this problem, the system efficiency ηS is defined in this paper. It refers to the ratio of the
load power to the maximum source output power.

ηS =
PL

PS−max
(11)
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where PS−max is the maximum source output power, which can be calculated as:

PS−max = PS|Zin=RS
=

V0
2

4RS
(12)

By substituting Equations (6), (9), and (12) into Equation (11), the system efficiency ηS can
be obtained.

ηS = 4RSRL

∣∣∣∣ 1
(A + CRS)(RL + jXL) + B + DRS

∣∣∣∣2 (13)

The system efficiency ηS can reflect the utilization ratio of the maximum extractable power from
the WPT system. If the system efficiency ηS is high, both the transmission efficiency ηT and the load
power PL will be high.

2.3. Analysis of the Uncertain Parameters

In this paper, the system efficiency is used to evaluate the performance of the WPT system.
The effects of uncertain parameters on the system efficiency are analyzed using numerical simulations.
The series–series (SS) compensated WPT system (which is one of the most commonly used
structures [29–31]) is chosen to carry out the analysis. The simulation parameters are shown in Table 2.
Based on Equations (7) and (13), the matching factor and the system efficiency can be calculated.

Table 2. Simulation parameters of the SS compensated WPT system.

Certain Parameter Value

Source resistance RS 50 Ω
Coil resistances RT , RR 1 Ω
Coil inductances LT , LR 30 µH
Series Capacitors CT , CR 211 pF

Uncertain Parameter Variation Range

Coupling coefficient k 0.1 ∼ 0.6
Operating frequency f 1.5 ∼ 2.5 MHz
Load resistance RL 100 ∼ 1500 Ω
Load reactance XL −800 ∼ 800 Ω

To simplify the analysis, only one uncertain parameter is varied at a time. When the coupling
coefficient k, the operating frequency f , the load resistance RL or the load reactance XL varies,
the calculated system efficiencies (blue solid line) and matching factors (red dashed line) are shown
in Figure 3a–d, respectively. It can be observed that the system efficiency increases at first and then
decreases with the increase of the uncertain parameter. On the contrary, the matching factor decreases
at first and then increases with the increase of the uncertain parameter. The highest system efficiency
can only be achieved when Z = 0.

The simulation results show that: (1) The system efficiency of the SS compensated WPT system
is very sensitive to uncertain parameter variations; (2) the system efficiency can be maximized only
when the WPT system achieves dual-side conjugate impedance matching (Z = 0).
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Figure 3. System efficiencies (blue solid line) and matching factors (red dashed line) of the SS
compensated WPT system: (a) the coupling coefficient k varies from 0.1 to 0.6; (b) the operating
frequency f varies from 1.5 to 2.5 MHz; (c) the load resistance RL varies from 100 to 1500 Ω; (d) the load
reactance XL varies from −800 to 800 Ω. (The initial values of the uncertain parameters are: k = 0.33,
f = 2 MHz, RL = 300 Ω, and XL = 0 Ω).

3. Interval-Based Uncertain Optimization Method for the WPT System

3.1. A Modified WPT System Structure

To enhance the robustness of the WPT system to uncertain parameter variations, a modified WPT
system structure is proposed. As shown in Figure 4, it consists of a power source, a transmitter coil,
a receiver coil, a complex load, and two Q-type impedance matching networks.
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Figure 4. Structure of the modified WPT system.

The Q-type impedance matching network at the transmitter-side includes two compensation
inductors (L1, L2) and three compensation capacitors (C1, C2, C3). Similarly, the Q-type impedance
matching network at the receiver-side includes two compensation inductors (L3, L4) and three
compensation capacitors (C4, C5, C6). There are two single pole double throw switches (ST and SR) in
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the Q-type impedance matching networks. As shown in Figure 4, ST can switch between point 1 and
point 2, and SR can switch between point 3 and point 4.

The modified WPT system has two operating modes. The single-pole double-throw switches
are used to switch the operating mode of the system. Table 3 shows the states of the switches
(ST and SR) and the transmission parameters of the Q-type impedance matching networks at different
operating modes.

Table 3. Two operating modes of the modified WPT system.

Switch
States

Transmission Parameters of the Q-type Network
at Transmitter-Side

Transmission Parameters of the Q-type Network
at Receiver-Side

Mode 1:
ST → point 1
SR → point 3


AI = −ω2C2 L1 L2

L1+L2
+ 1

BI = j(ω2C2 L1 L2
L1+L2

− 1)(C2+C3
ωC2C3

) +
j

ωC2

CI = jωC2
DI =

C2
C3

+ 1


AIII =

C5+C6
C4

+ 1

BIII = j(ω2(C5 + C6)L3 − 1)( C4+C5+C6
ωC4(C5+C6)

) +
j

ω(C5+C6)

CIII = jω(C5 + C6)
DIII = −ω2(C5 + C6)L3 + 1

Mode 2:
ST → point 2
SR → point 4


AI = −ω2(C1 + C2)L1 + 1
BI = j(ω2(C1 + C2)L1 − 1)( C1+C2+C3

ω(C1+C2)C3
) +

j
ω(C1+C2)

CI = jω(C1 + C2)

DI =
C1+C2

C3
+ 1


AIII =

C5
C4

+ 1

BIII = j(ω2C5 L3 L4
L3+L4

− 1)(C4+C5
ωC4C5

) +
j

ωC5

CIII = jωC5

DIII = −ω2C5 L3 L4
L3+L4

+ 1

The modified WPT system has the following advantages:
First, traditional WPT systems, such as SS compensated and parallel-parallel compensated WPT

systems, only have a narrow impedance matching range. Therefore, some uncertain parameter changes
cannot be compensated [32]. Compared with traditional WPT systems, the modified WPT system
has more compensation components and a wider impedance matching range. To compensate the
uncertain parameter changes, the impedance of the modified WPT system can be translated to any
optimal impedance.

Second, the modified WPT system has two different operating modes. Each operating mode can
be used to address a different variation range of the uncertain parameters. To obtain stable system
efficiency, the modified WPT system can switch from one operating mode to the other mode using the
single-pole double-throw switches.

Third, the parameters of the compensation components in the modified WPT system are optimally
designed using an interval-based uncertain optimization method. Through this method, the WPT
system can achieve good robustness performance to uncertain parameter variations. The system
efficiency can remain nearly constant when the uncertain parameter (k, f , RL or XL) varies over a wide
range. The details of the interval-based uncertain optimization method are given in the next section.

3.2. Interval-Based Uncertain Optimization Model

In this paper, an interval-based uncertain optimization method is proposed to enhance the
robustness of the modified WPT system. Based on the method, an interval is used to model the
uncertainty of a parameter (including coupling coefficient k, operating frequency f , load resistance
RL, and load reactance XL). Thus, the WPT system can be analyzed and optimized based on the
variation bounds of the uncertain parameters. There is no need to obtain the real-time information of
the uncertain parameters.

Using the proposed method, the uncertainties of the parameters are described as:

U = {M, RL, XL, f }, U ∈ IU = [IL
U , IR

U ] (14)

where U represents the uncertain variable of the WPT system, IU represents the variation interval of U,
IL
U , and IR

U are the upper and lower bounds of IU , respectively.
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The modified WPT system has two operating modes. Each mode is used to address a different
variation range of the uncertain variable. Therefore, IU is divided into two subintervals.

IU1 = [IL
U , ID

U ], IU2 = (ID
U , IR

U ] (15)

where, ID
U is the division point, ID

U ∈ IU .
The parameters of the compensation components in the Q-type impedance matching networks

can be written as:

X = {L1, L2, L3, L4, C1, C2, C3, C4, C5, C6}, X ∈ IX = [IL
X , IR

X ] (16)

where X is the decision variable of the WPT system, IX is the design space of X, IL
X, and IR

X are the
upper and lower bounds of IX , respectively.

By substituting the transmission parameters of the Q-type impedance matching networks (shown
in Table 3) into Equation (13), the system efficiency of the modified WPT system can be obtained,
which is the function of the uncertain variable U and the decision variable X.

ηS = F(X, U) (17)

For any X, when the uncertain variable varies within the intervals IU1 and IU2, the possible system
efficiencies are two intervals: {

H1 = [FL
1 (X), FR

1 (X)], U ∈ IU1

H2 = (FL
2 (X), FR

2 (X)], U ∈ IU2
(18)

where i(i = 1, 2) is the variation interval of the system efficiency. FL
i (X) and FR

i (X) are the upper and
the lower bounds of i, which can be calculated using the following equations:

FL
i (X) = min

U
F(X, U)

FR
i (X) = max

U
F(X, U)

U ∈ IUi, i = 1, 2

(19)

To evaluate the performance of the modified WPT system, two objective functions are defined
as follows: 

FM(X, ID
U ) = −

(
FL

1 (X)+FR
1 (X)+FL

2 (X)+FR
2 (X)

4

)
FV(X, ID

U ) =
(FL

1 (X)+FM(X,ID
U ))

2
+(FR

1 (X)+FM(X,ID
U ))

2

4

+
(FL

2 (X)+FM(X,ID
U ))

2
+(FR

2 (X)+FM(X,ID
U ))

2

4

(20)

FM(X, ID
U ) and FV(X, ID

U ) are the functions that depend on the decision variable X and the
division point ID

U . FM(X, ID
U ) is called the mean function of the system efficiency. It can be used to

evaluate the average performance of the modified WPT system. The lower FM(X, ID
U ) is, the higher the

average system efficiency is. FV(X, ID
U ) is called the variance function of the system efficiency. It can

be used to evaluate the robustness performance of the modified WPT system. The lower FV(X, ID
U ) is,

the less sensitive the system efficiency is to uncertain parameter variations.
For any two solutions, (X1, ID1

U ) and (X2, ID2
U ), if ‘FM(X1, ID1

U ) < FM(X2, ID2
U )’ and

‘FV(X1, ID1
U ) < FV(X2, ID2

U )’ are satisfied at the same time, it can be concluded that (X1, ID1
U ) is

better than (X2, ID2
U ).
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Finally, the interval-based uncertain optimization model for the WPT system can be obtained.
min

X

(
FM(X, ID

U ), FV(X, ID
U )
)

Uncertain variable : U ∈ IUi, (i = 1, 2)
Decision variables : X ∈ IX , ID

U ∈ IU

(21)

3.3. Bi-Level Nested Optimization Algorithm

Equation (21) is a bi-level nested optimization problem, in which the inner optimization is to
find the variation bounds of the system efficiency when the uncertain parameters vary, and the outer
optimization is to find the optimal solutions for the modified WPT system. However, because there is a
nested optimization process, it is difficult to find the optimal solution using traditional gradient-based
optimization algorithms. In this paper, the particle swarm optimization (PSO) algorithm [33] is
used to solve the inner optimization problem, and the nondominated sorting genetic algorithm-II
(NSGA-II) [34] is used to solve the outer optimization problem. The proposed optimization process is
shown in Figure 5.

A numerical example of the modified WPT system is given in Table 4. Using the bi-level nested
optimization algorithm, the optimal solutions for the modified WPT system can be obtained.
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Table 4. Parameters of the modified WPT system.

Certain Parameter Value

Source resistance RS 50 Ω
Coil resistances RT , RR 1 Ω
Coil inductances LT , LR 30 µH

Uncertain Parameter Variation Interval

Coupling coefficient k [0.1, 0.6]
Operating frequency f [1.5, 2.5] MHz
Load resistance RL [100, 1500] Ω
Load reactance XL [−800, 800] Ω

3.4. Optimization Results

Equation (21) is a double-objective optimization problem. In multi-objective optimization, because
the objective functions are usually in conflict with each other, the optimal results are a group of Pareto
optimal solutions. The Pareto front is the image of the Pareto optimal solutions viewed in objective
space, which can offer valuable tradeoff information between objective functions [35,36].

3.4.1. Pareto Fronts

Figure 6 shows the Pareto fronts of the modified WPT system, from which it can be seen that the
mean function FM(X, IC) and the variance function FV(X, IC) are in conflict with each other. The WPT
system cannot achieve the highest average system efficiency and the best robustness performance at
the same time. There is a need to make tradeoffs between them.
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Figure 6. Pareto fronts of the optimal solutions: (a) the coupling coefficient k varies from 0.1 to
0.6; (b) the operating frequency f varies from 1.5 to 2.5 MHz; (c) the load resistance RL varies from
100 to 1500 Ω; (d) the load reactance XL varies from −800 to 800 Ω. (The initial values of the uncertain
parameters are: k = 0.2, f = 2 MHz, RL = 300 Ω, and XL = 0 Ω).
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The Pareto fronts can offer tradeoff information between the mean function and the variance
function. As shown in Figure 6, the solutions within region-A have small mean function values and
large variance function values. The modified WPT system will have high average system efficiency but
poor robustness if these solutions are chosen. The solutions within region-B have large mean function
values and small variance function values. The modified WPT system will have strong robustness but
extremely low average system efficiency if these solutions are chosen. The solutions between region-A
and region-B have medium average system efficiency and medium robustness. The decision should be
made according to the practical application requirements.

3.4.2. Tradeoff Solutions

Because the goal of this paper is to enhance the robustness of the modified WPT system to
uncertain parameter variations, the decision is made by: (1) FV(X, IC) ≤ 2× 10−3; (2) the lower
FM(X, IC) is, the better. Based on the rules, the tradeoff solutions can be found, which are marked
with red asterisks in Figure 6.

Figure 7 shows the calculated system efficiencies (blue solid line) and matching factors (red
dashed line) of the modified WPT system using the tradeoff solutions. It can be observed that the
system efficiency of the modified WPT system only changes slightly when the coupling coefficient,
the operating frequency, the load resistance or the load reactance varies over a wide range. It can be
seen from Figure 7a–d that the average system efficiencies are 0.467, 0.484, 0.654, and 0.717, respectively.
Therefore, the modified WPT system only achieves medium system efficiency.
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Figure 7. System efficiencies (blue solid line) and matching factors (red dashed line) of the modified
WPT system: (a) the coupling coefficient k varies from 0.1 to 0.6; (b) the operating frequency f varies
from 1.5 to 2.5 MHz; (c) the load resistance RL varies from 100 to 1500 Ω; (d) the load reactance XL

varies from −800 to 800 Ω. (The initial values of the uncertain parameters are: k = 0.2, f = 2 MHz,
RL = 300 Ω, and XL = 0 Ω.).

The matching factors can be used to evaluate the impedance matching status of the modified WPT
system. In Figure 7a–d, it can be observed that the matching factor Z 6= 0 during the variations
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of the coupling coefficient, the operating frequency, the load resistance, and the load reactance.
Therefore, the modified WPT system using the tradeoff solutions does not achieve dual-side conjugated
impedance matching.

Using the proposed method, the robustness of the modified WPT system to uncertain parameter
variations can be significantly improved. However, the system efficiency does not reach the maximum
value because the conjugated impedance matching condition ‘Z = 0’ is not satisfied.

4. Experimental Verifications

In this section, a modified WPT system was implemented, and experimental studies were carried
out to verify the theoretical method. For comparison, a SS compensated WPT system was also
implemented and measured.

4.1. Hardware Implementations

4.1.1. Modified WPT System

The modified WPT system is shown in Figure 8. Two identical planar spiral coils, which were
fabricated by Litz wires, were used as the power transmitter and receiver. The inner and outer
diameters of the coils were 11 cm and 16.6 cm respectively. The number of turns of the coils was 10.
An impedance analyzer was used to measure the electrical parameters of the coils. The measured
inductance and resistance of the transmitter coil were 24.1 µH and 3.2 Ω, respectively. The measured
inductance and resistance of the receiver coil were 21.8 µH and 4.5 Ω, respectively. For the convenience
of implementation, the transmitter coil and the receiver coil were placed coaxially, and the longitudinal
distance between the coils was adjusted to implement the coupling coefficient variation. The coupling
coefficient could be varied from 0.15 to 0.55 by adjusting the longitudinal distance between the coils.
This operation can be used to simulate other coil displacements which lead to the same coupling
coefficient variation.

A power amplifier was used to input power to the transmitter coil. The operating frequency
of the power amplifier could be adjusted from 1.5 to 2.5 MHz (Such a frequency range was chosen
because the power processing circuits with this operating frequency range is commercially available
and easy to implement [26]). The output resistance of the power amplifier was 50 Ω. A load was used
to consume the power received by the receiver coil. The load resistance could be adjusted from 50 Ω to
1050 Ω, and the load reactance could be adjusted from −300 Ω to 300 Ω.
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In the modified WPT system, one Q-type impedance matching network was connected between
the power amplifier and the transmitter coil, and the other Q-type impedance matching network was
connected between the load and the receiver coil. The parameters of the compensation components in
the Q-type impedance matching networks were optimally designed using the proposed interval-based
uncertain optimization method. The tradeoff solutions obtained are shown in Table 5.

Table 5. The tradeoff solutions for the modified WPT system.

Item
Uncertain Variables

k Varies in
[0.15, 0.55]

f Varies in
[1.5, 2.5] MHz

RL Varies in
[50, 1050] Ω

XL Varies in
[−300, 300] Ω

Tradeoff solutions

ID
U 0.25 1.8 MHz 250 Ω 0 Ω

L1(µH) 23.4 5.9 5.6 7.3
L2(µH) 500.0 87.5 177.4 481.5
L3(µH) 16.5 5.0 17.5 31.8
L4(µH) 473.3 245.4 98.0 435.1
C1(pF) 50.1 173.6 52.8 508.1
C2(pF) 576.7 770.2 740.0 130.1
C3(pF) 936.2 367.7 422.2 219.6
C4(pF) 1079.8 442.6 471.1 666.4
C5(pF) 491.7 988.7 850.0 625.5
C6(pF) 230.4 60.4 285.6 70.3

Objective functions FM 0.735 0.463 0.727 0.412
FV 0.002 0.002 0.002 0.002

4.1.2. SS Compensated WPT System

For comparison purposes, a SS compensated WPT system (which is one of the most commonly
used structures [29–31]) was also implemented. As shown in Figure 9, the power source, the transmitter
coil, the receiver coil, and the load in the SS compensated WPT system were the same with those in the
modified WPT system shown in Figure 8.

The difference is that the SS compensated WPT system only includes two compensation capacitors
(CT , CR). In the experimental study, the resonance frequency of the SS compensated WPT system was
adjusted to 2 MHz by setting CT = 265.3 pF and CR = 278.7 pF.
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4.2. Experimental Results

Based on Equation (13), the system efficiencies of the two kinds of WPT systems can be calculated
theoretically. In the experimental study, two power meters (as shown in Figure 8) were used to measure
the source output power and the load power, respectively. Then, the actual system efficiencies of the
two kinds of WPT systems can be obtained.

When the coupling coefficient k, the operating frequency f , the load resistance RL or the load
reactance XL varies, the system efficiencies of the two kinds of WPT systems are shown in Figure 10a–d,
respectively. The purple dashed lines (S1-Cal.) and blue solid lines (S1-Exp.) represent the calculated
and measured system efficiencies of the modified WPT system respectively. The green dotted lines
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(S2-Cal.) and red solid lines (S2-Exp.) represent the calculated and measured system efficiencies of the
SS compensated WPT system respectively.

It can be observed that the calculated system efficiency curves and the measured system efficiency
curves have the same variation trends. However, at some points, the measured values are much lower
than the calculated ones. The possible reasons include: (1) The errors between the theoretical and
actual capacitance/inductance of the compensation components lead to the decrease of the system
efficiency; (2) In theoretical calculations, the compensation capacitors/inductors are assumed to be
ideal energy-storage components without any energy losses. But in the experimental study, these
compensation components will consume a small part of the total power in the forms of heat and result
in the decrease of the system efficiency.
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Figure 10. System efficiencies of two kinds of WPT systems: (a) the coupling coefficient k varies from
0.15 to 0.55; (b) the operating frequency f varies from 1.5 to 2.5 MHz; (c) the load resistance RL varies
from 50 to 1050 Ω; (d) the load reactance XL varies from −300 to 300 Ω. (The initial values of the
uncertain parameters are: k = 0.2, f = 2 MHz, RL = 50 Ω, and XL = 0 Ω).

It can be observed from Figure 10a–d that the measured maximum system efficiency of the SS
compensated WPT system are 0.832, 0.850, 0.832, and 0.832 respectively, and the measured minimum
system efficiency of the SS compensated WPT system are 0.328, 0.021, 0.170, and 0.129 respectively.
The measurement results show that the system efficiency of the SS compensated WPT system is very
sensitive to the variation of the coupling coefficient, the operating frequency, the load resistance or the
load reactance.

It can be observed from Figure 10a–d that the measured maximum system efficiency of the
modified WPT system are 0.737, 0.486, 0.755, and 0.450 respectively, and the measured minimum system
efficiency of the modified WPT system are 0.592, 0.355, 0.576, and 0.274 respectively. The measurement
results show that the system efficiency of the modified WPT system only changes slightly when the
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coupling coefficient, the operating frequency, the load resistance or the load reactance varies over
a wide range.

The experimental results demonstrate that the modified WPT system has better robustness than
the SS compensated WPT system. The SS compensated WPT system can achieve the maximum system
efficiency at some points. Compared with the SS compensated WPT system, the modified WPT system
can only achieve medium system efficiency.

5. Conclusions

In this paper, a modified WPT system structure and an interval-based uncertain optimization
method are proposed to enhance the robustness of the WPT system to uncertain parameter variations.
To verify the effectiveness of the proposed method, two kinds of WPT systems were implemented and
measured. The main results of this paper can be summarized as follows:

1. A modified WPT system structure is proposed in this paper. Two Q-type impedance matching
networks are inserted in the transmitter circuit and the receiver circuit, respectively. By doing so,
the modified WPT system can operate at two different modes. To address uncertain parameter
variations, the modified WPT system can switch from one operating mode to the other mode,
which is efficient and easy to implement.

2. An interval-based uncertain optimization method is proposed to enhance the robustness of the
modified WPT system. A double-objective uncertain optimization model for the modified WPT
system is built, and a bi-level nested optimization algorithm is proposed to find robust solutions.
Through this method, the modified WPT system can achieve good robustness performance when
the coupling coefficient, the operating frequency, the load resistance or the load reactance varies
over a wide range.

3. Compared with active control methods, the proposed method in this paper only uses passive
compensation networks (Q-type impedance matching networks). Therefore, the structure and
control difficulty of the WPT system can be reduced. The size of the Q-type networks can be made
small, which contributes to the miniaturization of the overall system. The proposed method
is more suitable for some applications where high robustness performance, medium system
efficiency, and a small system size are required.
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