1036

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 1, JANUARY 2020

Parametric Optimization of a Three-Phase MCR
WPT System With Cylinder-Shaped Coils Oriented
by Soft-Switching Range and Stable Output Power

Fuxin Liu

Abstract—Multi-phase magnetically coupled resonant (MCR)
wireless power transfer (WPT) technology can fulfill the require-
ments of time-varying spatial positions of loads in mid-range appli-
cations, as it can generate a rotating magnetic field around sending
coils, and effectively reduce the limits of spatial positions on trans-
fer characteristics including output power and transfer efficiency.
Nevertheless, the design of coils parameters and control strategies
put a great influence on the realistic transfer characteristics, which
should be considered elaborately in practice. In this paper, a three-
phase MCR WPT system with cylinder-shaped coils is investigated,
the equivalent circuit model is built to carry out the theoretical anal-
ysis. Based on that, the influence on zero-voltage-switching (ZVS)
conditions of power switches and the output power of the system, re-
sulting from different phase-shifted angles between each phase, coil
turns and angular misalignments of the receiving coil, is analyzed
comprehensively. Detailed discussions on relationships among coil
turns, the angular misalignment, ZVS conditions, and the output
power are completed under different phase-shifted angles. Further-
more, the parametric optimization of coil turns, as well as phase-
shifted angles, are proposed to ensure the power switches realize
ZVS and ensure the system realize stable output power within the
full range of angular misalignment. Finally, experiments are car-
ried out to evaluate the accuracy of theoretical analysis and confirm
the validity of the proposed optimal design.

Index Terms—Angular misalignment, magnetically coupled res-
onant (MCR), output power characteristics, three phase, wireless
power transfer (WPT), zero-voltage-switching (ZVS).

I. INTRODUCTION

IRELESS power transfer (WPT) is a promising technol-
W ogy that has been investigated in various forms, contexts
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and for diverse applications. An increasing number of various
solutions for powering and charging devices in a cordless
manner has been proposed, ranging from applications such as
portable electronics to electrical vehicles, as well as biomedical
implants, etc. [1]-[4]. Recently, magnetically coupled resonant
(MCR) WPT has drawn significant interest for implementing
the near-field WPT due to its high transfer efficiency as well
as long transfer range. Furthermore, MCR WPT effectively
avoids the power leakage to non-resonant externalities and thus
ensures safety to the neighboring environment [5], [6].

However, among other constraints, the system performance,
which most commonly is measured by the output power capabil-
ity and transfer efficiency, considerably limits the range of such
applications. Usually, the output power and transfer efficiency
are restricted to limited distances and spatial dimensions, as the
mutual coupling between sending and receiving coils will at-
tenuate accordingly along with increasing lateral and/or angular
misalignments. It is an urgent issue to be addressed that how
to realize an omni-directional power transfer for MCR WPT
systems and enable the loads to receive power under any mis-
alignment between sending and receiving coils [7]-[10].

For this purpose, multi-phase WPT techniques was proposed
to intend to generate a rotating magnetic field covering all the
directions around the sending coils [11]-[17], among which, an
omni-directional MCR WPT system with two-phase orthogonal
coils was investigated, and the statement is made that the
omni-directional WPT would not be realized in any case if the
two-phase orthogonal coils are driven by the currents in phase
[11], [12]. Furthermore, to extend the power transfer range in
spatial scales, three-phase orthogonal coils were proposed in
MCR WPT systems, serving as both sending and receiving
coils, as well as the effective control methods to create a rotating
magnetic field, which attempts to realize the genuine omni-
directional power transfer [15]-[17]. Although multi-phase
orthogonal coils are effective to provide power to the load
continuously under time-varying spatial misalignments, the
magnitude of current flowing through the two- or three-phase
sending coils behaves much higher than the counterparts in
single-phase systems at same power level, meanwhile, the
two- and three-dimension spherical configurations put forward
higher requirements of the spatial dimension. It also should
be noticed that the systems in the above literatures are mostly
driven in a current-fed manner, which is not easily designed
and implemented in practice.

The ongoing researches demonstrate that the performance of
MCR WPT systems is highly relevant to the system parame-
ters, including the coil profile, coil turns, and controlled vari-
ables, etc., thus it will provide an opportunity to optimize the
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Topology of three-phase MCR WPT system.

Fig. 1.

above parameters to achieve superior output power characteris-
tics and high overall system efficiency [ 18]-[22]. For example, in
[18], the comprehensive analysis was performed on the driver in-
verter of single-phase MCR WPT system to realize zero-voltage-
switching (ZVS) for power switches, and it is found that ZVS
conditions were directly related to the resonant coupled circuit.
However, how to design the resonant coupled circuit was not
considered. In [19], a trifoliate coil configuration was adopted
in a three-phase magnetically coupled inductive WPT system to
improve the system efficiency tolerance to the lateral and angu-
lar misalignments of loads. In [20], an optimization method on
coil turns was presented in single-phase MCR WPT system un-
der variable spatial scales to determine the optimized coupling
range between the receiving coil and the sending coil, within
which the output power of the system can always maintain con-
stant.

In this paper, a three-phase MCR WPT system with cylinder-
shaped coils will be elaborated to satisfy the requirements of
compact space and cut down the rated current flowing through
sending coils due to the inherent mutual coupling between coils.
The equivalent analytical model of the system with voltage-fed
excitation is built to evaluate the influence on the mutual induc-
tance, ZVS conditions of power switches, and the output power,
caused by angular misalignment of loads, phase-shifted angles
between each phase, and coil turns. Based on theoretical anal-
ysis, the optimal range of coil turns and phase-shifted angles
is obtained by the mathematical calculation, which ensures not
only all the switches achieve ZVS within the full range of angu-
lar misalignment, but also the system realize the optimal output
power characteristics that features high amplitude and low fluc-
tuation. Finally, a prototype had been built and tested to validate
the theoretical analysis.

II. MODELING AND ANALYSIS OF THREE-PHASE
MCR WPT SYSTEM

A. Topology of Three-Phase MCR WPT System

Fig. 1 shows the topology configuration of the three-phase
MCR WPT system, where the resonant tank of each phase is
driven by a half-bridge inverter sharing a common dc input
voltage. The inducing voltage on the receiving coil is recti-
fied by a voltage doubler rectifier. L4, Lp, Lo, and Lg are
the self-inductors of three-phase sending coils and the receiv-
ing coil. Cy, Cp, C¢, and Cg are compensated capacitors in
the resonant tanks of phase A, B, C, and the receiving side,
respectively. M is the mutual inductance between the sending
coils. M, (x = A, B, C) are the mutual inductances between
the receiving coil and sending coils. Fig. 2 shows the stereogram
of the three-phase cylinder-shaped coil configuration, which is
composed of three sending coils and one receiving coil. All the
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Fig. 2. Stereogram of coil configuration.
Fig. 3. Planform of coil configuration.

sending coils are uniform rectangular coils, in which, the angle
between any two sending coils is 60°. The shape and dimension
of the receiving coil are same as sending coils, and the distance
between their central axes is d.

B. Mutual Inductance Model of Three-Phase
MCR WPT System

Generally, the mutual inductance M, changes along with the
spatial locations of coils, which will exert an influence on the
output power and transfer efficiency, thus it is necessary to build
the accurate mutual inductance model for theoretical analysis.
In this paper, only one kind of spatial locations, i.e., the rotating
angular misalignment between the receiving coil and sending
coils, is considered for simplicity. Fig. 3 shows the planform of
coil configuration, in which, 6 is the angular misalignment. It is
assumed that the receiving coil always rotates clockwise around
sending coils, being tangent with the dashed circle, and the plane
of the receiving coil is parallel with the central axis of sending
coils. The variation range of 6 is 0°~180° due to the symmetric
structure of coils. M, can be calculated by solving the double
integral in Neumann’s formula

NpN 1p - dl
Mm:,uops%]{dp dls )
47 S

where Np, Ng,Ip,lg, dlp, and dlg are the coil turns, the length
vector of each turn, and the infinitesimal of sending coils and
the receiving coil, respectively. rpg is the distance between dlp
and dlg. p is the magnetic permeability of vacuum.

Considering the fixed position of three-phase sending coils,
the mutual inductances between sending coils are constant and
can be calculated by (1) [23]. Fig. 4 shows the curves of M,
between the receiving coil and sending coils derived from (1)
provided that all coil turns are one, where the specifications of
coils are listed as follows: [ =22 cm, h = 30 cm, d = 25 cm.
From Fig. 4, it can be known that My, Myp, and Myc vary
along with the angular misalignment in an interleaved manner,
and the interleaved angular difference is 60°.
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Fig. 5. Key waveforms in phase A.

C. Equivalent Circuit Model of Three-Phase
MCR WPT System

In the three-phase half-bridge inverter, each bridge is con-
trolled independently and the dual power switches in one bridge
are turned ON/OFF alternately with same duty cycle and an intro-
duced small dead time. In this paper, the fundamental harmonic
analysis (FHA) method is adopted to derive the equivalent circuit
model in the steady state.

Fig. 5 depicts key voltage and current waveforms in phase
A. vgs1 and vy, are the gate-drive voltages of power switches.
v4 and i4 are the exciting square-wave voltage and the res-
onant current in phase A, respectively. u 4 is the fundamental
harmonic component of v 4. Based on the FHA method, v 4 can
be decomposed with Fourier series expansion method

Vin | 2Vin L.
5 +— Z —sin(nwt)

t) = -2
UA( ) & n=1,3,5-- n

@)

where, Vi, is the dc input voltage, w is switching angular fre-
quency, and w = 27 fs, f is the switching frequency. From (2),
v is composed of a dc component and a series of ac compo-
nents at different frequencies. It should be noted that only the
ac components can resonate in the resonant tanks.

The fundamental harmonic component of v 4 is defined as

2‘7fn cos (wt + g) . 3)

In this paper, the phase angle control strategy is adopted
to generate the required rotating magnetic field [15], and
the expressions of three-phase equivalent input voltages are
defined as

uA(t) =

2V, T
ua(t) = ———cos (wt + 5)
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Fig. 6. Decoupled equivalent circuit of the system.

2V, s
up(t) = ——cos (wt + 3 + (p)

2Vin
uc(t) = ——cos (wt + % + a) 4)

where, ¢ and « are the introduced phase-shifted angles between
each phase.

The relationship between the equivalent load resistance Ry
and the real load resistance R, is

(&)

Fig. 6 shows the decoupled equivalent circuit of the system
derived from Fig. 1, where the mutual couplings between coils
are equivalent to the current-controlled voltage sources. From
Fig. 6, one can obtain

2
RW = 72RL
™

Ual [ 2y jwM juM [La] [jwMa]
Us|=|iwM 2, juM | |ip|-|jwMs| [is] ©
Ua JjwM jwM  Z, Ic jwMce
L .
0] =[jwMa jwMp jwMc] |Ip | —[Zs] [IS] (7
Io

where Z,, and Zg are the equivalent impedance of sending coils
and the receiving coil.
To simplify the analysis, the following assumptions are made.
1) Resonantinductors Ly = Lp = Lo = Lg, compensated
capacitors C4 = Cp = C¢o = Cg. The switching fre-
quency equals to the resonant frequency.
2) Resistance of coils Rp = Rg, and they are assumed to be
constant.
3) Coil turns Np = Ng = N.
Meanwhile, L, (x = A, B, C, S) and C, (x = A, B, C,
S) are designed to resonate with each other, i.e.,

1
JwLg + ]LUT =0. ()

Under the resonant state, the equivalent impedance, Z,, and
Zg can be expressed by

1
Zp = Rp + jwlL, + - =Rp
JwCsy

(€))

1
Zs = (Rs+ Rw) + jwLs + —— = Rs + Ry. (10)
JwCs
To further simplify (6) and (7), one can assume that

U=[U4 Up Uc]" (11)
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. . . T
I=1[I, Ip Ic] (12)
Rp jwM jwM
A= |jwM Rp jwM (13)
jwM jwM Rp

B = [jwMa jwMp jwMc]. (14)

Therefore, (6) and (7) can be simplified as
U=A-1-BT. g (15)
0]=B-1—Zg-Is. (16)

From (15) aqd (16), the three-phase resonant currents I, the
output current /g, and the output power P, are given by

I=Zs(ZsA—-B'B) 'U (17)
is=B(ZsA-B'B)"'U (18)
Pous = Re (RW s I'jg) . (19)

From above equations, it can be known that the phase-shifted
angles, the mutual inductances, and the load are the dominant
influential factors upon the three-phase resonant currents and the
output power. In the following, we will focus on the optimiza-
tion of coils to adjust the mutual inductances, and modulate the
phase-shifted angles to achieve a superior performance for the
system.

III. OPTIMIZATION OF COILS AND PHASE-SHIFTED ANGLES
FOR ZVS RANGE

In the three-phase MCR WPT system, it is necessary to
achieve soft switching for the driver inverter to improve the
overall system efficiency and avoid the distortion of resonant
current and electromagnetic interference noises resulted from
the hard switching on power switches, as the system always
operates with high switching frequency. It is well-known that
to realize ZVS for the driver inverter, it is essential to ensure
the resonant currents lag to the fundamental components of the
equivalent input voltages (i.e., corresponding driving signals) in
same phase before the switches turn on. Due to different sys-
tem parameters and operation conditions, it is hard but possible
to realize soft switching for all the switches within full angular
misalignment. Assuming that the profiles of coils are determined
and the coil turns can be adjusted, in the following, the parame-
ters optimization on coil turns and phase-shifted angles to fulfill
ZVS for switches will be discussed in detail.

Fig. 7 shows the waveforms of the resonant current and the
corresponding equivalent input voltage in same phase, where
uy (x = A, B, C) represents the fundamental harmonic com-
ponent of v,, and the phase difference between i, and u, is
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defined as the soft-switching angle ¢ p, which is given by

™
Yp = 9 |“Pac| (20)
where ., is the phase of resonant currents. Obviously, when
pp < 0[seeFig.7(a)], ¢, lags to u, and flows through the body-
diodes before the switches turn on, thus ZVS can be achieved.
Otherwise, the switch will suffer hard switching when pp > 0°
[see Fig. 7(b)].

From (17), ¢, o, 6, and N directly correlate with the phase
and magnitude of resonant currents 7 4, ¢, and ¢, and further
influence on ¢ p, which manifests that it is greatly complicated
to analyze ZVS range if all the parameters are considered si-
multaneously. However, if ¢ and « are determined to meet the
pre-designed constraint conditions and be constant beforehand,
thus ¢ p can be simplified as the function of # and N. For this
purpose, the relationship between  and « is classified into three
cases in this paper: (a) a = ¢; (b) a =2p; (c) a =3p. [fa = ¢,
the output power will fluctuate severely regardless of coil turns,
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which will be analyzed in Section IV, thus this case will not
be discussed in this section. Fig. 8 shows the curves of ¢p in
phase A, ¥pa, as a function of § and N under specific ¢ and
a. As depicted in three subgraphs, ¢ p 4 in the case of o = 2¢p
is always smaller than the case of o = 3¢ under any coil turns
and angular misalignments. As ZVS can only be realized when
¢p < 0, and will be much easier to be achieved if ¢ p is much
less than zero, which means ZVS range in the case of a = 2¢p
will be obviously wider than the case of a = 3¢. Therefore, in
the following, the constraint between ¢ and « is determined as
a=2p.

On the premise that o = 2¢, Fig. 9 illustrates the curves of
@ p in each phase against § with increasing N when ¢ = 0°, a =
0°, from which, the maximum ¢ p increases along with N if 6 is
constant. Specifically, Fig. 10 shows the curves of ¢ p4 against
0 and N when ¢ = 10°, p = 20°, and ¢ = 30°, respectively,
the maximum ¢ p 4 also increases with N. However, ¢ p always
reaches maximum and possibly approach zero when 6 changes
within 0°~20° and 160°~180°, as shown in Fig. 10(c), which
means the switches will lost ZVS. Therefore, to ensure ZVS
operation for the switches, the boundary value of ¢ p is designed
as —5° that corresponds to a critical coil turns V., as labeled in
each subgraph. Fig. 11 shows the curve of N, versus different ¢,
from which, N, decreases when ¢ increases, and it is impossible
to realize ZVS for power switches when ¢ > 40° as N, will
be negative. Therefore, if ¢ < 40°, all the power switches can
realize ZVS if the coil turns are designed according to the range
of N..

As a conclusion, to achieve ZVS in the driver inverter un-
der any angular misalignment, the constraint between ¢ and «
should be @ = 2¢, and the maximum ¢ must be less than 40°.
The specific coil turns will be designed according to the other

0 20 40 60 80 100 120 140 160

—_

R S S S S
0 20 40 60 80 100 120 140 160 180

00)

(b) (©)

Curves of ¢ p in phase A against § and N. (a) ¢ = 10°, o = 20°. (b) ¢ = 20°, a = 40°. (c) = 30°, a = 60°.

Fig. 11.  Curve of N, versus ¢.

optimization objective, i.e., stable output power characteristics,
which will be analyzed in Section IV.

IV. OPTIMIZATION ON COILS AND PHASE-SHIFTED ANGLES
FOR STABLE OUTPUT POWER

For MCR WPT systems, the output power with high amplitude
and small fluctuation under large misalignment is always con-
sidered as a superior output power characteristic. As mentioned
above, the output power is hard to be maintained at a constant
level when the spatial position of the receiving coil changes,
even though the phase-shifted angle is introduced between each
phase. Therefore, the parameters of coils and the specific phase-
shifted angle should be designed synthetically and deliberately
to meet the requirement of stable output power within the full
range of angular misalignment.
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Considering the previous assumption that coil turns Np =
Ng = N, M, can be expressed by

M, = N? . Mo,. 21

Substituting (21) into (19), and then the relationship between
the mutual inductance and the output power can be converted
into the one between the coil turns and the output power. From
(19), the output power is strictly related to ¢, o, N, and 6. Fig. 12
shows the curves of output power as a function of € and N with
specific ¢ and o, where o = 2¢ and the maximum ¢ is set at 30°
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Fig. 13.  Prototype of three-phase MCR WPT system.

to fulfill the ZVS requirement. By comparison among each sub-
graph, it can be known that the output power decreases initially
and then increases along with the increasing 6 in most cases.
In Fig. 12(a), when ¢ = a = 0°, the output power decreases
to zero at 6 = 90° and fluctuates widely regardless of N, which
demonstrates that the stable output power cannot be realized in
this case.

When ¢ increases, as illustrated in Fig. 12(b)—(d), the max-
imum and minimum output power are, respectively, lower and
higher than the cases in Fig. 12(a) under same parameters, which
means the fluctuation of output power decreases as expected.
Comparing the subgraphs in Fig. 12(b)—(d), it can be concluded
that the overall output power decreases along with the increasing
N if ¢ and « are constant and the power fluctuation attenuates
along with the increasing ¢ and « if N is constant. The optimal
case obviously appears in Fig. 12(d), where the power fluctuation
is minimum, and the output power shows nearly stable within
the full range of angular misalignment by choosing an appropri-
ate N. In this paper, the final optimal parameters are designed as
N =17, =30° and o = 60° according to Fig. 12(d).

V. EXPERIMENTAL VERIFICATIONS

In order to validate the theoretical analysis, a prototype was
built and tested in the laboratory, as shown in Fig. 13. To illustrate
the superior performance of the optimized system and fulfill
the comparison among the systems with different parameters,
the experimental verification of two systems with and without
optimized parameters (N = 7 and N = 14) are implemented, and
the main specifications and coil parameters of the prototype are
listed in Table I.

The measured experimental data of ¢ p in three phases and
@pa when N = 14 are plotted in Figs. 14 and 15 by dashed lines,
along with the theoretical curves in solid lines. As shown, the
experimental results are well in agreement with the theoretical
curves, which validates the correctness of the simplified single-
phase equivalent circuit model. From Figs. 14(a) and 15, the
maximum ¢ p increases along with ¢ when 6 is constant, which
presents the similar tendency as the theoretical analysis, mean-
while, all switches realize ZVS within the full range of angular
misalignment when ¢ is designed between 0°~30°.

Fig. 16 shows the key voltage and current waveforms in differ-
ent cases. As shown in Fig. 16(a)—(c), the three-phase resonant
currents are all sinusoidal waveforms, and their phase always lag
to the corresponding driving signals, which means all switches
can realize ZVS. However, in Fig. 16(d), when ¢ is larger than
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TABLE I
PARAMETERS OF THE PROTOTYPE
Parameter Symbol Value
Turns N~ NN s 7 14
Li=4034uH | L,~142.12pH
. Lp=40.61 uH Lp=143.02 yH
Self-inductors L, L=40.63 uH L=145.82 pH
L~40.74 uH L=142.67 uH
C,=62.8 nF C=17.82 nF
Compensated C Cp=62.4 nF Cp=17.71 nF
capacitors A C=62.3 nF C~=17.37 nF
Cs=62.2 nF Cs=17.8 nF
Input voltage Vin 72V
Operating frequency e
(Resonant frequency) S0 100 kHz
Trar}smlssmn D 25 em
distance
Load resistance R, 5Q

2y

20 40 60 80 100 120 140

(@

o)

40 60

(b

o1t

40 60

80 100 120 140

©

160 180

Fig. 14.  Theoretical and experimental curves of ¢ p when ¢ = 0°. (a) Phase
A. (b) Phase B. (c) Phase C.

40°, the phase of ¢ leads to the corresponding driving signal,
which indicates the switches in phase C suffer hard switching.
Fig. 17 shows the output power with different coil turns and
phase-shifted angles, in which, the measured experimental data
are plotted by dashed lines, along with the theoretical curves
in solid lines. It is also observed that the experimental results
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Fig. 15. Theoretical and experimental curves of ¢ p in phase A. (a) ¢ = 10°.
(b) ¢ = 20°. (c) ¢ = 30°.

match well with the theoretical one. Meanwhile, the overall out-
put power level is improved when the coil turns are designed to
be relatively small, and the increased phase-shifted angle con-
tributes to reduce the fluctuation of output power. In addition,
compared with the other cases, the system presents an optimal
output power characteristic within full range of angular mis-
alignment when N =7, ¢ = 30°, and o = 60°.

VI. CONCLUSION

In this paper, a three-phase MCR WPT system with cylinder-
shaped coils that is suitable for the applications with arbitrary an-
gular misalignment of loads was investigated. The FHA method
was adopted to build the equivalent circuit model for the steady-
state analysis. Based on the theoretical analysis, the parametric
optimization of the coil turns and phase-shifted angles to achieve
ZVS for the driver inverter and stable output power character-
istics was carried out. To realize ZVS for the switches in the
driver inverter within full range of angular misalignment, the
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Fig. 16. Experimental waveforms. (a) N = 7, ¢ = 30°, a = 60°, 6 = 0°.
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(d)N=14, 9 =60° a=120° 6 = 0°.

constraint between the phase-shifted angles should be o = 2¢,
and the maximum ¢ should be less than 40°. To further opti-
mize the output power performance, the output power trends
under different angular misalignments and system parameters
were analyzed. It is found that small coil turns are conductive to
enhance the overall output power level, and the output power can

1043

100y

—.N:7.71he(.)r&;tic.al ----------
- N=7_experimental
N=14_theoretical

- N=14_experimental [

Pou (W)
3

i i - i i
40 60 80 100 120 140 160

(@

: .—N=7;theo.reticéil
|-®-N=7_experimental
—N=14_theoretical
&- N=14_experimental

Pou (W)

i i i

40 60 80 100 120 140 160 180
0()
(b)
100 H H H N N
92 | ——N=7_theoretical
80 b -&- N=7_experimental
—N=14_theoretical
70 -&-N=14_experimental [
—~ 60}

\i 50 ............
a7 40 \
ET0Y SRR N\ OO SRR/ ¥ Al O

20

10 B A

0 i i i i i i i i

0 20 40 60 80 100 120 140 160 180

6()
(©)

100) T Y v T Y

90 | ——N=7_theoretical

wl - N=7_experimental

N=14_theoretical
N=14_experimental

Pour(W)
3

0 40 60 80 100 120 140 160 180
0()

@
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be maintained approximately at a constant value under specific
coil turns and phase-shifted angles. To validate the theoretical
analysis and feasibility of optimal design method, a prototype
with two sets of parameters had been built and tested. The ex-
perimental results are well in agreement with the theoretical
analysis, verifying the accuracy of the analytical model and the
feasibility of the proposed optimization method.
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