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Dual Matrix Converter Based Wireless Power
Transfer System

Xin Felix Chen
C. Q. Jiang
and Ching-Ming Lai

Abstract—This article introduces a dual matrix converter-based
wireless power transfer system for three-phase loads. The proposed
system enables direct ac-ac power conversion, eliminating the
need for bulky and short-lifetime electrolytic capacitors, thereby
enhancing power density and reliability. In addition, the article
explores modulation strategies for the proposed structure. Various
modulation waveforms are compared and analyzed, revealing that
antisymmetric and periodic flip modulations can mitigate phase-
shift effects on the system’s total harmonic distortion (THD) per-
formance, maintaining stable THD levels over a wide load range.
Through Fourier analysis, it is observed that the fundamental
components of antisymmetric and periodic flip waveforms are
symmetric during a switching period. Leveraging this symmetry,
an improved dwell time calculation method is proposed to reduce
THD values for both grid-side and load-side currents. Finally, a pro-
totype is constructed to validate the theoretical analysis, achieving
a maximum efficiency of 93.3% and a minimum THD of 1.11%.

Index Terms—Matrix converter (MC), modulation strategy,
three-phase load, wireless power transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) techniques have seen
W significant advancement over the past few decades. Pre-
vious research has primarily concentrated on battery loads [1],
[2], where the WPT system typically provides a single-phase
output. However, many practical applications involve three-
phase loads, such as electric motors. Consequently, wireless
motor drive systems have been proposed to cater to these types
of loads [3]. Compared to conventional WPT systems, wireless
motor drive systems typically incorporate additional inverters
for motor control. This multiple power conversion process can
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lead to increased losses, as well as larger system volumes and
weights [4], [5], [6]. Therefore, integration has become a crucial
design consideration for wireless motor drive systems. Specifi-
cally, combining the WPT rectifier and the motor drive inverter
allows for simultaneous power transfer and motor control.

Integration can be primarily achieved through multicoil-based
methods [7], [8], [9], [10] and matrix converter (MC)-based
methods [11], [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23]. For multicoil-based methods, magnetic coupler
coils are designed to match the number of motor phases. In
addition, extra resonant branches are required in each coil set
for independent control of different motor phases. This config-
uration can eliminate the need for motor drive inverters and im-
prove system robustness. However, the extensive use of passive
components may reduce system power density. Furthermore, the
multicoil structure is limited to motors with trapezoidal electro-
motive force (EMF), such as switched reluctance motors [7],
[8], [9] or stepper motors [10].

MC-based methods offer an alternative approach, providing
direct ac—ac conversion without the need for intermediate dc
stages. This can enhance system efficiency and reduce the overall
size and weight of the system. The MC can be either single-phase
(1 ph) [11], [12], [13], [14], [15] or three-phase (3 ph) [16],
[17], [18], [19], [20], [21], [22], [23], depending on the motor
types. It is important to note that the single-phase output for
motor loads differs from that for battery loads, with an ac output
for motors and a dc output for batteries. The single-phase MC
can be further classified into half-bridge [11], [12] and full-
bridge structures [13], [14], [15], as shown in Fig. 1(a) and (b),
respectively.

The three-phase MC primarily exists in two forms: three-
phase half-wave structures [16], [17] and three-phase bridge
structures [18], [19], [20], [21], [22], as shown in Fig. 1(c)
and (d), respectively. The half-wave structure is suitable for
three-phase four-wire connections, while the bridge structure
is compatible with three-phase three-wire connections. The
bridge structure offers higher voltage utilization and lower volt-
age ripples compared to the half-wave structure but requires
more switching devices. To reduce the number of switching
devices, common-source connected MOSFETs can be replaced
with reverse-connected MOSFETs and diodes [23], as shown in
Fig. 1(e). However, this simplified structure only allows current
to flow in single directions and transfers only positive voltages
to the resonant tank. These limitations increase the risk of
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Fig. 1.
bridge structure. (e) Three-phase simplified bridge structure.

overvoltage damage and reduce the system’s power capacity. In
addition, there are various other types of MCs, such as indirect
and sparse structures [24], [25]. Since these structures have
not yet been applied in WPT systems, they are omitted in this
discussion and can be explored in future studies.

When comparing a MC-based system with a multicoil-based
system, the former may be less reliable due to the fragility
of semiconductor devices. However, the MC system can sig-
nificantly improve power density by utilizing semiconductor
devices and eliminating bulky electrolytic capacitors [24], [25].
Moreover, employing suitable modulation techniques can ex-
tend the MC system to motors with sinusoidal EMF.

The modulation techniques for MCs can be categorized into
pulse density modulation (PDM) [11], [15], [23] and space
vector modulation (SVM) [18], [19], [20], [21], [22]. PDM
regulates the high-frequency pulse density to match the mag-
nitude of the low-frequency ac waveform, enabling zero current
switching. However, to minimize harmonics in motor windings,
a significantly higher switching frequency is required to reduce
tracking errors. Conversely, the SVM technique adjusts the
conduction time of different output phases during each switching
period. Although it involves more switching actions, SVM can
significantly reduce harmonics compared to PDM at the same
switching frequency. However, calculating dwell time is compli-
cated for SVM, as the reference vectors vary with the sinusoidal
resonant voltage or current within a switching period.

Overall, this article focuses on integrating MCs into WPT
systems, specifically targeting three-phase load applications.
Inspired by previous studies that utilized MCs on the load
side [12], [18], this article extends their use to both the grid and
load sides. Given the common use of three-phase three-wire con-
figurations for grid and motor connections, this article illustrates
the application using a three-phase bridge MC. Furthermore, the
switching frequency for a WPT system is typically tuned around
85 kHz [26]. Given this relatively low switching frequency,
the SVM technique is adopted here to achieve desirable total
harmonic distortion (THD) performance. Building on existing
SVM strategies [18], [19], [20], [21], [22], this research exam-
ines various modulation waveforms and recalculates the dwell
time to maintain low THD over a wide load range. Notably, the
focus is on rotational applications, where coupler parameters

Bl bk

MCs for WPT systems. (a) Single-phase half-bridge structure. (b) Single-phase full-bridge structure. (c) Three-phase half-wave structure. (d) Three-phase

remain relatively stable during operation [27], [28]. Therefore,
the issue of misalignment is not addressed in this study.

The rest of this article is organized as follows. Section II
introduces the system’s structure and provides basic working
principles of the system. Section III discusses the modulation
strategy of the proposed system, including a comparison of
different modulation waveforms and the derivation of improved
dwell time. Section IV presents the simulation and experimental
results. Finally, Section V concludes this article.

II. SYSTEM DESCRIPTION

A dual MC-based WPT system is shown in Fig. 2, which is
composed of a three-phase input filter (L¢, Cf), a primary-side
three-phase bridge MC (Q1—Qg), a resonant tank (Lp, Lg, Cp,
Cs, Rp, Rs), a secondary-side three-phase bridge MC (S1-Sg),
a three-phase output filter (C}), and a three-phase load (L}, Ry).

As shown in Fig. 2, the major difference between the con-
ventional structure and the proposed structure is that ac—dc—ac
conversion configurations are replaced with MCs on both grid
and load sides. Correspondingly, the filter types need to be
adjusted. For example, the CL-type grid filter in the conventional
structure changes to the LC-type filter in the proposed structure.

In addition, the absence of an intermediate power stage in
the MC eliminates the need for electrolytic capacitors (Ci,, Cy).
Notably, capacitors Ct and C} mainly serve as filters with sig-
nificantly lower capacitance values than storage capacitors. As
a result, film capacitors with high reliability can be utilized.

A. Matrix Converter

The grid-side MC converts input three-phase low-frequency
ac power directly into single-phase high-frequency ac power
for the resonant tank. Similarly, the load-side MC converts
the single-phase high-frequency ac power of the resonant tank
directly into three-phase low-frequency ac power for three-phase
loads. Note that the grid-side and load-side MCs are symmetric.
Thus, an additional advantage of the proposed structure is the
ability for bidirectional power flow.

In both MCs, each four-quadrant switch set comprises two
MOSFETs in a common-source connection. For example, Q; is
composed of Q11 and Q21, while S5 is composed of S;5 and Sos5,
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Fig.2. Dual MC-based WPT system.

as shown in Fig. 2. Due to the use of four-quadrant switching
devices, there are no freewheeling paths for the resonant current
to close itself during the commutation transition. Therefore, a
diode snubber circuit [21], [25] is used for each MC in this
article.

Moreover, both short-circuit and open-circuit conditions
should be prevented. Thus, only two switching devices in each
MC conduct at any time instant, one in the upper half of the
bridge (Q1, Qs, Qs or S1, Ss, S5), and the other in the lower half
(Q4, Qg, Qg or Sy, Sg, S2). Then, the following constraint needs
to be met:

Sum""svm‘|'swm:1, Sun+$vn+3wn:1 (1)
Sam’ + Shm’ + Sem = ]-7 San' + Sbn’ + Sew = 1
where the switching function is defined as
1 on . .
Sij = {0 opr. ' € {u,v,w,a,b,c};j € {m,n,m’,n'}. (2)

B. Compensation Topology

Both series—series (S/S) and LCC/LCC compensation net-
works are applicable to the dual MC-based WPT system. For
simplicity, this article takes the S/S compensation as an example.

In Fig. 2, Lp and Lg are primary and secondary-side self-
inductance, while Cp and Cs are primary and secondary-side
compensation capacitance. Besides, Rp and Rg represent the
total parasitic resistance of the coupler coils and compensation
capacitors. Based on the fundamental harmonic approximation

method, a basic relationship of S/S compensation can be ob-
tained by

where ws = 27 f; is the angular switching frequency; Vl, Vg, I 1
and /5 denote the fundamental component vectors of v1, v, i1,
and 79, respectively. Moreover, Zp and Zg are defined as

Vi = Zpl) — juMI,

/ . . 3
Vo = jusMh — Zsh ©

Zp = jwsLp + + R

+ Rp, Zs = jwsLs +

S-
“)

Solving (3), we can derive the primary- and secondary-side
resonant currents I 1 and I 5 as follows:

1 1
jwst st Cs

ZS"/I - JWSM‘/Z

_ _ oMV — ZpVs
(weM)? + ZpZs’

(WM + ZpZs

®)

For S/S compensation, the switching frequency wy is normally
set close to the resonant frequency, i.e.,

1 1
VIpCp  /LsCs

Besides, supposing the phase angle of v; is zero and denoting
the phase difference between vy and vo as fps (as shown in
Fig. 3), the primary- and secondary-side resonant voltages i
and V5 can be expressed as

(6)

wo = 27 fo =

Vi = Vi, Va = VoL Bps. (7)
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Fig. 3. Antisymmetric modulation waveforms in sector I.

Combining (3)—(7), the primary- and secondary-side complex
power can be obtained as

. L , RsV2+A; A
Si=Vi I =P +jQi= """ +ig
mvEea A, ®
Gy TVh 5= Pyt Qg = —PVZ AL Q2
2 =V2- I3 = P +jQ2 A, A,

where

Al = woM‘/l ‘/2 sin eps
Ay = woMV V5 cos Ops 9
A3 = (OJ()M)2 + RPRs.

From (8), it is seen that fps = £90° (A5 = 0) needs to be sat-
isfied to eliminate reactive power in the resonant tank. Besides, if
Ops > 0, we can have | P;| > | P,|, then the power is transferred
from the primary side to the secondary side. Conversely, for
Ops < 0, with |P;| < |P,|, the power is transferred from the
secondary side to the primary side.
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This article focuses on the power flow from the grid side
to the load side, and the system has a maximum output power
at fps = 90°. In this case, the phase angles of fp and fg are
approximately zero. With the decrease of pg, the output power
also decreases, while dp and 0g increase. For an intuitive illus-
tration, we consider fps = 90° as the initial operating point and
introduce the complementary angle of fps (denoted as Opg) to
represent the phase shift.

III. MODULATION STRATEGY

For the dual MC-based WPT system, this section will discuss
its modulation strategy. The waveforms and space vectors of the
grid-side and load-side MCs are similar due to the symmetric
structure. For brevity, the grid-side MC is used for illustration
in this section.

A. Limitations of Conventional SVM

The conventional SVM is initially applied for the current
source converter shown in Fig. 4 [29]. To implement SVM,
the three-phase voltages are usually divided into six sectors,
as shown in Fig. 5. In each sector, the top two highest line
voltages will be used to maximize voltage utilization for power
transmission. For example, in sector I, voltages vy, and —wvy,
are used.
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Based on the sector division in Fig. 5, the space vectors of the
current source converter are provided in Fig. 6. There are a total
of nine current vectors, including six active vectors (f 1+ — f6+)
and three zero current vectors (f 7 — I 9).

As the MC’s output is connected to the resonant tank, the
output current direction of the MC will change in each switching
period. As a result, six extra active vectors (I 1 — I ) have to
be used. When the primary-side current ¢, is larger than 0, the
positive current vectors I 1+ to I6+ will be used. Conversely,
when the primary-side current ¢ is smaller than 0, the negative
current vectors I;_ to I will be used.

In each sector, the current reference vector I o 1 synthesized
by two adjacent active vectors and one zero vector in a single
switching period. For instance, in sector I, positive vectors I 1+
and f2+ or negative vectors I 1_ and fg_ will be used. Also, to
minimize switching times, the zero vector I 7 will be chosen for
sector 1.

Comparing the waveforms in Fig. 4, it is seen that I, is a
dc current while 7; is an ac current. First, the phase angle of
11 will have effects on the synthesized vector fg. Second, as
the dwell time calculation for the current source converter is
based on I, the expressions of conventional dwell time will not
be applicable to the MC system. The elimination of the above-
mentioned effects will be discussed in the following parts.

B. Reactive Component Cancellation

For conventional modulation methods [18], [19], [20], as
shown in Fig. 7(a), the modulation waveform displays a half-
wave symmetric pattern, which is characterized by a shift of one-
half period and inversion. An inherent challenge of this approach
lies in the sensitivity of the synthesized vectors’ accuracy to the
phase shift p = wTp (defined in Fig. 3) between voltage v; and
current 7;. In practice, due to the load variation and component
tolerance, a phase shift will inevitably occur between v; and ¢4,
which will result in a severe distortion in the low-frequency ac

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 12, DECEMBER 2025

waveforms on either the grid side or load side, thereby raising
the THD value.

The phase-shift effect on THD can be explained by consider-
ing the reactive components generated in the resonant tank, and
a simple analysis is given in the following. As shown in Fig. 3 or
Fig.7,v;_; is the fundamental component of v; and corresponds
to the fundamental vector V1 in Section II. In addition, %1_ac
and 7; ; denote the active and reactive components of 7,
respectively. With the above-mentioned definitions, the time
domain expressions of vy 1, %1, %1_act, and 1_o can be obtained
as

v 1 = V) sin (wst)
il = I] sin (wst - UJSTP)
11 _act = 11 cos (wsTp) sin (wt)
i1 et = Iy sin (wgTp) sin (wst — g) .
If there is no phase shift (i.e., 7p = 0), we can have i} , =
I, sin(wst) and 41 e = 0. In this case, 41 consists entirely of
i1_act- If the phase shift exists (i.e., Tp # 0), i; will be composed
of both 7; , and 73 . When synthesizing the grid current, we
hope to have only %1 . to avoid distortion caused by 41 o [21].
Thus, we will check the reactive component in different modu-
lation waveforms.
For the half-wave symmetric modulation, as shown in
Fig. 7(a), the integration of v; and %; . during the intervals
(di Ty, d7T5) and (d4 Ty, dsTs) can be calculated as

Vw1 sin (wTp)

(10)

Q12 = [sin (dywTy) — sin (dowsTy)]
Wy
LIWI i ST . .
Qs — Vw1 sin (wsTp) [sin (dswT) — sin (dawsTy)] .
Ws

(1)

Considering dy = d; + 1/2 and d5 = ds + 1/2, we can con-
clude that Q15 = Q45 from (11). It is seen that the reactive
component cannot be canceled out for the half-wave symmetric
modulation.

For the periodic flip modulation, as shown in Fig. 7(b), the
half-wave symmetric modulation is executed in the first switch-
ing period. Following this, a flipped waveform is implemented in
the next switching period. Through this method, we can obtain

Qs = Vw1 sin (wsTp)

QG? =

" [sin (djwsT5) — sin (dawsTy)]
Vi sint (wiTp)

Ws

T;) — sin (dywTy)] .
12)

[sin (dgws

With the relationships of dg = 3/2 — dy and d7 = 3/2 — dy,
it can be concluded that Q15 + Q¢7 = 0, indicating the cancel-
lation of reactive components for the periodic flip modulation.

Indeed, it is feasible to cancel out the reactive component
in a single switching period. As shown in Fig. 3, in the first
half switching period, the waveform is kept the same as the
half-wave symmetric modulation. In the latter half, the half-
wave symmetric waveform is flipped, creating an antisymmetric
waveform characterized by rotational symmetry with respect to
the origin. By applying a similar integration method, we can
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time calculation [19] or current 77 is a dc component to directly
apply the dwell time expression of the current source converter
to the MC-based system [18], [20]. However, these solutions
often result in poor THD performance. It has been mentioned

(a) (b)
Fig. 7. Modulation waveforms of MCs in sector 1. (a) Half-wave symmetric waveform. (b) Periodic flip waveform.
have
Vw1 sin (wTp) . . .
Q12 = — [sin (djwsTy) — sin (daw,T})]
S
Vawdy sin (wTp) - . .
Q34 = —Q [sin (dywTy) — sin (d3wTy)] -
S

(13)

Similarly, with the relationships of d3 =1 —dy and dy =
1 —dy, it can be observed that Q15 + Q34 = 0. Therefore,
reactive components can also be canceled out for the antisym-
metric modulation, and thus the effect of the phase shift can
be mitigated. While the antisymmetric waveform has been used
in a previous study [22], the advantage of reactive component
elimination has not been revealed so far.

C. Dwell Time Calculation

Another challenge in implementing the modulation strategy
is to determine the dwell time. For a detailed exploration of the
dwell time, we first examine the fundamental components of
various modulation waveforms.

The Fourier series and fundamental components of the above-
mentioned three modulation waveforms are summarized in
Table I, where Dy = Ty /Ty and Dy = T5/T; . From the table,
it can be observed that the fundamental harmonic expressions
v 1 are identical for the periodic flip waveform and the antisym-
metric waveform. However, the half-wave symmetric waveform
includes an extra cosine item in its fundamental harmonic ex-
pression. The additional item will make the central axes of v; and
v1_1 not align for the half-wave symmetric waveform, as shown
inFig. 7(a). In contrast, the central axes of v; can align with those
of vy ; for the periodic flip waveform and the antisymmetric
waveform, as shown in Figs. 7(b) and 3. More specifically, it
can be deduced that Tjy; # Ty is for the half-wave symmetric
waveform, while 7(; = T, is for both the periodic flip waveform
and the antisymmetric waveform.

In previous studies using half-wave symmetric waveforms,
it has been typically assumed that either 71 = Ty for dwell

in a previous work [21] that an analytical solution is unavail-
able, prompting the use of numerical solvers to determine the
dwell time. Also, in the study involving antisymmetric wave-
forms [22], the zero vector time of the current source converter
has been used for resonant current scenarios.

Indeed, an analytical solution of dwell time can be found for
the periodic flip or antisymmetric waveforms by leveraging the
condition Tp; = Tpo. Next, we will determine the dwell time
and use the antisymmetric waveform as a case study. Referring
to Fig. 3, the grid current in sector I in one switching period can
be expressed as

Z‘u = |ZI| ) te (dOTZsadQTS) U (dBTZsad5T%)

Ty = — |Z]| , 1€ (doTS, leS) U (d4T57d5TS)
—li1], t € (d1 Ty, doT) U (dsTy, daT5) .

(14)

by

Since the reactive component can be canceled out, only the

active component of ¢ is considered in (14). Then, the mean val-

ues of 4, iy, and 7,, over one switching period can be expressed
as

_ 2 dr T
Ty = — I sin (wst) dt
I doT;
_ 2 les
Ty = —— I sin (wgt) dt (15)
T doTy
=2 [ nsin gt
by = —— I sin (wqt) dt.
I Ja,,

Meanwhile, to maintain a sinusoidal waveform of the grid-
side current, the average of iy, iy, and iy also needs to meet

iy = Iy cos (6)
iy = Iy cos (B, — 27/3)
iw = Igcos (0y 4 27/3)

(16)
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TABLE I
FOURIER SERIES OF VARIOUS MODULATION WAVEFORMS

Waveform Expression

Uy, t € (doﬂ)dlfi); Vuw, t € (dlﬂydzﬂ)

—vuy, L € (d3Ts:d4T‘s)7 —vuw, L € (d4T‘s»d5Ts)

0, others
kD kD
_ 421 kx| sin 217T sin 27 (vuy — vuw ) cos (kwst) +
Half-wave symmetric v, (t) = — Z k sim 9 . kDim kDom . kDom kD1 .
= Vuvy Sin 5 cos + Vuw Sin cos — sin (kwst)
D
4 sin 27r sin 27 (vay — vuw) cos (wst) +
vy (t) = = . D Dom . Dam Dyim |

T Vuy SiNn cos 5 + Vyw sin cos sin (wst)

Vuy, T € (dOTH les) U (d7Ts: dgT;) ; Vuw, b€ (leS7 dZTG) U (d6T57 d7Ts)

v (t) =

0, others
T 8 <= cos (km) km
Periodic flip v (t) = —— § sin —
i k 4

4 . Dy Do
vy (t) = — | vavsin ——= cos

Vyy Sin
Vuw SIN

n . Dam
—_ Uy Sln —— COS
2 o 2

—vy, t € (3T, dyTs) U (dioTs, diiTs) 5 —vaw, t € (daTs, dsTs) U (doTs, dioTs)

kD k(24 D
417rCOS 2+ 2)7r+

i o (e
kDor k(=24 Di)w | 5% (k 2 ‘)
CcOSs
4 4
D
Tlﬂ—) sin (wst)

Vuy, T € (doﬂ»le%); Vuw, t € (dl,delT‘s)

vi (£) = § —vuw, t € (d3Ts, dsTy);

0, others
4 i cos (km) | Yuv sin
i k

Antisymmetric vy (t) =

4 . D]ﬂ' D27T
vy (t) = — ( vuy sin —— cos
™ 2 2

—vuy, L€ (d4T‘s»d§Ts)

Vyw Sin

kD]ﬂ' sin k(1+D2)ﬂ'+

2 2
kDyr . k(1—Dy)n
S

sin (kwst)

—— + vyw sin

2 2
D D
il cos Tﬂr) sin (wst)

where I, and 0, are the amplitude and phase angle of the grid-
side current, respectively. Combining (15) and (16), we get

cos (wsdoTy) — cos (wedrTy) = 2m cos (6,)
cos (wsd T) — cos (wedoTy) = 2mcos (0, — 27/3 ) (17)
cos (wsdrT) — cos (wsdi Ty) = 2mcos (0y +27/3)

where m = 71, /(2v/211) is the modulation index of the MC.
Considering the constraint of ¢, + 4y + ¢y, = 0, only two equa-
tions are effective in (17). However, there are three variables dy),
dy, and ds to be solved, so an extra equation is required. With
Tor = Toa, we find that dy + do = 1/2. Then, the solution of
(17) can be obtained as

arccos [m cos (6)]

dy =
2

arccos [mﬂcos (0y) +2mcos (0; — 27/3 )]

d, = 5 (18)
T

™ — arccos [m cos (6,)]

dy = .
2m

Similarly, the dwell time expressions in other sectors can be
obtained, and the results are summarized in Table IT . By unifying

the expressions for dy, dy, and ds, we obtain

dy = (arccosTp)/2m

dy = [arccos (Ta + 2Tp)] /27 (19)
dy = (m — arccos Tn) /27
where
Tx = mcos [Gg - g (N — 1)}
(20

Ty = mcos [Gg - g (N + 1)]
and N is the sector location.

D. Implementation

The implementation of the proposed modulation strategy is
shown in Fig. 8. First, the grid-side voltages (vy, vy, vy) are
sampled. Through the Clarke transformation and Park trans-
formation, we can obtain the dg components (vq, vq) of the
grid voltages. After the phase-locked loop control, the phase
angle (0,) of the grid input can be obtained. Combining the grid
phase angle and the modulation index (m), the reference signals
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TABLE IT
SUMMARY OF DWELL TIME EXPRESSIONS
Sector do dy d2
| arccos [m cos (0g)] arccos [m cos (0g) + 2m cos (0 — 27/3 )] m — arccos [m cos (0g)]
27 27 2
I m — arccos [m cos (0g + 27/3)] m — arccos [m cos (0g + 27/3) 4+ 2m cos (0g)] arccos [m cos (0g + 27/3)]
27 27 2
I arccos [m cos (0y — 27 /3)] arccos [m cos (0g — 2w /3) + 2m cos (6 + 27/3)] m — arccos [mcos (0g — 2m/3)]
27 27 2T
v m — arccos [m cos (0g)] m — arccos [mcos (0g) + 2m cos (6 — 27/3 )] arccos [m cos (0g)]
2m 2m 2m
v arccos [m cos (0 + 27/3)] arccos [m cos (0 + 27/3) + 2m cos (0g)] m — arccos [m cos (0g + 2m/3)]
2m 2m 21
VI m — arccos [mcos (fg — 2m/3)]  w — arccos [m cos (0y — 27/3) + 2m cos (0 + 27/3)] arccos [m cos (6 — 27 /3)]
2m 21 21
Vu Veef u Sum Sector
' VY, >
abc _d> 0 ) Gate 1 I
" ¢ Veel_y Fan Active Dwell | Signal | nagrix 2 i
—> PLL | > —> /Zero —» . > 3 1
Sector Time Converter
Vector 4 v
Vyy dq > Vref_w
— Vq m 5 VI
6 v
Fig. 8. Implementation of the proposed modulation strategy.
l I I l I I l ] I iy [4 A/div] iv: [4 A/div] iy [4 A/div] iv: [4 A/div]
Q Q;/ Qs ili Q Q:/ Qs ili Q Qs / Qs ili ia: [2 A/div] ig: [2 A/div] ia: [2 A/div] ig: [2 A/div]
o—1Vy 2 o>y, 2 o>y, ?
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Q4( Qs{ Qv( T 04( Qs{ Qz( T Q4( Qa( Qv( T
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l I I l I I l I I vi: [70 V/div] i [6 A/div] vi: [70 V/div] i [6 A/div]
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Fig. 9. Circuit modes of the MC corresponding to waveforms in Fig. 3 with

Op = 0.(a) (0, doTy) or (doTs, Ts/2). (b) (doTs, d1Ts). (¢) (d1 T, d2T5). (d)
(Ts/2, d3Ts) or (dsTs, Ts). (e) (d3Ts, daTs). () (daTs, dsTy).
(’Ureffua Uref_v, Ureffw) are obtained

Uref_u = M cos(fg)

Uref v = 11.COS (Hg — %’r) 21
Uref_w = TN COS (9g + 2?“) .

The sector location can be determined based on the sign of
the input voltage, i.e.,

Sum = sign(vrer ) + 28ign(Vrer v) + 4sign(vper w) (22)
where
. 1 Vs >0 .
sign(vpet ;) = {0 " 1;—_ A {u,v,w}. (23)
rei_» =

Fig. 10.  Simulation waveforms. (a) Antisymmetric waveforms with BPS =
30° and Ry, = 20£2. (b) Periodic flip waveforms with eps =30° and Ry =
20 Q2.

The mapping relationship between the sum values and sectors
is shown in Fig. 8. According to the fan sector location, the
selection of active and zero vectors can be determined from
Fig. 6. Meanwhile, the dwell time of the selected vectors is
calculated using (19). With the obtained fan sector and the dwell
time, the gate signals can finally be generated for the MC through
the enhanced pulse-width modulator of the controller.

E. Circuit Modes

Based on the proposed modulation method, the circuit modes
of the MC are analyzed in this part. Taking the antisymmetric
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Fig. 11.  Simulation results of THD values for antisymmetric waveforms and

periodic flip waveforms.
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Fig. 12.  Experimental prototype of dual MC-based WPT system.

modulation waveform (see Fig. 3) as an example, the corre-

sponding circuit modes under zero input phase angle conditions
are plotted in Fig. 9.

1) (0, doTy) or (doTy, Ti/2): As shown in Fig. 9(a), current

i1 flows through Q; and Q4 in freewheeling modes and

in positive directions. In this case, the switching devices

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 12, DECEMBER 2025

conduct in one bridge arm and the MC operates with the
zero vector I.

2) (doTs, diTy): As shown in Fig. 9(b), current i; flows
through Q; and Q¢ in positive directions. The grid source
supplies power to the resonant tank, and the input voltage
of the resonant tank equals v,,. For this scenario, the MC
operates with the active vector I 1+

3) (d1Ty, doTs): As shown in Fig. 9(c), current i; flows
positively through Q; and Q5. The power supply voltage
changes from v,y to vyy, and the MC operates with the
active vector I 2

4) (Tys/2, dsTy) or (dsTs, Ty): As shown Fig. 9(d), current i1
flows through Q; and Q4 in freewheeling modes while in
negative directions. The MC also operates with the zero
vector I7.

5) (dsTs, dyTs): As shown in Fig. 9(e), current ¢; flows in
negative directions through Q4 and Q5. Meanwhile, the
power supply voltage is reversed and becomes —wvy. The
MC operates with the active vector Ip_.

6) (d4Ts, dsTy): As shown in Fig. 9(f), current i; flows
negatively through Qs and Q4. The power supply volt-
age becomes —wvy,, and the MC operates with the active
vector I 1—.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

In this section, simulation results are first provided to show-
case the comparable performance of periodic flip modulation
and antisymmetric modulation. Subsequently, experimental re-
sults are presented to demonstrate the operation of the proposed
dual MC system and the effectiveness of the proposed modula-
tion strategy. Finally, a comparison with existing research and
potential research challenges are presented.

For both simulation and experimental results, the current
THD is calculated by the ratio of the rms amplitude of all
higher harmonics to the rms amplitude of the fundamental
frequency (f,). Besides, considering the power quality standard
requirements [30], [31] and the power analyzer equipment lim-
itations [32], the maximum harmonic order is set to 50.

A. Simulation Results

The dual MC-based WPT system is built in Simulink with
parameters listed in Table III. Simulation waveforms of the
antisymmetric modulation and the periodic flip modulation are
shown in Fig. 10, displaying similar results of iy, iy, ¢4, and
1 for both modulation strategies. In addition, with the derived
dwell time, both modulation methods can have a small distortion
in the grid-side and load-side currents despite a significant phase
shift of fp and 6.

Moreover, THD values of grid-side and load-side currents
are simulated across various loads Rp and phase-shift an-
gles Opg, as shown in Fig. 11. These curves demonstrate that
both antisymmetric and periodic flip modulation can main-
tain the THD levels below 5% under a wide load range [30],
[31]. Moreover, the THD results of these two modulation
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waveforms exhibit minimal variance. The simulation wave-
forms and THD results indicate that the antisymmetric mod-
ulation and periodic flip modulation can achieve an equiv-
alent performance for the dual matrix system. For conve-
nience, we only implement the antisymmetric modulation in the
experiment.

B. Experimental Platform

A prototype of the dual MC-based WPT system is also fabri-
cated to verify the theoretical analysis, as shown in Fig. 12. The
experimental parameters are the same as the simulation model
and are given in Table III.

In the experiment, power is drawn from the three-phase grid
source through an autotransformer. Both grid-side and load-side
MCs are composed of 12 SiC MOSFETs C3M0025065 K, and
DSP28377D is used as the controller. The magnetic coupler

(©)

Measured waveforms of antisymmetric modulation with Ry, = 20 2. (a) fpg = 0°. (b) Oy = 30°. (¢) Opg = 60°.

incorporates the Litz wires (400 x 0.1 mm) and the mag-
netic cores PLT64/50/5. Three-phase inductor—resistor series
branches are used as the load. Moreover, Tektronix MDO34 is
used to display voltage and current waveforms. Power analyzers
PX8000 and WT500 are used to measure the input and output
THD values, respectively.

C. Experimental Results

First, the half-wave symmetric modulation is applied to the
system with experimental waveforms shown in Fig. 13. At
bs = 0°, where fp and s have minimal deviation, both the
grid-side and load-side currents exhibit low distortion. However,
as g increases to 30° or 60°, implicated by the changes of 0p
and 6s in Fig. 13, distortion intensifies in both grid-side and
load-side currents.
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Fig. 15.  Measured THD curves. (a) R, = 20€2. (b) R, = 15Q. (c) R, = 10Q.
TABLE III Tos (refer to Fig. 7 for definition) for the half-wave symmetric
SIMULATION AND EXPERIMENT PARAMETERS waveform. Making an approximation of 7jy; = Tj5 for the half-
wave symmetric waveform will lead to increased errors in dwell
Parameter Type/value . . . .
— time calculations, thereby deteriorating the THD performance.
ggg lflr’;flu"e‘ﬁg;g? f(‘)/g) 26( ;IIZO v Moreover, as we change the phase angle of 0pg for power
Soecificat Grid filter (L, o) 500 wH, 10 uF regulation, such as 0 = 30° or 0, = 60° in Fig. 14(b) and (c)
pectication Load filter (Cf) , 10 uF respectively, it is seen that the amplitudes of the grid-side cur-
Load inductance (L) 300 pH rents (iy, 7v) and the load-side currents (i4, ig) decrease. Unlike
Load resistance (Ry) 10/15/20 R K K
v P00 CIMO0IS06SK the half-wave symmetric modulation, even in these cases, there
OSFETs-Pri. (Q,—Q, . .. . . . 1 .
e MOSFETs-Sec. (S1-S) CAMO025065K is m1n1rpal dlstort%on in grl'd side andlload side currents when
Switching frequency (f;) 85 kHz employing the antisymmetric modulation.
Controller TMS320F28377D To further demonstrate the effectiveness of the proposed
Self inductance-Pri. (Lp)  117.2 uH modulation method, the THD values of both grid-side and
) Self inductance-Sec. (Ls) ~ 117.1 uH load-side currents are measured, as shown in Fig. 15. Regardless
Magnetic Mutual inductance (M) 30.95 uH f the load val d oh hifi 1 h . .
coupler Coil turns (np, ng) 17. 17 of the oad values and phase-s ift angles, the antlsymmetgc
Coil size (deoil) 254 mm modulation can always outperform the half-wave symmetric
Transfer distance (dgap) 100 mm modulation in terms of THD performance. In addition, it is
Theory-Pri. (Cp) 29.91 nF seen that THD values significantly increase as 0 increases for
Resonant Theory-Sec. (Cs) 29.94 oF the half-wave symmetric modulation. In contrast, by employing
capacitor Measure-Pri. (Cp) 30.11 nF . . . .
Measure-Sec. (Cs) 30.12 oF the antisymmetric waveform and the derived dwell time, both

Next, the system is operated with antisymmetric modulation,
and the corresponding waveforms are provided in Fig. 14. With
Ohs = 0°, where p and s have little shifts, the antisymmetric
modulation can also achieve a good THD performance, as shown
in Fig. 14(a). Besides, comparing Figs. 13(a) and 14(a), it is
observed that the antisymmetric modulation has less distortion in
either the grid-side or load-side current. This is because of Ty #

grid-side and load-side THD values can always maintain below
or around 5%, satisfying the IEEE standard requirements [30],
[31].

Meanwhile, the harmonic distribution results are shown in
Fig. 16. It also demonstrates that the proposed method (anti-
symmetric modulation) can significantly reduce the harmonic
component than the conventional method (half-wave symmetric
modulation). For example, as shown in Fig. 16(a), when 0pg =
0°, the fifth harmonic accounts for 3.38% with the conventional
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method, while it reduces to 0.363% with the proposed method.
With the phase-shift angle increasing, such as fpg = 60°, the fifth
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Harmonic distribution with Ry, = 20 2, measured up to the 50th harmonic and displayed up to the 20th harmonic. (a) Grid-side current i;. (b) load-side

harmonic will increase to 15.306% for the conventional method,
while it only increases to 0.65% for the proposed method.

D. Comparison and Discussion

A comparison between existing work and this study is pro-
vided in Table IV. The conventional cascaded structure [4] only
considers a dc power input. In practice, an additional ac—dc
power conversion on the grid side is required since ac power
is typically supplied. Meanwhile, an extra three-phase bridge
inverter is needed to convert the WPT output to ac power for
motor excitation. Also, electrolytic capacitors have to be used on
both sides. On the other hand, the multicoil-based structure [9]
realizes the load-side integration but is limited to motors with
trapezoidal EMF. Besides, the grid side still has a multistage
power conversion for this structure.

Previous studies on MC-based structures [11], [13], [17], [20],
[21], [23] have primarily focused on battery loads, and the MC
is normally employed on the grid side. Only two studies [12],
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TABLE IV
COMPARISON OF PREVIOUS WORK AND THE PROPOSED METHOD

In itchin lin Maximum
Ref. Type puSttructure Type Outpgiructure ?r\:qfencs c?)(e)?f?cierglt Load type THD efgcienli:y
[4] Dc Full-bridge inverter 3ph ac Bridge inverter 85 kHz 0.20 Motor N/A 88.80%
[9] Dc Full-bridge inverter 3xdc Diode rectifier 85/100/115 kHz 0.22 Motor N/A 83.58%
[11] 1ph ac Half-bridge MC Dc Diode rectifier 30 kHz N/A Battery N/A N/A
[12] Dc Full-bridge inverter 1ph ac Half-bridge MC 40 kHz 0.10 Motor 14.00% N/A
[13] Iphac Full-bridge MC Dc Active rectifier 20 kHz 0.29 Battery 4.80% 89.60%
[17] 3ph ac Half-wave MC Dc Diode rectifier 50 kHz 0.20 Battery N/A 85.00%
[18] Dc Full-bridge inverter 3ph ac Bridge MC 85 kHz 0.57 Motor N/A N/A
[20] 3phac Bridge MC Dc Diode rectifier 85 kHz 0.24 Battery 8.61% 90.00%
[21] 3phac Bridge MC Dc Active bridge 85 kHz 0.41 Battery 3.27% 95.15%
[23] 3phac Simplified bridge MC Dc Active rectifier 12 kHz N/A Battery 14.30% 88.20%
This work  3phac Bridge MC 3ph ac Bridge MC 85 kHz 0.26 Motor 1.11% 93.30%

[18] have explored the integration of MCs on the motor side.
However, the grid side still adopts an ac—dc—ac configuration
in these two studies. Our study here is a combination of the
above-mentioned MC-based WPT systems, employing MCs
on both grid and load sides, completely eliminating the elec-
trolytic capacitors and further reducing the power conversion
stages. Furthermore, the proposed modulation method in this
study can achieve a notable enhancement in THD performance
compared to previous studies. Importantly, the improved THD
performance is achieved in a wide load range for this article,
whereas earlier studies can only achieve desirable THD results
for limited load conditions.

Nevertheless, there is still considerable work ahead for this
research, particularly concerning the light-load efficiency. As
shown in Fig. 17, a maximum efficiency of 93.3% has been
achieved for the proposed system. It is worth noting that this
efficiency encompasses the entire system from the grid ac input
to the load ac output. However, this research can only realize the
output control through the regulation of 0. The variation of O
will introduce lots of reactive power in the system. While the
impact on THD can be mitigated, the reactive power will sig-
nificantly affect the system’s efficiency at light-load conditions.
Therefore, an enhanced modulation strategy is still in demand
for both THD and efficiency improvement.

Besides, the extensive use of power devices may increase
the system cost of the proposed integrated structure compared
to conventional cascaded systems. Fortunately, recent advance-
ments in wide bandgap semiconductors, along with their increas-
ing maturity, can help mitigate these cost concerns. In addition,
the recent release of commercial bidirectional four-quadrant
power devices enables more compact and efficient designs [33],
[34]. The monolithic bidirectional switching devices will greatly
simplify the MC-based system and accelerate its practical
adoption.

V. CONCLUSION

This research aims to provide an integration solution for the
WPT system with three-phase loads. Three-phase bridge MCs
are adopted on both grid and load sides of the system to enable

direct power transfer between the low-frequency ac and the
high-frequency ac waveforms. For the proposed dual MC-based
WPT system, the modulation strategy is investigated to improve
the THD performance. By comparing different modulation
waveforms, it is revealed that the reactive power effect of the
resonant tank on THD can be diminished with the periodic flip
waveform or the antisymmetric waveform. Besides, by utilizing
the alignment property of the fundamental component in these
waveforms, a precise and analytical solution of the modulation
dwell time can be obtained, which could promote the feasibility
of the proposed system. At last, a prototype is constructed to
verify the theoretical analysis, achieving a minimum THD of
approximately 1% for both grid-side and load-side currents,
along with a peak efficiency of 93.3% from the grid side to
the load side.
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