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Abstract—A multiphase inverter with phase-shifted control is
proposed for the inductive power transfer (IPT) of electric vehi-
cles where the charging voltage can be regulated by adjusting the
angle among the inverter phases. An equivalent circuit model is
developed and linearized to analyze the system dynamic charac-
teristics at its operating point. In terms of the high-order model,
a balanced model reduction method is used to remove the fast
modes that are outside the desired system bandwidth and insignif-
icant to controller design. In addition, the model is discretized
and the communication delay of the feedback loop is considered
in the discretized model. Based on this model, the parameters of
a PI controller are designed to achieve the expected performance
indexes. A 6.5 kW S-S compensation IPT system prototype with
constant voltage control is built and tested to verify the control per-
formance. The experimental results show that the charging voltage
can be maintained constant within 6 ms and has no overshoot un-
der disturbances, which verifies that the closed-loop system with
PI controller operates properly and efficiently for IPT. Besides,
the measured transmission efficiency of the system at a receiving
power of 6.5 kW is 95.1%.

Index Terms—Constant voltage control, inductive power trans-
fer (IPT), phase-shift controlled inverter, PI controller, small-signal
modeling.
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I. INTRODUCTION

INDUCTIVE power transfer (IPT), or wireless power
transfer, has been widely studied in recent years because

of many advantages, such as convenience, weatherproof,
anti-vandalism, and low risk of hazards [1]–[3]. IPT enables
the transfer of electrical energy between non-conductive media
and thus is widely used in electric power products, such as
electric vehicles (EVs) [4]–[6], medical implant devices [7],
[8], and portable equipment [9].

The charging power (or voltage and current) without proper
regulation will deviate when encountering the changing load
or mutual inductance between two sides during the charging
process. Hence, a controller is required to maintain the output
voltage or current at a constant value. The charging voltage or
current can be regulated at either the sending side [10]–[19]
or the receiving side [20], or on both sides [21], [22]. A
frequency control, namely, adjusting the operating frequency
(the switching frequency of MOSFETs) at the sending side is
a possibility to regulate the charging power [10]. However,
frequency control will cause problems, such as electromag-
netic interference (EMI) [23], and a large change in output
power near the resonant frequency. Therefore, this method is
often used in systems with a small frequency range needed to
adjust.

DC/DC converter control, namely, adjusting the duty-cycle of
the buck-boost converter at either the sending side or the receiv-
ing side provides another method for charging power regulation
under a fixed operating frequency [12], [21], [22]. However,
the introduction of the buck-boost converter requires additional
circuits in the resonant tank, which leads to higher cost, larger
size and weight, and power losses. The duty-cycle regulation
can also be employed to the inverter to adjust its output voltage
and resulting charging power [13], [14]. However, the popular
regulation method at the primary side is the phase-shift control
[15], [16], [22], or so-called symmetrical voltage cancelation
[17].

For the phase-shift control method [25]–[32], the system op-
erating frequency is near the point where the power transmission
efficiency is relatively satisfactory. The output voltage and re-
sulting charging power of the inverter can be regulated by adjust-
ing the phase-shift angle while the class-D full-bridge inverter
is a kind of popular topology.

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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To design a controller with satisfactory control performance,
many modeling methods have been proposed for above charging
power regulation methods. In [15] and [19], a state-space model
of the bidirectional IPT system was developed. It is shown that
this model can accurately describe the system and can be a valu-
able tool for both transient analysis and controller design. In [18]
and [32], a technique based on extended describing functions
is proposed for the WPT system of EVs charging. The model
considers the input voltage, frequency, and duty cycle as vari-
ables to control the output voltage at a constant value, but lacks
the phase-shift control. Alternatively, the small-signal modeling
method is widely employed to establish a mathematical model
for the IPT system [14], [30], [31]. A closed-loop controller,
considering both the frequency and the phase-shift control to
keep the output voltage constant is proposed in [30] and [31],
but it is analyzed in the continuous time domain and does not
take into consideration the digital control in the discrete domain.
Also, the controllers proposed in these papers are directly de-
signed based on high-order state-space models, which increases
the difficulty of the controller design. Additionally, the most
important thing is that the communication delay caused by the
wireless modules in the control feedback loop is not considered
in the controller design process.

The multiphase inverter with phase-shift control (or phase-
control) is an encouraging alternative to the single-phase inverter
of IPT system [33]. It shares advantages of higher output power
and EMI reduction [23], [33]. Besides, it has the capacity to
provide higher efficiency than half-bridge or full-bridge class-D
topologies [33]. These are favorable to wireless charging of
EVs. A three-phase phase-controlled inverter is introduced in
[33] for EVs wireless charging. These three phases supply a
single sending coil instead of three coils as [23]. The three-
phase phase-controlled inverter regulates the output power by
adjusting the phase-shift angle among phases under a constant
operating frequency. However, it mainly focuses on how to meet
the requirements of charging power and zero voltage switching
(ZVS) operation under varying parameters, such as air gap or
load resistance, but the modeling and controller design are not
presented.

A multiphase phase-controlled resonant inverter is proposed
in [34] and [35], where multiple identical switching-legs are
connected in parallel using intercell transformers (ICT), which
limit circulating currents among switching-legs. This kind of
inverter greatly improves the output power capability so that it
is very suitable for high-power applications, such as EVs [4].

Obtaining desired control performance is a key requirement
while employing the multiphase phase-shift control inverter for
IPT system. Compared with the existing literature above, this
paper focuses on how to design a digital controller based on the
mathematical model. The specific contributions of this paper are
as follows:

1) A multiphase phase-controlled inverter is presented and
applied to the IPT system. In order to analyze the system
dynamic characteristics and design a controller, a common
dynamic model including the proposed multiphase phase-
controlled inverter and entire IPT system is obtained and
deduced.

2) Due to the high order of the model, a balanced model
reduction method is used to remove the fast modes that
are outside the desired system bandwidth and insignificant
to controller design.

3) Considering that the control feedback loop in the experi-
ment is set up with the wireless modules, a few unit delays
are added to the discrete model by using the Pade trans-
form method. Also, the discrete domain analysis of the
reduced model is conducted, which is more suitable for
the digital control.

4) The phase margin, amplitude margin, settling time, and
overshoot are all considered as the requirement perfor-
mance indexes in the development of the controller. This
is especially useful when the system is required to be
tightly designed in terms of the expected settling time or
overshoot.

This paper is organized as follows. In Section II, the multi-
phase phase-controlled inverter is analyzed and a common PI
control strategy for S-S, S-P, P-S, and P-P compensated systems
is proposed. Then, an S-S compensated equivalent circuit of IPT
supplied by the multiphase phase-controlled inverter is modeled
and analyzed in Section III. In addition, a digital PI controller is
designed based on the results of the analysis. Section IV focuses
on the analysis of ZVS operation and transmission efficiency of
the system. Finally, a 6.5-kW IPT system prototype is built and
the experimental results are provided in Section V. Conclusions
are given in Section VI.

II. ANALYSIS OF THE SYSTEM AND CONTROL STRATEGY

A. Structure of the Proposed IPT System

The proposed IPT system supplied by a multiphase phase-
controlled inverter is shown in Fig. 1. It consists of a multiphase
phase-controlled inverter, magnetic resonance coupling parts, a
full-bridge rectifier, and a battery equivalent series resistance
(ESR). The multiphase phase-controlled inverter fed by a dc
source VI is composed of N half-bridge class-D switching legs
connected in parallel with N cyclic cascade connection induc-
tors (intercell transformer, ICT) ICT1 − ICTN . Each ICT has
two windings that are connected as shown in Fig. 1. The cascade
inductors act as impedances to allow for phase control and to
suppress circulating currents among phases. The output voltages
of the half-bridge class-D switching legs are v1 , v2 , . . . , vN , re-
spectively. Moreover, the voltages between two adjacent switch
legs have the same phase-shift angle ϕr . By changing ϕr , one
can adjust the amplitude of the output voltage vab of the multi-
phase phase-controlled inverter. The resonant inductors Lp and
Ls are two coaxial coils for transferring power. M is the mutual
inductance between the sending coil and the receiving coil. Rp

and Rs represent the equivalent resistors of two sides. Rb is the
equivalent load resistance of the vehicle battery packs. The rec-
tifier with a class-D full-bridge topology provides dc voltage Vo

for the filter capacitor Cf and the battery load Rb.vcd is the input
voltage of the rectifier. Two wireless modules, a PI controller
and a driving circuit, are adopted to form a closed control-loop
to regulate the charging voltage Vo .
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Fig. 1. Scheme of the IPT system driven by a multiphase phase-controlled inverter.

B. Analysis of the Multiphase Phase-Controlled Inverter

Since only the fundamental component current with the fre-
quency ωs close to the resonant frequency of the circuit can flow
through the LC resonance circuit, the dc and higher harmonic
components in v1 , v2 , . . . , vN can be ignored. Therefore, the
square wave voltage sources of the kth phase can be replaced
by their fundamental components as following [34]:

vk = Vm cos
(

ωst +
2kϕn

N
− (N − 1) ϕn

N

)
(1)

where N is the number of the phase, k is from 1 to N , and ϕn is
the normalized phase shift in a range from 0 to π that gives full
control range. Under a duty cycle of 0.5 for each inverter lag,
the voltage amplitude is Vm = 2VI /π. The voltages across the
primary compensation network caused by the sinusoidal voltage
sources vk separately, i.e., with the other voltage source shorted,
are expressed as

vabk =
vkZin

ZICT + NZin
(k = 1, 2, ..., N) (2)

where ZICT is the impedance of each phase of the phase-
controlled inverter and Zin is the load impedance of the
phase-controlled inverter. Fig. 2 shows the relationship between
the square wave voltage sources v1 , v2 , . . . , vN and the funda-
mental component of vab . The step width ϕr of the voltage curve
vz represents the phase-shift angle between two adjacent switch
legs, which can be expressed as

ϕr =
2ϕn

N
. (3)

Using the principle of superposition, one can obtain the volt-
age across the primary compensation network as

vab =
N −1∑
k=0

vkZin

ZICT + NZin
=

2VI sinϕn

Nπ sin ϕn

N

sin (ωst) . (4)

Hence, the dc-to-ac voltage transfer function of the phase-
controlled inverter is

Mab =
|vab |
VI

=
2 sin ϕn

Nπ sin ϕn

N

. (5)

Fig. 2. Waveforms of output voltage and fundamental component for N
phases and the resulting one under a phase-shift angle of ϕr .

According to (5), Fig. 3 illustrates Mab as a function of
the normalized phase-shift angle ϕn for a different number of
phases N . It can be seen that Mab for different values of N
are decreasing from 0.64 to 0 when ϕn is increasing from 0°
to 180°. In other words, the output voltage of the multiphase
phase-controlled inverter decreases with the increasing of the
normalized phase-shift angle ϕn .

C. Control Scheme

Based on the analysis in the previous section, a common
digital PI control strategy for S-S, S-P, P-S, and P-P topologies
is proposed to implement phase shift control. Fig. 4 shows the
detailed flowchart of the control strategy. It consists of preset
reference voltage, PI controller, multiphase phase-controlled
inverter, IPT system, zero-order holder, and wireless commu-
nication. First, the charging voltage is sampled and transmitted
by wireless communication module to the processor at the
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Fig. 3. Magnitude of the dc–ac transfer function of the phase-controlled
inverter Mab as a function of the normalized phase-shift angle ϕn for different
phase number of N .

Fig. 4. Detailed flowchart of the proposed control Scheme.

sending side. Then, by comparing with the preset reference, the
voltage difference is converted by the PI controller into a new
phase shift angle of the multiphase phase-controlled inverter.
Finally, the IPT system is activated by the inverter and the
charging voltage is controlled.

S-S topology is widely used for EVs charging as the
compensation capacitors are independent of the coupling
coefficient and load [36]. Therefore, this paper will focus on
the modeling, analyzing, and digital controller design of the
S-S topology while ignoring other compensation topologies
(i.e., S-S, S-P, P-S, and P-P).

III. DYNAMIC MODELING AND CONTROLLER DESIGN

A. Simplification of the S-S Compensated IPT System

The equivalent of the IPT circuit is necessary for developing a
dynamic model and designing a controller. Based on the circuit
theory, the magnetic coupling between coils can be expressed as

vep = M
dip
dt

, ves = M
dis
dt

(6)

where ip and is are currents at each side through corresponding
resonant inductor, respectively. The ac state variable ip and vp

(the voltage of the resonant capacitor at the primary side) can
be decomposed using the d-q decomposition method [11] as

ip = Ipd sin (ωst) + Ipq cos (ωst)

vp = Vpd sin (ωst) + Vpq cos (ωst) (7)

Fig. 5. Equivalent circuit of the S-S compensated IPT system.

where Ipd , Ipq , Vpd , and Vpd are dc components of ip and vp

mapping on two orthogonal coordinate axes, d-axis and q-axis,
respectively. With the same method depicted by (7), the ac state
variables is and vs (the voltage of the resonant capacitor at the
secondary side) can also be decomposed and expressed by dc
variables Isd , Isq , Vsd , and Vsq , respectively.

For the full-bridge rectifier, the ac and dc components of the
voltage and current can be respectively written as

vcd = sign (is) · VF =
4
π

is · VF

|is |

=
4
π

Isd · Vo√
I2
sd + I2

sq

· sin (ωst) +
4
π

Isq · Vo√
I2
sd + I2

sq

· cos (ωst)

(8)

IF =
2
π

√
I2
sd + I2

sq (9)

where vcd and is are the ac input voltage and current of the
rectifier; VF and IF are the dc output voltage and current of the
rectifier [30], [31]. The ESR Rcd of the full-bridge rectifier can
be replaced by [33]

Rcd = 8Rb/π2 . (10)

Considering (6) and (8) through (10), the main circuit of the
S-S compensated IPT system in Fig. 1 can be simplified to an
equivalent circuit as shown in Fig. 5.

B. Establishment of Dynamic Equations

Applying Kirchhoff’s voltage law and Kirchhoff’s cur-
rent law, the dynamic equations of the equivalent circuit are
as follows:

vab = ipRp + vp + LP
dip
dt

− ves

ip = Cp
dvp

dt

vep = Ls
dis
dt

+ vcd + isRs + vs

is = Cs
dvs

dt

IF = Cf
dVo

dt
+

Vo

Rb
. (11)
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Substitution (6) through (10) into (11) leads to the separation
of d-q components by

d

dt
(Ipd) = ωsIpq + A2

2VI

3π

sinϕn

sin ϕn

N

− A2RpIpd − A2Vpd − A3 (A11Isd + Vsd)

− A3RsIsd

d

dt
(Ipq ) = −ωsIpd − A2RpIpq − A2Vpq

− A3 (A11Isq + Vsq ) − A3RsIsq (12a)

d

dt
(Vpd) =

1
Cp

Ipd + ωsVpq

d

dt
(Vpq ) =

1
Cp

Ipq − ωsVpd (12b)

d

dt
(Isd) = ωsIsq + A3

2VI

3π

sin ϕn

sin ϕn

N

− A3RpIpd

− A3Vpd − A1 (A11Isd + Vsd) − A1RsIsd

d

dt
(Isq ) = −ωsIsd − A3RpIpq − A3Vpq

− A1 (A11Isq + Vsq ) − A1RsIsq (12c)

d

dt
(Vsd) =

1
Cs

Isd + ωsVsq

d

dt
(Vsq ) =

1
Cs

Isq − ωsVsd (12d)

d

dt
(Vo) =

2
πCf

√
I2
sd + I2

sq −
Vo

Cf Rb
(12e)

where the variables A1 through A11 are listed in the Appendix.
This is a set of nine nonlinear differential equations. In or-

der to analyze the dynamic characteristics of the system, these
nonlinear differential equations need to be linearized around an
expected operating point.

TABLE I
PARAMETERS OF THE IPT SYSTEM

C. Small-Signal Modeling and Reduction

The above nonlinear differential equations can be expressed
in the state-space form as follows:

{
Ẋ = AX + BU
Y = CX

(13)

where A, B, and C are the partial derivative matrices of (12),
and given by (14). The state variable X , input vector U ,
and the output vector Y are expressed by X = [Ipd , Ipq , Vpd ,
Vpq , Isd , Isq , Vsd , Vsq , Vo ]T , U = ϕn and Y = Vo , where Vo is
the charging voltage. By linearization around the operating
point, one can get a small-signal model of (13). In this pa-
per, a three-phase phase-controlled inverter, namely, N = 3, is
selected as an example. In order to maintain a constant charging
voltage, the preset reference voltage is set to be 125 V. Using
the main parameters of the system in Table I while setting the

A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−A2Rp ωs −A2 0 −A3A4 A3A8 −A3 0 −A3A6
−ωs −A2Rp 0 −A1 A3A8 −A3A5 0 −A3 −A3A7
1/Cp 0 0 ωs 0 0 0 0 0

0 1/Cp −ωs 0 0 0 0 0 0
−A3Rp 0 −A3 0 −A2A4 ωs + A2A8 −A2 0 −A2A6

0 −A3Rp 0 −A3 −ωs + A2A8 −A2A5 0 −A2 −A2A7
0 0 0 0 1/Cs 0 0 ω 0
0 0 0 0 0 1/Cs −ωs 0 0
0 0 0 0 A6/ (2Cf ) A7/ (2Cf ) 0 0 −1/ (Cf Rb)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(14a)

B =
[−A2A9 0 0 0 −A3A9 0 0 0 0

]T
(14b)

C =
[
0 0 0 0 0 0 0 0 1

]
(14c)
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derivatives given in (12) to be zero, one can obtain the operating
point for the S-S compensated IPT system as

Xo = [45.83 − 13.64 − 215.78 − 724.97 29.42

25.99 411.09 − 465.41 124.96]T . (15)

Substitution (15) and Table I into (14) produces the small-
signal model {

Ẋo = AoXo + BoUo

Yo = CoXo.
(16)

This ninth-order linearized model expressed by (16), how-
ever, incurs great difficulty in terms of model analysis and dig-
ital controller design due to its high order and continuous time
domain form. Thus, the model reduction and discretization is
essential. In this section, a balanced model reduction method is
used to remove the fast modes that are outside the desired system
bandwidth and insignificant to controller design. The operation
principle of the reduction method is briefly explained as follows.

First, one of the state-space realizations, namely, the balanced
realization and Gramian matrix, is employed to describe the con-
trollability and observability of the linearized model. According
to (16), the Gramian matrix can be presented as

G = [1.0916 0.0556 0.0119 0.0113

5.30e − 3 7.48e − 4 7.40e − 4 4.24e − 4 4.13e − 4]T .
(17)

Each element in the Gramian matrix indicates the degree of
controllability and observability of the corresponding mode, in
other words, the bigger the element, the stronger the controlla-
bility and observability.

Second, the linearized model is reduced to a lower order one
by removing the small elements in (17). In this application, the
model (16) can be reduced by truncating the last five elements
in (17). Keeping the first four rows and columns, the balanced
matrix Ab,Bb , and Cb are given by

Ab =

⎡
⎢⎢⎣
−1.27e3 2.94e3 −983.7 103.3
−2.94e3 −3.02e4 2.74e4 −1.84e3
−983.7 −2.74e4 −1.80e4 −7.77e4
−103.3 −1.84e3 −7.77e4 −199.8

⎤
⎥⎥⎦

Bb =
[−52.58 58.0 20.65 2.12

]T

Cb =
[−52.58 58.0 −20.65 2.12

]
.

(18)

Finally, the reduced open-loop transfer function model of the
system, where the normalized phase-shift angle ϕn is the input
and charging voltage Vo is the output, is given as

Gp (s) =
Y (s)
U(s)

=
−177.3s3 + 3.9e7s2 − 2.7e11s + 6.1e17
s4 + 5e4s3 + 7.4e9s2 + 2e14s + 3e17

.

(19)
Using MATLAB, the Bode diagrams of this reduced fourth-

order model and the original model are drawn in Fig. 6. It can be
seen that both models have the same frequency characteristics
within the angular frequency of 2.1 × 105 rd/s, which proves
that the reduction of the model is accurate.

What is worth mentioning, although an S-S compensated IPT
system with a three-phase phase-controlled inverter is mainly

Fig. 6. Bode diagram of the reduced fourth-order model and the original
ninth-order model.

Fig. 7. Block diagram of the closed-loop system with communication delay.

concerned in this paper, the proposed modeling and reducing
method can also be applied to an S-P, P-S, or P-P compensated
system with a multiphase phase-controlled inverter. Again, the
constant current charging control can be applied equally by
selecting a corresponding output for the dynamic model (13).

D. Model Discretization and Digitized Controller Design

According to the proposed digital control strategy depicted by
Fig. 4, the reduced model (19) needs to be discretized and ana-
lyzed in the discrete-time domain. A sampling rate Ts = 0.05 ms
is selected, which takes into account the operating frequency,
the closed-loop bandwidth requirement, and the antialias re-
quirement of the sampling circuit. Using Euler’s method and
considering the zero-order hold delay, the transfer function of
the reduced model can be digitized as

Gpz (z) =
0.061z3 + 0.10z2 + 0.063z + 0.016

z4 − 0.46z3 − 0.24z2 − 0.26z + 0.083
. (20)

In a practical IPT system, it takes some time for the wireless
module to transmit the charging voltage data from the secondary
side to the primary side. If this time delay is comparable to
the sampling period, its influence on the system must also be
considered. In this paper, the wireless communication is set up
with two nRF24L01 modules, which transmit 8 B at a time with
a 2 Mb/s baud rate. According to the specification of this kind
of wireless module, the required delay to send a packet of data
and receive the response signal is td = 0.37 ms, which is much
bigger than the sampling period. Therefore, a few unit delays, as
shown in Fig. 7, are added between the wireless module and the
controller input. Also, to overcome the higher order problem,
the Pade transform method is used. The discretized model with
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Fig. 8. Dynamic analysis of the obtained models. (a) Unit step response of
the feedback digitized model with and without delay. (b) Stability phase and
margin characteristics of model (21) with the designed controller. (c) Unit step
response of model (21) with the designed controller.

the delay can be expressed as

Gpzd(z)

=
0.04z5−0.06z4−0.01z3 +0.02z2 +0.05z+0.01

z6−1.75z5 +0.80z4−0.15z3 +0.32z2−0.22z+0.04
.

(21)

Fig. 8(a) shows the unit step response of the feedback dig-
itized model with and without delay. Compared to the curve
without delay, one can see that the communication delay makes
the dynamic performance of the system worse. The settling time

Fig. 9. Equivalent circuit of three-phase phase-controlled inverter.

increased from 0.7 to 5.8 ms, and the overshoot of the model
that is not advocated in many applications is increased from 0%
to 66.9%. Thus, a digital controller is necessary to control the
output voltage.

The digitized PI controller has the following form:

P (Z) = Kp

(
1 +

1
Ti

Ts

2
Z + 1
Z − 1

)
(22)

where Kp and Ti are the proportional coefficient and the integral
time, respectively. In this section, in order to obtain the ability to
respond fast and avoid overcurrent during the charging process,
the requirement performances of the system, such as the settling
time and overshoot are set to be 5.5 ms and 0%, respectively.
This is because the limitation of oscillation takes precedence
over the settling time for the sake of the charging safety. After
several adjusting of Kp and Ti , the final parameters Kp = 0.03
and Ti = 1.2 × 10−4 are employed.

Fig. 8(b) depicts the stability phase and margin characteris-
tics of the reduced model with and without the designed con-
troller. One can see from the phase and amplitude margin that
the control-loop is stable. In addition, the amplitude margin of
the control-loop with the designed controller is optimized from
3.36 to 18.7 dB and the phase margin is optimized from 49.2°
to 69.1°, which indicates that the system with PI controller is
more robust. The unity-step response of the closed-loop system
with the designed controller is shown in Fig. 8(c). One can ob-
tain from the response curves that the unity feedback system
responds to a step change with the settling time ts = 5.5 ms and
the overshoot σ% = 0%, which meet the expectations.

IV. ZVS AND EFFICIENCY ANALYSIS

A. ZVS for Three-Phase Phase-Controlled Inverter

For the three-phase phase-controlled inverter where each
phase connected via three cyclic cascade connection inductors,
its equivalent circuit can be depicted by Fig. 9, where Zin is
the equivalent input impedance of the inverter. According to (1)
and (2) in Section II, the voltage vabk (k = 1, 2, 3) of each phase
can be obtained. Also, one can obtain the currents ik through
solving following equations:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

3∑
k=1

ik =
vab

Zin

ik − ik+1 =
vabk − vabk+1

jωsLmag

(23)
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Fig. 10. Impedance angles versus load resistance for cases (a) without mis-
alignment and (b) with 15 cm horizontal misalignment.

where Lmag is the mutual inductance between two windings of
each ICT. Therefore, the impedance angles of each phase can
be expressed as

θk = arctan
(

imag
(

vk

ik

)
, real

(
vk

ik

))
. (24)

Fig. 10 shows the impedance angles versus load resistance
with or without 15 cm horizontal misalignment. As can be
seen that the required phase angle ϕr for the load range of
5, 10, 15, 20, 30, and 40Ω under are 52◦, 57◦, 62◦, 65◦, 66◦, and
67◦, respectively. With the same method, impedance angles un-
der 15 cm misalignment is obtained and depicted in Fig. 10(b).
It can be seen that impedance angles are all higher than zero,
which means ZVS condition still can be maintained.

B. Efficiency Analysis

The transmission efficiency can be calculated by

η =
Pload

Pload + PPloss + PSloss
(25)

where Pload is the power obtained from the battery load, PPloss
is the overall loss of the primary side, which consists of the
primary conduction loss Ppconduct and primary switching loss
Ppssw , and PSloss is the overall loss of the secondary side [33].

Fig. 11. Physical experimental setup of the S-S compensated IPT prototype.

The power obtained from the load is

Pload =
4I2

s Rb

π2 (26)

where Is is the magnitude of is . The primary conduction loss
Ppconduct and primary switching loss Ppssw can be expressed as

Ppconduct = (rMOS + rICT)
3∑

i=1

I2
i +

I2
p Rp

2

Ppssw =
ωs(tr /3 + tf /2)

∑3
i=1 Ii sin θi

2π
(27)

where rMOS and rICT are the ESR of the MOSFET and ICT.
Ii and θi (i = 1, 2, 3) are the magnitudes of the current and
the phase angle for each phase. Rp is the ESR of the primary
resonant capacitor and inductor. tr and tf are the rising time
and falling time of the MOSFET, respectively.

The overall loss of the secondary side is

PSloss =
√

2VC f Is +

(
2RF + Rs + rC f

(
π2/4 − 1

))
I2
s

2
(28)

where RF and rC f are the ESR of the rectifier diodes and filter
capacitor, VC f is the forward voltage of the secondary side
rectifier diodes, and Rs is the ESR of the secondary resonant
capacitor and inductor.

V. EXPERIMENTAL RESULTS

A. Prototype of the IPT System

An IPT prototype was built for experiments as shown in
Fig. 11 whose parameters are listed in Table I. This prototype is
composed of a multiphase phase-controlled inverter, a resonant
wireless bank consisting of two inductor coils, a simple class-D
full-bridge rectifier, and an RC circuit used as a filter. The wire-
less communication for the charging voltage data was set up
with two nRF24L01 modules. Six IPW65R041CFD MOSFETs
were used for the three-phase phase-controlled inverter. The
controller was implemented with two MCUs, namely, an FPGA
(XC6SLX9-3TQG144I) and an ARM (STM32F407VGT). The
FPGA, whose counting frequency is 199.5 MHz, provides func-
tions of counters and timers for MOSFETs switching signals. For
example, an FPGA timer whose counting range is 0 through
2319 CLKs yields a frequency of 86 kHz. The ARM was used to
calculate the phase-shift angle, while the FPGA generated driv-
ing signals for MOSFETs according to the phase-shift commands
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Fig. 12. Output voltage waveforms at a reference of 125 V with load resistance change. (a) From 5 to 10 Ω. (b) From 10 to 15 Ω. (c) From 15 to 20 Ω.
(d) From 5 to 10 Ω under a 15 cm misalignment.

from the ARM. Taking a 18° phase-shift (i.e., 232 CLKs under
199.5 MHz FPGA counting frequency together with 86 kHz op-
erating frequency) as an example, the switching time for corre-
sponding MOSFETs of three phases can be 0, 232, and 464 CLKs,
respectively.

The dimensions of the two coaxial coils were the same, whose
rectangular outer ring was 90 cm × 70 cm. The distance be-
tween the coils was 20 cm. Each coil was built with four turns
of Liz-wire. The diameter of the Litz-wire consisting of 2000
isolated strands was 6 mm and the diameter of each strand was
0.1 mm. At the secondary side, a class-D full-bridge rectifier
was constructed using four VS-UFB280FA40 diodes.

In a typical three-stage charging process, namely, constant-
current, constant-voltage, and ting-current charging, the
equivalent load expressed by the charging voltage divided by
the current is increasing during the charging process. In order
to verify the robust ability of the controller during the whole
charging process [33], [37], three cases of step-changing loads
were employed for experiments, namely, from 5 to 10 Ω, from
10 to 15 Ω, and from 15 to 20 Ω. Several 10 Ω resistors were
connected in parallel or series with an air switch. By controlling
the opening or closing the switch, the load resistance can be
changed conveniently.

B. Experiment Under Disturbances

Experiments of the load resistance disturbance were con-
ducted with a fixed reference voltage 125 V. The charging volt-
ages of the load resistance were captured by an oscilloscope
as shown in Fig. 12(a)–(c). Besides, experiment for the case of
15 cm misalignment was also conducted and the voltages was
captured in Fig. 12(d) to test the controller performance under
coil misalignment. Although the output voltages rise rapidly as
load changes in Cases (I)–(IV), they gradually return to the ref-

TABLE II
CONTROL PERFORMANCES AT DIFFERENT LOAD CASES

erence of 125 V with the designed PI controller and no voltage
overshoots are observed. The settling times and overshoots in
Cases (I)–(IV) are measured and listed in Table II. It can be
seen that the dynamic performance of Case (I) is fairly close to
the results simulated with MATLAB in Fig. 8(b). In terms of
Cases (II)–(IV), the settling times show a slight difference from
the required one. This is because the operating point for Cases
(II)–(IV) are further away from the point at which the controller
is designed in terms of the load.

In order to test the influence of the operating point deviation
on the control performance, different resonant states were con-
sidered by adjusting the operation frequency. Fig. 13(a) and (b)
depict the output voltage waveforms for load change from 5 to
10 Ω at various operation frequencies, namely, Case (V) fs =
85 kHz, and Case (VI) fs = 87 kHz, respectively. Comparing
with Fig. 12(a), the voltages in Fig. 13(a) and (b) need more time
to reach the reference value. Besides, two changes of reference
voltage around the operating point, namely, Case (VII): from
125 to 100 V and Case (VIII): from 125 to 150 V, respectively,
are considered in Fig. 13(c) and (d) with a fixed load of 5 Ω
and a fixed operation frequency of 86 kHz. One can see that the
voltage waveforms can reach the reference within 5.6 and 6 ms,
respectively.
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Fig. 13. Output voltage waveforms with a reference of 125 V under load
change from 5 to 10 Ω at different resonant frequencies of (a) fs = 85 kHz and
(b) fs = 87 kHz. Output voltage waveforms at 5 Ω resistance with reference
voltage change of (c) from 125 to 100 V and (d) from 125 to 150 V.

From above experiments, some conclusions can be obtained
as follows:

1) The output charging voltage is controllable during the
entire charging process.

2) The dynamic performances of the system are affected by
the load, operation frequency, and reference voltage.

3) Although affected by the change of the system operating
point, the setting time is still very close to that at the

Fig. 14. Theoretical and experimental transmission efficiencies of the
proposed IPT system versus the load resistance.

operating point. This not only verifies that the established
model reflects the dynamic characters of the system well,
but also shows that the model can be applied to both the
exact operating point and that near it.

C. Efficiency and Inverter Output Analysis

With measured currents (i.e., IS , IP , I1 , I2 , and so on) and
phase angles (i.e., θ1 through θ3), one can calculate the theoret-
ical efficiency based on (25) and parameters listed in Table I.
Fig. 14 shows the theoretical and experimental transmission ef-
ficiency of the proposed IPT system with the given reference
voltage of 125 V. One can see that the experimental transmission
efficiency matches the theoretical curve by the large. For the load
resistance of 5 Ω, a maximum transmission efficiency of 93.9%
is measured (output 125 V and 25 A at the load resistance, while
input 350 V and 9.51 A for the inverter).

In practice, with the raising of the phase angle, the circulating
currents among phases increase, which leads to higher loss. In
order to check the highest efficiency without circulating cur-
rent, another group of experiments were conducted when the
PI controller is canceled deliberately (namely, the phase-shift
angle is 0). System parameters are the same with Table I. The
output voltage and current in the 5 Ω load resistance at the re-
ceiving side are 180.8 V and 36.16 A while the measured dc
input current is 19.6 A at the sending side, respectively. Hence,
the highest efficiency of the proposed topology is 95.3% at the
power of 6.54 kW. In addition, the transmission efficiency grad-
ually decreases with the load raising.

The waveforms of output voltage vz and current ip of the
phase-controlled inverter under a reference voltage of 125 V
and the load resistance 5, 10, 15, 20, 30, and 40Ω, respectively,
are captured with an oscilloscope and shown in Fig. 15(a)–(f).
It can be seen from Fig. 13(a) that the phase-shift angle ϕr is
about 52° when the load resistance is 5 Ω and the reference
voltage is 125 V. When the load resistance increases to 10 Ω,
as shown in Fig. 15(b), the lower output voltage vz reaches a
required high phase shift ϕr (about 57°). Fig. 15(c)–(f) shows
the phase-shift angle ϕr under a load resistance of 15, 20, 30,
and 40Ω, respectively. It can be seen that the phase-shift angle
ϕr will gradually increase to about 67°when the load resistance
changes to 40Ω. This result illustrates that the output voltage
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Fig. 15. Output voltage and current waveforms of the inverter under a reference of 125 V at different loads. (a) Rb = 5 Ω. (b) Rb = 10 Ω. (c) Rb = 15 Ω.
(d) Rb = 20 Ω. (e) Rb = 30 Ω. (f) Rb = 40 Ω.

Fig. 16. Output voltage and current of phases where channels 1 and 3 are for the second phase while 2 and 4 for the third phase. (a) For 5 Ω load resistance.
(b) For 10 Ω load resistance.

can be controlled by changing the phase angle among three
phases at a constant operating frequency.

Experimental waveforms of the voltage and current of each
phase under 15 cm misalignment were captured and shown in
Fig. 16 to verify the ZVS conditions. Because the impedance an-
gle of the first phase is always higher than those of other phases,
only the second and the third phases were measured in the ex-
periment. Again, one can see that the impedance angles increase
consistent with the trend of Fig. 10, namely, the impedance an-
gles for load resistance higher than 10 Ω will be higher than that
of 10 Ω. This also proves that ZVS operation can be obtained.

VI. CONCLUSION

In this paper, a multiphase phase-controlled inverter is used
for S-S compensated IPT system as a supply instead of the
traditional class-D full-bridge or half-bridge resonant inverter.
The charging voltage is regulated by adjusting the phase an-
gle among phases under a fixed frequency. A dynamic model
including the phase-controlled inverter and entail IPT system
is developed and linearized to analyze the dynamic characteris-
tics. For the high order of the model, a balanced model reduction
method is used to remove the fast modes that are outside the de-
sired system bandwidth and insignificant to controller design.
Considering that the control feedback loop in the experiment
is set up by the wireless modules, a few unit delays are added
to the discrete model by using Pade transform method. Also,

the discrete domain analysis of the reduced model is conducted,
which is more suitable for the digital control. The phase margin,
amplitude margin, settling time, and overshoot are all consid-
ered as the requirement performances in the development of
the controller. This is especially useful when the system is re-
quired to be tightly designed in terms of its preset settling time
or overshoot. In the experiment, a 6.5 kW physical IPT sys-
tem with the designed digital PI controller is constructed. The
recorded response curves and steady-state waveforms convinc-
ingly demonstrate that the charging voltage can be maintained
at a constant in the charging process with good stability and
dynamic performance.

APPENDIX

VARIABLES IN (12) AND (14)

A1 = Lp/
(
LpLs − M 2)

A2 = Ls/
(
LpLs − M 2)

A3 = M/
(
LpLs − M 2)

A4 = 4VoI
2
sq /

(
π|is |3

)
+ Rs

A5 = 4VoI
2
sd/

(
π|is |3

)
+ Rs
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A6 = 4Isd/ (π |is |)
A7 = 4Isq / (π |is |)

A8 = 4VoIsdIsq /
(
π|is |3

)

A9 =
2VI

Nπ
A10sin−2ϕn · π

180

A10 = cos ϕn sin
ϕn

N
− 1

N
sin ϕn cos

ϕn

N

A11 = 4Vo/
(
π
√

I2
sd + I2

sq

)
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