IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 8, AUGUST 2022

10045

Design and Control of a Decoupled Multichannel
Wireless Power Transfer System Based on
Multilevel Inverters

Yuxin Liu
and Senyi Liu

Abstract—Traditional multichannel wireless power transfer
(WPT) systems suffer from the complex system structure and
cross-interference among receivers. To solve such problems, this
article presents the design and control methods of a decoupled mul-
tichannel WPT system based on multilevel inverters. A single-phase
multilevel inverter is utilized to drive the transmitter circuit with a
voltage waveform consisting of multiple components. Particularly,
these components are independent in the frequency spectrum,
and their amplitudes can be controlled independently. Moreover,
primary compensation is used to offer multiple frequencies for
the primary circuit. Additional damping filters are used in the
secondary circuits to reduce the cross-interference between the
receivers. In addition, the features of the system topology are
analyzed, and an exact parameter design method is presented.
Furthermore, combined with the neutral point voltage balance
strategy, a simple vector-based control method is proposed to
regulate the transmitted power in each power channel. As a result,
the power can be transferred to loads through the designed power
channels simultaneously without mutual interference. Finally, both
simulation and experiment of a 1-kW experimental prototype with
SIC-MOSFET are given to verify the feasibility of the proposed
multichannel WPT system and the control strategy.

Index Terms—Compensation network, multilevel inverter
(MLI), multiple power channel, wireless power transfer (WPT).

1. INTRODUCTION

ireless power transfer (WPT) has been widely used in
W various applications, such as electric vehicles (EVs), un-
manned aerial vehicles, and portable electronics, due to its con-
venience, safety, and better user experience [1]-[3]. Recently,
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the multichannel WPT has attracted more and more attention
for its advantage over single-channel WPT in delivering power
to multiple loads simultaneously. Multichannel WPT can be re-
alized using multiple transmitters [4], [S] or only one transmitter.
Particularly, the way of using one transmitter and many receivers
is also known as one-to-multiple WPT (O2M-WPT) [12].

O2M-WPT has been applied in applications of EV charging
systems [7], wireless motors [8], [9], and inductive heating [10].
In an O2M-WPT system, the power allocation of multiple loads
is usually achieved by multifrequency channels [6]. To enhance
the efficiency of O2M-WPT, compensated capacitor switchers
[9] or multiple-frequency resonating compensation (MFRC)
[12], [17] can be used to offer multiple resonant frequencies
for the transmitter circuit. Different resonant frequencies are set
for loads, and when a specific frequency is selected, the corre-
sponding load is activated [6]-[8]. Commonly, the output power
can be regulated by adjusting the amplitude of the corresponding
frequency components [10]-[12].

Although O2M-WPT has broad application prospects, there
are still some issues that need to be handled. One issue is about
the cross-interference, which affects the independence of each
channel and reduces the efficiency [15], [16]. In [7], dc—dc
circuits are placed for the receivers of a dual-pickup wireless EV
charging system to allocate power to each load accurately. How-
ever, the system structure is complex due to the additional dc—dc
circuits. In [13], auxiliary circuits are added to receiver circuits
and relay circuits to reduce the cross-interference. However,
the use of relay circuits complicates the system. Fu et al. [14]
proposed a compensation method to lessen the influence of
cross-interference by calculating the derived optimal load reac-
tances. However, this method is challenging to apply when the
loads change frequently. Narayanamoorthi et al. [15] used a fre-
quency bifurcation approach to realize O2M-WPT with reduced
cross-interference. However, the system parameters are difficult
to design, especially when the number of receivers increases.
In [16], three types of compensation networks with damping
filters are introduced into receivers, and the cross-interference
among multiple receivers can be reduced flexibly. However, the
cross-interference can be further reduced by enhanced control.

The multifrequency superposition is another issue of OWPT,
which superimposes multiple power components to drive the
transmitter [12]. Many attempts have been made to realize
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multifrequency superposition for O2M-WPT. Liu ef al. [11]
used a transformer to combine all the power components from
multiple inverters. However, the primary part still has only one
resonant frequency, which prevents the system from operating
in high efficiency. To solve this problem, Huang et al. [12] intro-
duced resonant tanks to the topology presented in [11] and, there-
fore, employed different resonant frequencies to the transmitter.
However, multiple inverters and additional transformers are still
required. In [10], a family of power converters is proposed to
provide two simultaneous frequencies for dual-frequency induc-
tive heating. However, many passive components are required
in the proposed topologies, which makes the system structure
complex. In [30], a hybrid sinusoidal pulse width modulation
(SPWM) method is proposed to realize multifrequency super-
position with only one full-bridge inverter, where the modulation
wave contains components with multiple frequencies. However,
the power switches are required to operate at a frequency much
larger than the transmission frequency, which increases switch-
ing losses and adds cost to power switches and digital controllers.
Therefore, the hybrid SPWM method is more suitable for appli-
cations with low transmission frequencies. Multilevel inverters
(MLIs) can generate more voltage levels than two-level inverters,
which makes MLIs have the potential to realize multifrequency
superposition with a simple system structure and a relatively low
switching frequency.

In addition, MLIs surpass traditional two-level inverters in
various applications because of the advantages such as lower
voltage stress on power switches, better power quality, and
smaller EMI [18]—-[20]. Several topologies of MLIs have been
proposed, such as neutral point clamped (NPC), flying capacitor,
and cascaded H-bridge. As the number of voltage levels in-
creases, MLIs can offer O2M-WPT with more possible solutions
to superimpose multiple power components and regulate power
allocation in each power channel. However, as more power
switches are utilized in MLIs, the control of MLIs is more
challenging [18], [19]. Moreover, the problem of neutral point
(NP) voltage imbalance reduces the reliability of MLIs, which
may lead to increased voltage stress of power switches, distorted
output voltage, and additional losses [20]-[22].

Driven by combining the advantages of MLIs with O2M-
WPT, this article proposes a decoupled multichannel WPT
system based on MLIs. The main contributions of this article
are listed as follows.

1) The multiple voltage levels of the MLIs can gener-
ate voltage waveforms with multiple frequency compo-
nents, which naturally realize multifrequency superposi-
tion without additional transformers. The power compo-
nents have no overlap in the frequency spectrum and can
therefore be regulated independently.

2) MFRC with multiple resonant frequencies is applied in the
transmitter circuit, which enhances the efficiency. Damp-
ing filters are used in the receiver circuits to reduce the
cross-interference between two power channels.

3) Detailed parameter design methods for both transmitter
circuit and receiver circuit are proposed as the flowcharts.

4) A simple vector-based control method with NP voltage
balancing and third harmonic reduction is proposed to
regulate the transmitted power in each power channel.
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TABLE I
SWITCHING STATES OF THE SINGLE-PHASE TNPC INVERTER

Vi S S S S Uiy i Category
o1 0 0 1 Uge 0 Large
v 10 0 0  0.5u i,  Medium
v, 0 0 0 1  05u; i, Medium
Vs 1 0 1 0 0 0 Zero
Vs 0 0 0 0 0 0 Zero
Ve 0 1 0 1 0 0 Zero
Vv, 0 1 0 0 -05u;, -i, Medium
Vi 0 0 1 0 -05us i, Medium
Vo 0 1 1 0 -l 0 Large

II. SYSTEM CONFIGURATION AND MODEL

The proposed multichannel WPT system is shown in Fig. 1,
which composes one transmitter part and n receiver parts. The
primary part contains a dc voltage source (u4.), a single-phase
MLI, an MFRC network, and a transmitter coil (Lp). Each sec-
ondary part has a receiver coil (Lg;, i = 1, ...,n), a compensation
network with damping filters, rectifier, and load. The voltage
levels of the MLI can work at different frequencies. Therefore,
a voltage waveform containing components with frequencies of
fi i =1,...,n) can be generated, corresponding to the resonant
frequencies of n receiver circuits. The MFRC network provides
the primary circuit with multiple resonant frequencies [12], [17].
The damping filters used in the receiver circuits can produce
a high impedance at nontargeted frequencies, which helps in
reducing the cross-interference [16].

Generally, more power channels can be built by increasing the
number of the voltage level of the MLI and the number of reso-
nant frequencies of the MFRC network. Therefore, no additional
transformer is needed to realize multifrequency superposition,
and no additional inverter and dc voltage source are needed to
regulate the power allocation among each load. In this article,
a typical dual-channel WPT system based on a T-type NPC
(TNPC) inverter is used as a representative example to illustrate
the design and control method, and the circuit configuration is
shown in Fig. 2.

In the case of neutral voltage balance, the two dc-link ca-
pacitors (C; and C3) share the dc-link voltage equally as u.g
= uoo = 0.5u4c, where uqy. is the voltage of the dc link. As
shown in Table I, nine switching states (V,, j = 1,...,9) of the
eight SIC-MOSFETs (S,, and S, n€{1,2,3,4)}) are available
to generate five levels of inverter output voltage. Based on the
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Fig. 3. Equivalent topology of the proposed dual-channel WPT system.

absolute value of the inverter output voltage, the nine switching
states can be categorized as large, medium, and zero. The value
of neutral line current i, is also subject to the switching states
according to Table I. V5 and V3 and V; and Vg are two pairs
of redundant medium switching states with the same inverter
output voltage but the different neutral line current direction.
The direction of i, can affect the balance of the voltages across
the two dc-link capacitors, and this principle will be explained
in detail in Section IV.

In the proposed dual-channel WPT system, the transmitter
coil transfers energy to the two receiver coils through two
separated channels with different operating frequencies (w; and
ws). Therefore, the TNPC inverter is designed to generate a
voltage waveform of two components u;,1 and uiys. Uiy has
the fundamental frequency of w1, and u;,2 has the fundamental
frequency of ws. wy and wo have the relation as

Wy = 2(.01. (1)

It is worth mentioning that with the proposed control method,
Uin1 and u;,o do not contain even order harmonics. Therefore,
uin1 does not have the harmonic with a frequency of wo, and u;,2
does not have the harmonic with a frequency of w; . The purpose
of this setting is to reduce the mutual interference between the
two power channels. The output voltage of the TNPC inverter
can be expressed as

de
2
= Ujn1 + Uin2- )

(S1 — 82 — S5+ Sa)

Uin =

Fig. 3 is the equivalent circuit of the proposed dual-channel
system. L, is the inductance of the transmitter coil. L, 1, Cp1,
and C,2 form the LCC network, which can be tuned with two
resonant frequencies. R,; and R, are the equivalent series
resistances (ESRs) of the primary part. A series compensation

network with a damping filter is used in each secondary part. L,
Csq, Lz, and Cy, (x = a, b) are the inductances of the secondary
coils, the capacitances of series compensated capacitors, the
inductances of the damping filters, and the capacitances of the
damping filters, respectively. R,,1 and R,;o are the ESRs of
the secondary parts. M; and M denote two mutual inductances
between the primary coil and secondary coils. M3 is the mutual
inductance of the two secondary coils. Ry, and Ry; are the
converted equivalent resistances of loads of the two channels,
where RLa = SRdca/ﬂ'z and RLb = SRdcb/ﬂ'z [12].

Compared to a conventional series and parallel resonant
topology with a single natural resonant frequency, the LCC
compensation can provide two natural resonant frequencies [ 10],
[12]. The primary LCC compensation is prevalently used to nat-
urally achieve constant voltage (CV) and constant current (CC)
output [27], [28]. However, in this application, the primary LCC
network is tuned with resonant frequencies of w; and ws, which
cannot realize nature CV and CC operation. However, the CV
and CC ability can still be obtained by feedback control methods
[29]. Meanwhile, series compensation with damping filter is
used in two secondary parts with different resonant frequencies.
w1 is the resonant frequency of Receiver A, and w- is the resonant
frequency of Receiver B. The LC parallel resonant circuit of the
filters can generate high impedance at nontargeted frequency,
which damps the component of nontargeted frequency [16].
For example, w; is the resonant frequency of Receiver A, and
the filter helps to damp the component of ws in Receiver A.
The quality factor of the LC parallel resonant circuit can affect
the damping performance [24], [25]. Higher quality factors can
lead to better decoupling ability and higher system efficiency.
With Litz wires, the inductors of the filters can be made with
a quality factor of a few hundred in case of several hundred
kHz operation frequencies [26], which can achieve a desirable
decoupling ability.

Based on Fig. 3, the total impedance of each secondary part
can be calculated by

Rsxl
Zsw = Rpw + Rgs ]
Lo + Hsoz + 7 w2Cy Ly + jwCpyp Ry
. wly, !
Lo a
+j <w oo w?Cyyp Ly + jwCyp Ry “Csz)
3)

where x = a, b. Based on the aforementioned operating principle
of the damping filters, the following simple tuning equations for
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receiver parts, where the ESRs are neglected, can be obtained:

wiLyzq 1

(UlLsa + 17W?CfaLfa - wlcsa = O
2 —
1 —WQCfaLfaL— 0 @)
walifp _ 1 _
waLsy + 1-w3CsyLyy, w2l 0

1-— W%Cbefb =0

The model of the whole proposed system can be derived as

Ui
O p—
0 =
0
[ Rp1 +1ijp1 Zy ) jwMy  jwM, Iin
e —Zp — Tl —jwMy —jwM, 1,
0 jWMl Zsa jwM3 Isa
L 0 jUJMQ jwMg Zsb Isb
&)
where Z,, is expressed as
1
Z, = jwL — + Rpo. 6
D JwWLipa + ijpg + p2 ( )

The effect of the two secondary parts can be expressed as
total reflected impedance (Z,.), which is the sum of the reflected
impedance of the Receiver A (Z,.,) and Receiver B (Z,;) [17] as

 wM2Z(w)—jwd My My M:
Zra (UJ) - w%Mgb-i-Zsa (w)Z;(wz) °

_ wiMZ2Zo(w)—jw My M>Ms 7
Zrp (w) = W2 MZHZ 0 (@) Z st () ™

Zp (W) = Zpa (W) + Zyp (w)

The value of Z,.(w) is subject to the operating frequency.
Particularly, when the system operates in w1, due to the damping
filter of Receiver B, based on (3) and (4), Z,(wq) is at a very
high value. The value of | Zs, (w1 ) Zsp (w1 )| is far larger than the
values of |w3 My My Ms|, |w? M2|, and |w? M2 Z, (w1)|, which
make Z,, (w1 ) neglectable and Z,.(w; ) is dominated by Z,., (w1)
as

2702
wiMj

La

Z’r‘ (wl) ~ Zra (w1> ~ (8)
Similarly, the total reflected impedance at wo are expressed
as

w3 M3
Rry

Equations (8) and (9) indicate that two receiver parts can re-
ceive power through two separate channels with little cross-
interference.

The value of I;,,, I, I, and I i, can be obtained from (5). Also,
according to (5) and (6), the total impedance at the ac source can
be derived as

Zr (WZ) ~ Z’ra (w2) ~ (9)

Zr = jwlpy + Rp1 + I

ij’pl

1
(ijpg +——+ R+ Z> . (10)

JwClha
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impedance without damping filter. (b) Angles of the reflected impedance without
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Based on the total impedance of the primary part (Z7), the
phase difference between the inverter output voltage and current
can be calculated as

= arctan | ——| .
v Re (Z1)
Then, the system efficiency can be expressed as
Lal?Rra + |Is|°R
_ Msal"Rra + | Lo Lb (12)

|Uin| | Iin] cosep

III. PARAMETER DESIGN FOR THE PROPOSED WPT SYSTEM

Due to the high order and complexity of the model of the
system, it is not easy to find the proper system parameters by
analytical calculation. In this section, the features of the system
topology will be analyzed, and the numerical calculation method
will be used to design the parameters. The detailed design
procedures of the secondary circuit and the primary circuit will
be given in the form of flowcharts.

A. Features of System Topology

Fig. 4(c) and (d) illustrates the curves of absolute value and
angles of the reflected impedance of the system. The parameters
of the secondary circuits are listed as follows: My =My =31 uH,
M3 =-29 /j,H, Lsa = st =64.5 /LH, RLa = RLb =16.21 Q,
Rsag = Rsbg = 0.03 Q, Cfa =50 HF, Cfb = 100 HF, Lfa =
12.67 puH, Ly =25.33 pH, Ryq1 =0.01 Q, Rgp1 =0.0292, Cyp =
31.12nF, and Cy, = 11.3 nF. All the parameters are designed by
the method introduced in Section III-B. With these parameters,
Receiver A has a resonant frequency of w; = 27 x 10°, and
Receiver B has a resonant frequency of wo = 47 x 10°. Fig. 4(a)
and (b) shows the curves of the absolute values and angles of the
reflected impedance of traditional series compensation (without
damping filters) with the same resonant frequencies.

According to Fig. 4, by introducing damping filter into the
receiver circuit, |Z,,| at wo and |Z,4| at w; are nearly equal to
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zero, whereas |Z,,| at wy and |Z,;| at wy are large. Compared
to traditional series compensation, the reflected impedance at
the required resonant frequency is nearly the same, whereas the
reflected impedance at the damped frequency is much smaller.
This feature ensures the decoupling of the two power channels.

Based on the receiver circuits parameters, a set of transmitter
circuits parameters can be obtained by the design method pro-
posed in Section III-C as: L,,; = 43.05 uH, C,,1 = 18.2nF, C2
=11.6nF, L, = 163.34 uH, R,1 = 0.03 , and R),» = 0.05 €.
With the rms value of the input voltage equaling 100 V, the
absolute value of the inverter output current and the impedance
angle of Z are shown in Fig. 5(a) and (b), respectively. Fig. 5(b)
illustrates that Z1 has two zero phase angle (ZPA) points, one
with a frequency of w; =27 x 107, and another with a frequency
of wy = 47 x 10°. In this case, the two resonant frequencies of
Zp are wy and ws. From Fig. 5(a), the absolute value of the
inverter output current is 8.73 A at wq and 9.67 A at ws. Fig. 6
shows the sweeping results of the output power and total input
power. When the frequency of the input voltage is 100 kHz, the
output power for Channel A is 0.86 kW, and the output power
for Channel B is 1.46 mW. When the input voltage frequency is
200 kHz, the output power for Channel A is 0.41 mW, and the
output power for Channel B is 0.96 kW.

B. Design of Secondary Parts

Compared to the traditional series compensation, the damping
filters generate an additional resonant point in each receiver
circuit, as shown in Fig. 4(c). If the additional resonant points
are not handled well, the two power channels may affect each
other. To better realize the decoupling of the two power channels,
the frequency of the additional resonance point of one power
channel should avoid being the odd multiples of the operating
frequency of another power channel.

Parameter sweeping results of the proposed WPT system. (a) Absolute
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Changing the values of Ly, and Lp, under the premise of
satisfying equation (4), the frequencies of the additional resonant
points will also change accordingly, as illustrated in Fig. 7.
Therefore, the parameter design procedure can be obtained as
Fig. 8.

First, the expected operating frequencies (w; and wy) should
be decided, which are also the resonant frequency and damping
frequency of the receiver circuits. Then, Ly, (x = a or b) are
determined by the fabrication of the receiver coils. Next, the
boundaries of Ly, Cy,, and C,; are defined, and all the selected
values should be within the boundaries. Once Ly, are set to
certain values, Cy, and Cg, will be calculated according to (4).
Then, the additional resonant frequencies will be calculated and
tested. Ly, will be set to new values unless all the parameters
meet the requirements.

C. Design of Primary Part

As for the primary circuit design, the research work presented
in [11] offers a parameter design method based on numerical
calculations to find out the suitable parameters of the primary
circuit. This method ensures that the frequencies corresponding
to the ZPA points are the resonant frequencies required by the
receiver circuit. Similarly, a parameter design method for the
primary circuit is proposed to find suitable parameters.

When the value of L,,; keeps constant, changing the value of
C,1 and C)po will change the ZPA points of the primary circuit,
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as shown in Fig. 9. As illustrated in Fig. 9, when the first ZPA
point lies around 100 kHz, and the second ZPA point lies around
200 kHz, increasing the value of Cj,; will decrease the frequency
of the second ZPA point, whereas the frequency of the first ZPA
point changes a little; increasing the value of C,» will decrease
the frequency of the first ZPA point, whereas the frequency of
the second ZPA point changes a little. Therefore, the values of
the frequencies of each ZPA point can be regulated separately
by changing the values of Cp,; and Cy,». Based on this principle,
a detailed parameter design procedure of the primary circuit can
be derived, as shown in Fig. 10.

First, the equivalent resistances of loads (R, and Ry;) can
be calculated from the actual loads (R 4., and R 4.;). Then, Ly,o
is determined by the fabrication of the primary coil, and the
mutual inductance (M7, M5, and M3) can be measured. Next,
based on the designed parameters of the receiver circuits, Z,. can
be calculated. After that, the initial values and boundaries will
be set for L1, Cp1, and Cp,o. By changing the value of Cp; and
Cp2, the ZPA points will shift, as shown in Fig. 9. L,,; will be
assigned a new value if Cj,; and C,2 are out of boundaries.

IV. CONTROL METHOD FOR THE PROPOSED WPT SYSTEM

A triangular carrier-based control method is used to regulate
the output voltage of the inverter. The whole system can operate
in three modes. For Mode I, the inverter generates both u;;,; and
uin2; therefore, both secondary loads can receive energy. For
Mode II, the inverter only generates u;,1, and the only load in
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Fig. 11.  Control waveforms of Mode I. (a) Pulses generation in Zone 1. (b)
Inverter output voltage in Zone 1. (c) Pulses generation in Zone 2. (d) Inverter
output voltage in Zone 2. (e) Pulses generation in Zone 3. (f) Inverter output
voltage in Zone 3.

Receiver A canreceive energy. In Mode I11, only ;.2 is generated
by the inverter, so the only load in Receiver B can receive energy.

A. Control Method of Mode 1

Fig. 11 shows the control process of Mode I in the time
range from O to 27, where T = 27/w>. As shown in Fig. 11(a),
two triangular carriers are used to generate the control signals.
One carrier (C,) has the frequency of w;/2, and another carrier
(Cp) has the frequency of ws/2. By setting two corresponding
comparison values to the two sets of pulses (u,, and uy,, me{1,
2}, ne{l, 2, 3, 4}) can be achieved. u,,, has a pulsewidth of
D, (0<D,<T), and uy, has a pulsewidth of D, (0<D,<T/2).
Based on the value of D, and Dy, three zones can be divided in
Mode I, as shown in Fig. 12.

For Zone 1, all pulses have no overlap, and D;,<0.5T—D,;
for Zone 2, overlaps occur in u,, and up,, D,>0.5T—D,, and
Dy> D,—0.5T; for Zone 3, overlaps occur in u,,, and uy,,, and
D,<D,-0.5T. The inverter output voltage has a different shape in
each zone. Fig. 11(a), (c), and (e) shows the generation process
of the pulses in Zones 1, 2, and 3, respectively. The control
signals of each SIC-MOSFET can be obtained by doing logic
operations to u,, and uy,. Then, the inverter output voltage in
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Fig. 12.  Zone division in Mode 1.

TABLE I
CONTROL SEQUENCE IN MODE I WITHOUT NP VOLTAGE BALANCE STRATEGY

Zone  Switching sequence

1 Vs-V3-Vs-Vy-Vs-Vg-Vs-V3-Vs-V7-Vs-Vs-Vs
2 Vs-V3-V1-Vo-V4-Vs-Vs-V3-Ve-V3-Vo-V3-Vs
3 Vs-Vo-V1-Vo-V4-Vo-Vs-V7-Ve-V3-Vo-V7-Vs

Zones 1-3 can be generated as shown in Fig. 11(b), (d), and (f),
respectively. Two components of the inverter output voltage can
be described as

Uin1_model = % (ual - ua2) (13)
Uin2_model = 5 (Up1 — Up2 + Up3 — Upa)
The Fourier decomposition of u;;, can be expressed as
Uin_model = Z
D, knt
1 —1’“]— ke (05— =2 =
[ e e (0037 [on (F)
Uinl
U, D 2knt
+ [1 - (—1)’1 W—‘Zcos [kﬂr (0.5 — Tb>] sin <;)
Uin2
(14

From (14), it can be known that u;,1 and u;,2 do not contain
even harmonics. 1,1 only have the components with frequencies
of 2k—1)wy (k=1,2,3,...,), and u;,,» only have the components
with frequencies of (2k+1)w;. Thus, u;y1 and w2 have no
overlap in the frequency spectrum. A simple way to meet (13) is
toset ST =uq1,S2 =ug2, S3 =upa+ups, and S4 = up1+ups. So,
the value of u;y; is controlled by S; and S5, and the value of u;,2
is controlled by S and S». In this way, the switching sequence
for each zone is shown in Table II. However, regardless of the
NP voltage, a specific switching sequence is applied in each
zone, and the redundant medium switching states are not used
to adjust the NP voltage balance. The voltages of two dc-link
capacitors are prone to be imbalanced during operation, which
will be discussed later.

The net charge injected to the NP in the time from O to 27 can
be expressed as

2T
AQnp = —/ iodt. (15)
0
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From Table I, i, of medium switching states Vs, V3, V7, and
Vs do not equal zero. V5 and V3 have the same value of inverter
output voltage but have opposite io directions; V; and Vg have the
same value of inverter output voltage but have opposite output
voltage. By assigning appropriate medium switching states to
each zone, adjusting the difference of dc-link capacitor voltage
can be achieved.

The inverter output current can be regarded as the sum of two
sinusoidal currents (one with a frequency of w1, and another with
afrequency of ws) because w; and ws are the resonant frequency
of the proposed system. Therefore, the inverter output current
can be written as

tin1 = Im18in ( <p1)
gﬂwt*

711n2 — mlSIH( <;02>
in = %in1 + %in2

(16)

where ijy,1 is the current with a frequency of w; and an amplitude
of I,,1, and 1 (—7/2<p <7/2) is the phase difference between
iin1 and u;,1 in areal situation; i, is the current with a frequency
of ws and an amplitude of 1,,,2, and o (—7/2<po<7/2) is the
phase difference between i;,,2 and u;,,0 in a real situation.
Based on (15), (16), and Table I, in Zone 1, the net charge
injected to the NP in the time from O to 27 can be calculated as

2T
AC2Nszonel = _/ iodt = -
0

D a D)
T+ T T3
k11 tindt + k12 tindt + k13 lindt
T _ Dy I _Dg 37 _ Dy
2

4 2 2 T2
5T | Dy 3T | Dqa 7T, D
T T+ sl
=+ k14 Zindt+]€15 Zlndt+k16 Zindt
57 Dp 3T _ Dg 7T _ Dy
4 2 2 2 4 2

7)

where k1, (XE{1, 2, 3, 4}) denote the relation between i, and
iin and ky,€{1, —1}. For example, if V5 is selected for the time
from T/4—Dy/2 to T/4—Dy/2, k11 = — 1, whereas if V3 is selected
for the time from 7/4—Dy/2, k11 = 1. By assigning each value
of ki, the medium switching states are selected for each time
interval.

When no NP balance strategy is applied, [k11, k12, k13, k14,
k15, kw] = [1, —1, 1, 1, —1, 1], and AQNP'zonel can be
calculated as

21,27 'sin ( ) sin (p2)

AC2N1:’_zoncl_1 - (18)

In (18), depending on the value of @2, AONP-zone1-1 Can be
positive or negative. Moreover, in every period of 27, the net
charge flowing into the NP will accumulate, which causes the
imbalance of the NP voltage.

HOWGVGI‘, for [ku, k12, klg, k14, k15, k16] = [1, l, 1, —1, —1,
—11, Autgezone1 can be calculated as

ACQNP_zonel_2 -
AI,1Tcos (1) [sin (B2

™

) + v/2sin (24

IR

™

In this case, based on the boundaries of @1, D,, and Dy, and
their relations in Zone 1, AQNP zone12<0, which should be
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TABLE IIT
CONTROL SEQUENCE IN MODE I WITH NP VOLTAGE BALANCE
Zone  Condition  Switching sequence  Control signal
S; = U3,
Vs-Vy-Vs-Vs-Vi-V- 51 b3 .
=u Ups,
U1SUcp Vs-Va-Vs-V3-Vs-V3- 2 az b4
Vs S3 = Upy,
1 S4 = Ugq + Upy.
S, =ug + upq,
VsVoVs- VoVl H et 2t
Sy = Upa,
Uer>U e Vs-V3-Vs-V-Vs-Vg-
v, S3 = Ugy + Upa,
) S4 = Ups.
S1 = UgqUp1 + Upzlaz,
V-V3-Vi-V3-Vs-Ve- 51 R N b3 ez
= Uy, U Ups,
Uce1<Ucp Vs-Vo-Vs-V3-Vo-V7- 2 az7b3 b4
. S3 = UpaUar + UgaUpas
5 —_—
2 Si = UgrUpy + Ups.
S1 = UgqUpy + Upy,
Vel Vi VoVl L N o
Uer>Uep Vs-V3-Vs-Vg-Vo-Vy- 27 TheTal a2 b
Ve S3 = UgaUpsz + Upy,
Sa = UgrUpy + Upzlaz-
S1 = (Ugq U Hup)Upg,
Vj-Vz-V[-V3—V5—V2— Sl ( ail_‘_ bl) b2
= U, U Ups,
Ue1SUen Vs-Vg-Vs-V3-Vo-Vs- 2 k2tbs TThe
. S5 = (Uaz Uiz Hpa) Ups,
5 —_—
3 Sy = UpaUpy + Ups.
S1 = UpqUpy + Upq,
Vilsliholsi ! ("1 ’i+ ”1)_
= (Uga Upz +HUpa)Ups,
>t VeV 7-Vs-Vi-Vo V- 2 a2Uk2 TUpa)Ups

S3 = UpoUps + Upg,
V5 _ —_
Sy = (Ugq Wi +Up1 ) Upz.

applied in the condition of u.; <u.o to balance the NP voltage.
Alternately, for [kll, k12, k13, k14, k15, k16] = [—1, —1, —1, 1, 1,
1], AONP “zone1-2 >0, which should be applied in the condition
of u.o>u.q. Thus, different switching sequences with opposite
net charges injected into the NP can be applied to each SIC-
MOSFET based on the condition of NP voltage, as shown in
Table II1.

Using the same method, we can also know that in Zones 2
and 3, when no NP balance strategy is applied, the net charge
AQnp does not equal zero. Therefore, the NP voltage balance is
not controllable. Also, suitable switching sequences for Zones
2 and 3 can be deduced to maintain NP voltage balance. The
detailed derivation process can be found in Appendix.

As all the suitable switching sequences for Mode I have been
obtained, the control signals of S,, (m&{1, 2, 3, 4}) can be
generated by doing logic operations to pluses in Fig. 11(a), (c),
and (e). The control signals for each condition with NP voltage
balance strategy are listed in Table III. It is noted that for Zone
3, two addition pluses (51 and uyo) are required to generate S,,,,
as shown in Fig. 11(e). uy; is a pulse with a value of 1 in the
time range from 774 to 37/4, and uyo is a pulse with a value of
1 in the time range from 57/4 to 7T/4.

B. Control Method of Mode Il and Mode 111

For Mode II, u;,,2 = 0, and all the five-level voltages are used
to generate u,1. As shown in Fig. 13(a), two comparison values
together with triangular carrier C, are used to generate two sets
of pulses ucy, and ug,, (me€ {1, 2}). u.,, have a pulsewidth of
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Fig. 13.  Control for Mode II. (a) Pulses generation. (b) Inverter output voltage
and current.

TABLE IV
CONTROL SEQUENCE IN MODE II AND MODE III WITHOUT NP VOLTAGE
BALANCE STRATEGY

Mode  Switching sequence Control signal
S1 = Uer, Sy = Ugy,
1 Vs-Vs-V (- Vs-Vs-VVo-VVs e "2 ¢
S3 = Uy, S4 = Ugs-
S1 = Uer, Sp = Uy,
il Vs-V3-Vi-V3-Vs-Vs-Vo-Vs-Vs

S3 = Ugp, Sy = Ugy.

D, and u 4, have a pulsewidth of D 4. 0<D .<T, 0<D;<T, and

D .<D,.Fig. 13(b) shows the inverter output voltage and current

in Mode II, where 3 is the phase difference between u;, and

iin. In this case, u;,, can be expressed as
Udc

Uin_mode2 = 5 (Ue1 + Ud1 — Uz — Ug2) -

The Fourier decomposition of the inverter output voltage in
Mode II can be expressed as

(20)

o0

Uinmoses = 3 { {1 _ (_1)k} %dk {cos [kﬂr <0.5 - f{fﬂ

k=1

sl 2 (59)

When no NP voltage balance strategy is applied, the control
signals can be set as S1 = u.1, So = o, S3 = ugo, and Sy =
141, and the switching sequence is shown in Table IV.

The output current in Mode II can be written as

ey

iin = Inasin (%t - @3) . (22)

In Mode II, the net charge injected to the NP in the time from
0 to 27 can be calculated as

AQNP_mode2 = —
21 5 5o

/ iodt = — | ka1 / Tindt + k’42/

0 -2 T+5e

3T _Dc g_{.ﬁ
] 22 PR
Tindt + kg3 / Gindt + kag / Tindt (23)
3r _ ~Zd £+&
5 T3 5 T3
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TABLE V
CONTROL SEQUENCE IN MODE II AND MODE III WITH NP VOLTAGE BALANCE
STRATEGY

Mode Condition  Switching sequence  Control signal
S1 = Uy,
VeV Vi VaVsVee Sy = ugy,
UaSUe
Vq-V7-V5 S3 = Ucp,
m Sy = Ugq.
S1 = Ugs,
V5-V2-V]-V2-V5-Vg- SZ = U¢p,
Ue1>Ued
Vo-Vg-Vs S3 = Ugy,
S4 = Ugq.
S1 = Uet,
Vs-V3-V\-V3-Vs-Vo- Sy = Uy,
UeSUe
Vo-V3-Vs S3 = U,
S4 = Usq.
it 4 f1
S = Us1,
V5-V2-V1-V2-V5-Vg- 52 = Uep,s
Ue1>Ued
Vg-Vg-Vs S3 = uf2>
S4 = Upey.

When no NP balance strategy is applied, [k41, k42, k43, k44]
=1, 1,1, 1]. AONPmode2 can be calculated as
AQNP_mode2. 1 = 0. (24)
From (24), we can know that when the system operates in
Mode II, the net charge injected to the NP in every period of
2T is zero. Therefore, unlike the situation in Mode I, the net
charge injected to NP will not accumulate even if no NP voltage
balance strategy is applied in Mode II. However, the mismatch
of the two dc-link capacitors can also lead to the imbalance of
the NP voltage [17]. In this case, the NP voltage balance strategy
in Mode II is still necessary.
For [ky1, kao, ka3, kag] = [1, 1, =1, —1], AONP 'mode2 can be
calculated as

4T3 cos (p3) [sin (D) — sin (B45)]

AQNP_mode2_2 = -

(25)

Because D.<D g and AQNpmode22 <0, it should be applied
in the condition of u.; <u.s to balance the NP voltage. Alter-
nately, for [k41, ka2, ka3, kaa] = [1, 1, =1, —1], AONP'mode2'2
>0, which should be applied in the condition of u.o>u.;.
Therefore, with the NP voltage balance strategy, the suitable
switching sequences and control signals in Mode II can be found
as shown in Table V.

As for Mode III, uj,; = 0. As shown in Fig. 14(a), two
comparison values together with triangular carrier Cy, are used to
generate two sets of pulses u¢,, and ug, (mE{1,2}). uc,, have a
pulsewidth of D, and uy,, have a pulsewidth of Dy. 0<D <772,
0<D;<T/2, and D.<Dy. As shown in Fig. 15(b), the shape of
the inverter output voltage and current are similar to those in
Mode 111, despite their frequency becoming ws. (4 is the phase
difference between u;, and i;,. The Fourier decomposition of
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Fig. 14.  Control for Mode I1I. (a) Pulses generation. (b) Inverter output voltage

and current.

Fig. 15. Value of the first-order harmonic component and the third-order
harmonic component. (a) First-order harmonic component. (b) Third-order
harmonic component.

the inverter output voltage in Mode III can be expressed as

Uin_mode3 = zoo: { {1 - (*1)]1 % {cos |:]<171’ <0.5 — [I)f)]

k=1

A )

By applying the same analysis method used in Mode II, the
switching sequences and control signals with or without NP
voltage balance strategy can be obtained, as listed in Tables IV
and V. The detailed derivation process can be found in Appendix.

(26)

C. Third Harmonic Reduction Strategy

According to (21) and (26), the amplitude of the first harmonic
(m1) of Uin'mode2 and Uin'modes can be expressed as

2udc

my= [sin (7p) + sin (7q)] (27)

where p = D4/2T and g = D /2T for Mode II; p = D//T and ¢
= D./T, for Mode III; and 0<p<0.5 and 0<¢<0.5.

From (27), it can be seen that the value of m; is subject
to p and ¢q. Taking the output power as a control object, the
controller needs to control m;. But, the same value of m; may
correspond to countless combinations of values of p and ¢. The
relation of p and g should be defined. The damping filters in
the receivers can only deal with the cross-interference from
the fundamental frequencies w; and ws. However, their odd
multiple can also cause cross-interference. It can be known from
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(26) that #iy mode2 and Uiy modes only have odd multiples. The
third harmonic is the closest to the fundamental component in
frequency. Due to the selectivity of the WPT system, the third
harmonics are more likely to cause cross-interference between
the two power channels than other odd harmonics. The third
harmonics may also introduce additional losses and EMI issues.
Therefore, a third harmonic reduction strategy is proposed to
minimize the proportion of the third harmonic in Modes II and
I11.

The amplitude of the third harmonic (m3) of #in mode2 and
Uin'mode3 Can be expressed as

mg:% [sin (37p) + sin (37q)] . (28)

The amplitudes of m; and mg in the case of p and g are shown
in Fig. 15(a) and (b), respectively. m; and m3 will vary with the
change of p and ¢. The goal is to regulate the first harmonic
amplitude and reduce the proportion of the third harmonic as
much as possible. This is an optimization problem for solving
the minimum absolute value of m3. On minimizing the absolute
value of (28) with (27), we can get the following results:

[0.5 — %cos’1 <Wm1> ,O} 0<m; < ‘?udc

2Ugc
2 _ 1 -1 Tmy 1_ 1 -1 T™my
[3 —cos 5o )3 — wcos NI ]
3 3
Bge < my < Buge
= 1 1 -1 Tm 1 1 -1 Tm .
[p, 4] [5 + -cos (_L2\/§udc ;3 — pcos (—ngudc)]

3 2V3
Suge < My < L Uge

(0.5 — Lcos™! (%) ,0.5 — Lcos™! (ZZZ;)]
2v3

4
o Uge <My < S Ude

(29)

In (29), when \/§udc/ﬂ' <mq < 2\/§udc/ﬂ' , the selected
combination of p and ¢ can fully eliminate the third har-
monic in u;,, which is m3 = 0; when 0 < m; < \/§udc/7r or
2v/3uge /7 < mq < duge /7 , the selected combination of p and
¢ can minimize |ms].

V. SIMULATION AND EXPERIMENT RESULTS

To verify the effectiveness of the proposed WPT system,
simulations are conducted in MATLAB/Simulink. Also, a 1-kW
prototype is established for experiments. As shown in Table VI,
the parameters for simulations and experiments are identical,
designed by the proposed methods in Section III.

A. Simulation Results

Fig. 16 shows the simulation results of the proposed WPT
system in Mode I. Fig. 16(a), (c), and (e) shows the input and
output waveforms of current (ii,, i54, and iy,) and voltage (u;y,
Uoutas aNd Ugyugp) in Zone 1 (D, = 0.2T, Dy, = 0.2T), Zone 2
(D, = 0.5T, Dy, = 0.27), and Zone 3 (D, = 0.8T, D, = 0.27),
respectively. The dc-link voltage (u#q.) is 150 V and the proposed
NP voltage balance strategy is applied. It can be known that
the inverter output voltage and current are consistent with the
previous analysis in Section IV. In these three figures, D keeps
constant at 0.27, and only D, is changed. Consequently, the
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TABLE VI
PARAMETERS FOR SIMULATIONS AND EXPERIMENTS

Items Value

Coil turns (1, ng, ny) 17,13.5, 13.5N

Coil inductance (L2, L, Lg) 163.34, 63.81, 65.11pH
Primary compensation inductance (L,,) 43.05uH

Primary compensation capacitance (C,1, C») 18.13, 11.31nF
Compensation capacitance for Receiver A (Cy, Cy,)  50.17, 31.39nF
Compensation inductance for Receiver A (Ly,) 12.67uH
Compensation capacitance for Receiver B (Cyp, C)  99.87, 11.21nF
Compensation inductance for Receiver B (L) 25.33uH

Load resistance (Ryeq, Rucs) 20, 20Q

DC-link capacitance (C,, C>) 941, 946uF

Output capacitance (Cueas Cucs) 472, 475uF

Mutual inductance of coils (M,, M, M3) 30.58,31.81, -2.91pH
Operating frequency (f;, /) 100, 200kHz
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Fig. 16.  Simulation results of the proposed WPT system in Mode I. (a) Input
and output waveforms of current and voltage in Zone 1. (b) Comparison of
control methods with and without NP balance strategy in Zone 1. (c) Input and
output waveforms of current and voltage in Zone 2. (d) Comparison of control
methods with and without NP balance strategy in Zone 2. (e) Input and output
waveforms of current and voltage in Zone 3. (f) Comparison of control methods
with and without NP balance strategy in Zone 3.

output voltage of Receiver B (uqyutp) keeps at 53 V, and the
output voltage of Receiver A (o4t ) increases as D, increases.

Fig. 16(b), (d), and (f) shows the comparisons of control
methods with and without NP balance strategy in Zones 1, 2, and
3, respectively. The NP voltage balance strategy is added at the
time of 0.7 s. When no NP voltage balance strategy is applied, the
net charge injected to the NP will accumulate, which leads to the
imbalance of the NP voltage. As shown in the simulation results,
the voltage difference of the two dc-side capacitors is 41.5 V in
Zone 1, 18.2 V in Zone 2, and 41.6 V in Zone 3. Because of
the imbalance of the NP voltage, the inverter output voltage is
distorted compared to the waveforms in Fig. 16(a), (c), and (e).
However, after the NP voltage balance strategy is applied, the
imbalance of the NP voltage can be eliminated in 0.015 s. This
indicates the effectiveness of the NP voltage balance strategy in
three operation zones of Mode I.

Fig. 17 shows the simulation results of the proposed WPT
system in Mode II and Mode III. Fig. 17(a) and (c) shows
the input and output waveforms of current (ii,, isq, and isp)
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Fig. 17.  Simulation results of proposed WPT system in Mode II and Mode
III. (a) Input and output currents and voltages in Mode II. (b) Comparison of
control methods with and without NP balance strategy in Mode II. (c) Input and
output currents and voltages in Mode III. (d) Comparison of control methods
with and without NP balance strategy in Mode III.

and voltage (i, Uouta, aNd Uoytp) in Mode 11 and Mode 111,
respectively. The dc-link voltage (uq.) is 150 V. The NP voltage
balance strategy and the third harmonic reduction method are
applied with m; = 0.7uq.. In Fig.17(a), all the five voltage
levels are used to generate u;,; with a frequency of 100 kHz,
and therefore, the output voltage of Receiver B (1ot 5) 1S nearly
equal to zero. Similarly, in Fig. 17(b), the output voltage of
Receiver A (4ot o) 1S nearly equal to zero, which indicates that
there is nearly no mutual interference between the two power
channels. Besides, in both cases, fast Fourier transform (FFT)
tests of u;, are conducted in MATLAB, which shows that the
third-order harmonic of u;, is fully eliminated because of the
proposed third harmonic reduction method.

Fig. 17(b) and (d) shows the comparisons of control methods
with and without NP balance strategy in Mode II and Mode
III. According to (24) and (38), when no NP balance strategy is
applied, the net charge injected to the NP in every control period
is zero. Therefore, when the parameters of the dc-link capacitors
are identical, the NP voltage will keep balance. However, the
imbalance of NP voltage can still come from the mismatch
of the two dc-link capacitors. The capacitance tolerance of an
aluminum electrolytic capacitor can be as high as +20%, which
makes the NP voltage balance strategy still necessary in Mode I1
and Mode III. To make the influence of the capacitance mismatch
obvious, an additional 222 uF capacitor is connected parallelly
to Cs. In this case, C; = 941 uF and Cy = 1168 pF. The NP
voltage balance strategy is added at the time of 0.9 s. When no
NP voltage balance strategy is applied, the voltage difference of
two dc-side capacitorsis4.1 Vin Mode Il and 14.4 V in Mode I1I.
After the NP voltage balance strategy is applied, the imbalance
of the dc-link voltage can be eliminated within 0.005 s. This
indicates the effectiveness of the proposed NP voltage balance
strategy in Mode IT and Mode III.

B. Experimental Results

To demonstrate the proposed WPT system and verify the
control methods, a 1-kW SIC-MOSFET testbed is estab-
lished, as shown in Fig. 18. CREE discrete SIC-MOSFETsSs
(C3M0060065K) are used as power switches (S, and S,, ,n€{1,
2,3, 4}). The oscilloscope, current probe, and voltage probe are
all from Tektronix, whose models are TPS 2024B, TCP A300,
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Fig. 19.  3-D coil structure of the proposed WPT system.

and P5200A. All the parameters in Table VI are measured by
the LCR meter, KEYSIGHT E4980AL.

The controllers are DSP TMS320F28379D from TI and
FPGA XC6LX25 from XILINX. The DSP is used to calculate
the pulse width, while the FPGA is used to generate the control
signals of each SIC-MOSFET by logic operations. Fig. 19 shows
the 3-D coil structure of the proposed WPT system, where the
size of the transmitter coil and receiver coils are marked. The
dc-to-loads efficiency of the prototype is 84.1% at full load
(500 W for each channel).

Fig. 20 shows the experimental results when the system
operates in Mode I. When NP voltage balance strategy is applied,
the inverter output voltage (u;, ), inverter output current (i;,,) and
receiver coil currents (i, and ig) in Zone 1 (D, = 0.2T, Dy, =
0.2T), Zone 2 (D, = 0.5T, Dy, = 0.2T), and Zone 3 (D, = 0.87,
Dy = 0.27) are shown in Fig. 20(a), (e), and (i), respectively.
The voltage and current waveforms are consistent with those
in the simulation results. Besides, when D, keeps constant, D,
increases, iy, keeps almost constant and iy, increases, which
indicates that the two power channels are well-decoupled.

Fig. 20(b), (f), and (j) shows the waveforms of the inverter
output voltage (u;y,), inverter output current (i;, ), and voltages
of the dc-link capacitors (1.1 and u.2) in the three operating
zones without NP voltage balance strategy. According to the
measurement values (marked in the red boxes) of the oscillo-
scope, the difference of u.; and u.o is 86.1 Vin Zone 1, 62.6 V
in Zone 2, and 86.2 V in Zone 3. The inverter output voltages
are distorted compared with those in Fig. 20(a), (e), and (i), due
to the imbalance of the NP voltage. Therefore, when the system
operates in Mode I, the NP voltage is prone to be imbalanced,
which conforms to the analysis in Section IV and the previous
simulation results.
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Experimental results of the proposed WPT system in Mode 1. (2) uin, fin, isq, and igp in Zone 1. (b) uin, Uc1, Uc2, and iy in Zone 1 without NP voltage

balance. (¢) tin, Uc1, Uc2, and ij, in Zone 1 with NP voltage balance. (d) iy, uc1, tc2, and ij, in Zone 1 with NP voltage balance and capacitance mismatch. (e)

Uin, lin, Isq» and igp in Zone 2. (f) uin, Uc1, Uc2, and iy, in Zone 2 without NP voltage balance. () uin, Uc1,

U2, and i, in Zone 2 with NP voltage balance. (h)

Uin, Uc1, Uc2, and iy in Zone 2 with NP voltage balance and capacitance mismatch. (i) tin, iin, isq, and isp in Zone 3. (j) Uin, Uc1, Uc2, and iy in Zone 3 without
NP voltage balance. (k) tin, Uc1, tc2, and i, in Zone 3 with NP voltage balance. (1) uin, c1, U2, and i, in Zone 3 with NP voltage balance and capacitance

mismatch.

Fig. 20(c), (g), and (k) are the waveforms of uiy,, iin, U1,
and u.o in the three operating zones with NP voltage balance
strategy. When the proposed NP voltage balance strategy is
applied, the difference of u.; and u .5 in each operating zone can
be reduced to within 0.5 V. This result proves the effectiveness
of the proposed NP voltage balance strategy in Mode 1.

To demonstrate the performance of the proposed WPT system
under the condition of dc-link capacitance mismatch, an addi-
tional 222 uF electrolytic capacitor is added to Cs. In this case,
the measured capacitance of Cy is 941 uF, and the measured
capacitance of Cq is 1168 pF. The waveforms of usy,, iy, e,
and u.o in the three operating zones with NP voltage balance
strategy are shown in Fig. 20(c), (g), and (k). The difference
between 1.1 and u.> can be controlled within 0.5 V in all three
operating zones. Therefore, the proposed NP voltage balance
strategy is still effective even under the condition of dc-link
capacitance mismatch.

Fig. 21 shows the experimental results of the proposed WPT
system in Modes II and III with NP voltage balance strategy and
the third harmonic reduction method. m is set as 0.7uq. for both
cases. As shown in Fig. 21(a) and (b), when the system operates
in Mode I1, i is close to zero, and nearly no power is transferred
to Receiver B. When the system operates in Mode I11, i, is close
to zero, and nearly no power is transferred to Receiver A.

By importing experimental data to MATLAB, FFT tests are
conducted for u;, in Mode II and Mode III. Fig. 21(c) and (d)
shows the FFT test results of #;,, in Mode I and Mode I1I, respec-
tively. According to the FFT test results, the third harmonic of
uiy, in each case is relatively small because of the proposed third
harmonic reduction method. Also, the fundamental component
of u;, in Mode 111 is a little smaller than that in Mode II because
as the operating frequency increases, the influence of the dead
time becomes greater.

Based on the analysis in Section IV, when the parameters of
the two dc-link capacitors (C; and C9) are identical, the NP
voltage can keep balance in Mode II and Mode III even if no NP
voltage balance strategy is applied.

Because the net charge injected to NP in every cycle time
is zero. Experiments are conducted in the condition of dc-link
capacitance mismatch to verify the effectiveness of the proposed
NP voltage balance strategy in Mode II and Mode III. With C; =
941 pF and Co = 1168 uF, the experimental waveforms of iy,
Ue1, Ueo, and iy, in Mode II and Mode III without NP voltage
balance strategy are shown in Fig. 22(a) and (c). According to
measurement results of the oscilloscope, the difference of u.q
and u.s is 2.9 V in Fig. 22(a) and 7 V in Fig. 22(b), which is
much smaller than that in Mode 1. Fig. 22(b) and (d) shows the
waveforms of u;y,, 1.1, U2, and i;;, in Mode II and Mode I1I with
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NP voltage balance strategy, where the difference of u.; and u.o
is reduced to less than 0.5 V. Thus, in Mode II and Mode 111, the
proposed NP voltage balance strategy is effective and suitable
for the condition of dc-link capacitance mismatch.

Some summarized plots of the output power and efficiency
of the proposed system from experiments are shown in Fig. 23.
Fig. 23(a) and (b) shows the results of Mode I. When the duty
ratio of Channel B (D/T) keeps constant at 0.4, and the duty
ratio of Channel A (D,/T) varies from 0.1 to 0.8, the values
of received power of two loads and the total efficiency (Total
received power divide input power from dc power supply) are
shown in Fig. 23(a). When the duty ratio of Channel A varies
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power of Channel A in Mode II. (d) Output power of Channel A and efficiency
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from 0.1 to 0.8, the variation of the received power of Channel
B can keep below 2.6%. When the duty ratio of Channel A
(D4/T) keeps constant at 0.8, and the duty ratio of Channel
B (Dy/T) varies from 0.1 to 0.4, the values of received power
of two loads and the total efficiency are shown in Fig. 23(b).
When the duty ratio of Channel B varies from 0.1 to 0.4, the
variation of the received power of Channel A can keep below
2.4%. Fig. 23(a) and (b) indicates a good decoupling ability of
the system operating in Mode 1.

Fig. 23(c) and (d) shows the results of Mode II and Mode
III. When the output power of Channel A changes from 20
to 600 W, the value of output power of Channel B and the
efficiency (output power of Channel A divide input power from
dc power supply) are shown in Fig. 23(c). When the output
power of Channel B changes from 20 to 600W, the value of
output power of Channel A and the efficiency (output power
of Channel B divide input power from dc power supply) are
shown in Fig. 23(d). Fig. 23(c) and (d) shows that when only
one channel is targeted, another power channel can only receive
less than 1/600 value of the power of the targeted channel, which
indicates a good decoupling ability of the system operating in
Mode II and Mode III.

To further demonstrate the dynamic performance and inde-
pendent regulation ability of the proposed WPT system, exper-
imental transient waveforms with duty ratio variation and load
variation are exhibited, as shown in Fig. 24. Fig. 24(a) shows the
waveforms of u;y, is4, and i, when the duty ratio of Channel A
(D,) changes from 0.257 to 0.87, while the duty ratio of Channel
B (D) constantly remains at 0.357. Fig. 24(a) indicates that
after D, changes, i, reaches a new steady-state after a transient
process, and the amplitude of iy, keeps constant. Similarly,
in Fig. 24(b), when D; changes from 0.17 to 0.357, and D,
constantly remains at 0.87, the amplitude of i, is not affected.
Fig.23(c) and (d) shows the waveforms of the secondary currents
with load variation from Channel A and Channel B, respectively.
Fig. 23(c) and (d) indicates that in the proposed WPT system,
the transmitted power in a receiver is not influenced by the load
change from other receivers.
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Fig. 25. Power losses distribution.

The power loss distribution [11] for the prototype is calcu-
lated, shown in Fig. 25. The calculation is conducted with both
power channels activated and reaches the maximum designed
transmitted power (500 W for each power channel). The system
losses consist of inverter losses Py, rectifier losses P, com-
pensation networks losses Pcom, coils losses FProi, and other
losses Pyer- Fig. 25 shows that the losses from compensation
networks and rectifiers account for a large proportion of the sys-
tem losses. Therefore, the fabrication of compensation networks
and rectifiers is essential in improving system efficiency.

In Table VII, the proposed WPT system is compared with the
existing O2M-WPT systems from the literature. The advantages
of MLIs are incorporated into the proposed system. Therefore,
the multifrequency superposition with independent power reg-
ulation ability is naturally realized without transformers and
multiple inverters. Besides, the switching frequencies of the
power switches are the same as the transmission frequencies.
The efficiency of the prototype reaches 84.1%, which is rela-
tively higher than the listed O2M-WPT systems.

VI. CONCLUSION

In this article, a decoupled multichannel WPT system based
on MLIs is proposed to enable power transfer through in-
dependent channels with a simple system structure. The key
contributions of the work are listed as follows.

1) A single-phase MLI is used to generate a voltage wave-

form that contains multiple frequency components. Thus,
multifrequency superposition can be realized without a

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 8, AUGUST 2022

complex system structure, and each power channel can be
regulated independently.

2) MFRCs are used to offer a primary circuit with multiple
resonant compensations, which enhance the system effi-
ciency. Damping filters are used in the receiver circuits to
minimize the cross-interference issue.

3) Based on a dual-channel WPT system with a TNPC in-
verter, the topology features of the proposed system are
studied with detailed parameter design procedures.

4) A control method with NP voltage balance and third
harmonic reduction is proposed for a dual-channel WPT
system.

5) Finally, both simulations and experiments indicate the
effectiveness of the proposed WPT system and control
methods.

APPENDIX

A. Calculation of Control Method for Mode 1

For Zone 2, the net charge injected to the NP in the time from
0 to 27 can be calculated as

27T .
AC?Nl’_znne2 = Jo Zodt = -
T _Dg 3T _Dp 3T 4 Dy
ka1 sz D Tindt + koo fT4 b, Iindt + kag f14 b, tindt
I Tt3" 7 T3

3T _ Da 7T _ Dy E.}rﬂ
2 2 ; 4 2 ; 4 2 y
+hog f%f% tindt+kas f%Jr% tindt+kog f%+n2a tindt | .

(30)

When no NP balance strategy is applied, based on Table
I, [ko1, k22, ko3, ka4, kos, ko] = [1, —1, 1, 1, —1, 1]. So,
AQNPz0ne2 can be calculated as

21,,5T'sin ( Dj&”) sin (p3)

AC?NP_zone2_1 = . .

3D

Therefore, in Zone 2, when no NP balance strategy is applied,
the NP voltage is prone to be imbalance. For ko1, ka2, k23, ko4,
kos, kog] =[1,1,1, —1, —1, —1], AQNP z0one2 can be calculated
as

41,1 Tcos (1) [sin (g“T”) —V/2cos (ng”)]

AC)NP?ZOWQ?Q =

3

(32)

Because 0<D,<T, 0<Dy<T772, and —m/2<pi<m/2,
AONP zone22<0, which is suitable for the condition of
uc1<uco. Alternately, for [ko1, koo, ka3, kaa, kas, kog]l = [—1,
—1, —1, 1, 1, 1], AONP zone22>>0, which is suitable for the
condition of u.1 >u.o.

Similarly, for Zone 3, the net charge injected to the NP in the
time from O to 27 can be calculated as

27T .
AC)NszoneS == Jo lodt = —
T _ Dy 3T _ Dy T 4 Da
I~ ; i > +3"
k31 f%*% Tindt + k3o f%jL% tindt + k33 f3T Dy, Gindt
Dy 5T, D

5T _ Dy r_ Lo La .
thza [s7 b Gindt+kss f5;+D2b Tlindt+k3g f7§+pf, Zindt> .
2 2 a4 T2 a4 T T2

4

When no NP balance strategy is applied, [k31, k32, k33, k34,
kss, ksgl =[—1,—1, =1, =1, =1, —1]. So, AQNPzones can be
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calculated as

21,5 T'sin (2a7) sin (¢2)
- .

AC?NP_zoncZS_l = (34)

Therefore, in Zone 3, when no NP balance strategy is applied,
the NP voltage is prone to be imbalance. For [k31, k32, k33, k34,
kss, kgl =[—1,1,—1, 1, =1, 11, AQNP-zones can be calculated
as

4T, Tcos (1) [sin (BF
T

) — vaeos (5]

(35)

A QNP_zoneB_Q -

In this case, Auge zone3 <0, which is suitable for the condition
of Uec §ucg. Alternately, for [kgl, k32, k33, k34, k35, k36] =
[1, =1, 1, =1, 1, —1], Auge zone3>>0, which is suitable for the
condition of u.1>u.o.

B. Calculation of Control Method for Mode II1

The output current in Mode III can be written as

. . (27
Lin = ImqsSin ?t—w .

In Mode III, the net charge injected to the NP in the time from
0 to T can be calculated as

(36)

T
AC)NP?modeB = _/ Z.odt —
0

3T _De
2

oz
tindt + K53 /3T b,
sz _

D
e

Tindt + ks iindt | . (37)

4
: Ea
When no NP balance strategy is applied, [ks1, k52, k53, k54]
=1, 1, 1, 1]. AONP'mode3 can be calculated as

AC?NP_modeS_l = 0. (38)

Therefore, the net charge injected to NP will not be accumu-
lated during normal operation in Mode III.

For [ks1, k52, k53, ks4] = [1, 1, =1, —1], AONP'mode3 can be
calculated as

2l maTcos (p4) {sin (Ler) — sin (%)}

™

AQNP_mode3 2 = .
(39

Because D.<Dy, AQNP'mode3 2 <0, it should be applied in
the condition of u .1 <u. to balance the NP voltage. Alternately,
for [ks1, ks2, ks3, ksa]l = [—1, —1, 1, 1], AONP'mode32>0,
which should be applied in the condition of u .5 >u.;. Therefore,
with the NP voltage balance strategy, the suitable switching

sequences and control signals in Mode III can be found as shown
in Table V.
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