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ABSTRACT This paper presents a constant-frequency multi-variable coordinated control strategy based on a
series-series compensated dual-active-bridge wireless-power-transfer converter to eliminate real-time wire-
less feedback communication (RTWFC) and optimize efficiency. The use of switch-controlled capacitors as
the primary and secondary resonant capacitors allows the continuous change of the compensation capacitance
for the inverter soft-switching and reactance matching, respectively. The output voltage is regulated by tuning
the phase-shift angle in the active rectifier bridge. The optimal load resistance for efficiency improvement
is matched by adjusting the phase difference between the rectifier voltage and current based on the load
and mutual inductance estimation. Moreover, the phase shift of the inverter, which is load-independent,
and the coupling coefficient between the coils are positively correlated. Nevertheless, the drawbacks of the
proposed control strategy are that optimal load matching is only valid for heavy load and constant current
cannot be realized while keeping the constraint of the decoupled control. The proposed control strategy is
experimentally validated on a prototype. The efficiency improvement is 5% compared to the conventional
voltage tuning with a diode rectifier at the rated output power and in the normal position, and the peak
efficiency reaches 93.6% at a 24 V output under the coupling coefficient of 0.3. In addition, a faster transient
response was demonstrated in the proposed control strategy without RTWFC for output regulation.

INDEX TERMS Wireless power transfer, soft switching, control strategy, efficiency optimization, switch-

controlled capacitor.

I. INTRODUCTION

Wireless power transfer (WPT) has attracted increasing atten-
tion in power electronics research. Millions of wireless charg-
ers are powering smartphones worldwide. Since the WPT
system features no physical contact, safety, and convenience,
numerous studies have focused on the application of auto-
matic guided vehicles (AGVs), robotics, unmanned aerial
vehicles (UAVs), and electric vehicles (EVs) [1].

The constant current (CC) or constant voltage (CV) out-
put is preferred in different applications. Various methods,
such as the frequency tuning [2]-[7], multi-stage via extra
DC/DC converter [8]-[10], higher-order compensation net-
work [11]-[13], hybrid compensation networks [14], and
capacitor or inductor tuning [15]-[23], have been studied to
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modulate the output of WPT systems. Voltage and frequency
tuning are the two main methods for controlling the out-
put under various coupling coefficients and load conditions
[3]. In addition to the basic function of the output regula-
tion, the power transfer efficiency is another key factor in a
power electronics system. Zero-voltage-switching (ZVS) on
the inverter switches and zero-phase-angle (ZPA) between
the inverter output voltage and current have been studied
in [7], [9], [15] to improve the efficiency. Besides, various
impedance matching methods have been used to compensate
for the variation in resonant elements from the misalignment
of coils, environmental effects, ambient temperature, load
conditions, aging, etc. [15]-[23]. The continuously tuned
capacitance using the switch-controlled capacitor (SCC) was
implemented on the series-series (SS) compensation network
in [15], [16], [22], [23] and Inductor-Capacitor-Capacitor-
Series (LCC-S) compensation network in [17], [18] to tune

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 55381


https://orcid.org/0000-0001-6548-9167
https://orcid.org/0000-0001-9662-9353
https://orcid.org/0000-0001-6640-8955

IEEE Access

J. Li et al.: Multivariable Coordinated Control Strategy for Efficiency Optimization Without RTWFC in WPT

TABLE 1. Comparison to the literature.

Reference Compensat  Noextra  Active | CC&CV  Inverter soft No wireless feedback Optimal load matching Reactance
ion DC/DC  rectifier | output switching communication Narrow range | Wide range compensation

[4] SS v v x v x v x

[5] Ss v v v v v x x x

[23] Ss v v % v x v v v
[24][25] SS x x x V V x x x
[26] LCC-LCC x V x ¢ V x x x
[271128][32] SS \ \ x v \ x x x
[29][30] SS \ x N \ \ x x x
[31] SS v x v x \ x x x
This study SS \ \/ x R \ R x v

the impedance. The efficiency varies with the equivalent load
resistance, and there is an optimal load resistance to achieve
higher efficiency. Thus, the phase shift of the active rectifier
is adjusted to match the optimal load in [23] to improve
efficiency.

Nevertheless, all the above solutions rely on real-time
wireless feedback communication (RTWFC) for the output
regulation. The long propagation delay in wireless commu-
nication can result in control stability and reliability issues.
A dual-side control based on the LCC-SP compensation
network was proposed in [8] to regulate the output cur-
rent and voltage by modulating the secondary extra DC/DC
converter. Both the CC and CV outputs with the ZPA of
the inverter were realized on a series-parallel series (S-PS)
compensation network without feedback communication [9].
However, the inverter input voltage should be adjusted to
deliver the rated power with the CV mode, indicating that
an extra DC/DC stage is required to modulate the inverter
input voltage. An extra DC/DC stage was employed for
the primary-side control in [24] and secondary-side control
in [25], to eliminate wireless feedback communication. How-
ever, the extra DC/DC stage deteriorates the power density
and adds additional costs and power losses. An active rectifier
was implemented in [26]-[28] to regulate the output voltage
without wireless feedback communication to the primary
side. Various control methods were studied in [29]-[31] to
regulate the output in a single-stage converter with a passive
rectifier without RTWFC. Nevertheless, neither the optimal
load matching nor the impedance compensation has been
realized to improve the power transfer efficiency.

To address the aforementioned drawbacks, this study pro-
poses a control strategy based on an SS compensation net-
work and a dual-active-bridge (DAB) converter to provide
a CV source. A comparison of the key features between
this study and previous publications is presented in Table 1.
Multivariable are coordinately controlled to achieve a CV
output over various load conditions and magnetic couplings
with efficiency optimization. Therefore, the proposed control
strategy cannot accomplish a CC output while keeping the
constraints of the decoupled control and efficiency optimiza-
tion. In addition, the optimal load matching helps to enhance
the efficiency in heavy load conditions, although it turns
to be invalid in light load conditions due to the limitation
of phase-shift regulation. The proposed system is suitable
for a variety of applications, such as the power supplies
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FIGURE 1. Circuit of DAB converter with SS compensation network.

for cleanroom equipment and rotating equipment without a
wire connection. The main contributions of this study are as
follows:

1) This paper proposes a novel multi-variable coordi-
nated control strategy for the SS compensated WPT system.
Both efficiency optimization and decoupled control without
RTWEFC are realized to achieve a CV output over various
load conditions and magnetic couplings in a single-stage
converter.

2) The inverter phase shift is constant for different load
conditions and is adjusted to adapt to various magnetic cou-
pling conditions. The SCCs are adopted in both the primary
and secondary resonant capacitors for soft switching and
impedance tuning, respectively.

3) A unique relationship among multi variables on the
secondary side, such as the phase shift of the active rectifier,
the phase difference between the active rectifier voltage and
current, and the phase of the secondary SCC, is established
to realize the output regulation, as well as the optimal load
matching in heavy load conditions and reactance compensa-
tion over various magnetic coupling conditions for efficiency
optimization.

The remainder of this paper is organized as follows.
Section I reviews the basic SS compensation topology
and presents the proposed constant-frequency multivariable-
coordinated control strategy. The implementation of the
proposed control strategy is described in Section III. The
theoretical analysis is verified on a prototype, and the mea-
surement results are presented and discussed in section IV.
Section V concludes the paper.

Il. PROPOSED CONTROL STRATEGY BASED ON SS
COMPENSATION TOPOLOGY

A. DAB CONVERTER WITH SS COMPENSATION NETWORK
The system schematic of the DAB converter with the SS com-
pensation network is shown in Fig. 1, which contains the input
voltage source Vin, input filter capacitor Ciy, full-bridge
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FIGURE 2. Equivalent circuits.
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FIGURE 3. Definition of different phase angles.

inverter, a series resonant capacitor on the transmitter side
C;, transmitter coil L, receiver coil Ly, a series resonant
capacitor on the receiver side C;, full-bridge active rectifier,
output filter capacitor Cour, and output load resistor Ry.. k
is the coupling coefficient between the transmitter and the
receiver coils and varies according to the relative position
between the transmitter coil and the receiver coil.

M
v LiLy

where M is the mutual inductance between transmitter coil
L; and receiver coil L. The resonant frequency w; of the
transmitter coil and primary resonant capacitor is set to be
the same as those of the receiver coil and secondary resonant
capacitor to boost the power transfer capability.

k:

ey

1 1
VL1 Cy N VI Cr

An equivalent circuit of the schematic of the system is shown
in Fig. 2. The inverter output voltage Vap is simplified to V
based on fundamental harmonic approximation (FHA).

(@)

wy = 21f, =

242
wzfgmmw 3)

where 2« is the phase shift angle of the full-bridge inverter.
Different phase angles in the inverter and rectifier are indi-
cated in Fig. 3. The full-bridge receiver impedance Z, includ-
ing the load resistance Ry, is expressed as:

Ze = R. + jX. 4

Re = 5 Rycos(p)sin(B) ®)
T

X, = & RusinCy)sin (B) ©)
T
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where 28 is the rectifier phase-shift angle and ¢ is the phase
difference between the rectifier voltage and current.

X,
¢:mm(5>. ™

By solving R, and X, the solution of f is resolved,

|72 R2 + X2
= asi ——F . 8
B = asin 8RR, ®)

The impedances of the transmitter resonant LC network and
the receiver resonant LC network are
Zy = R +jXi ©)
Zy = Ry + jXa, (10)
where R is the equivalent resistance of the transmitter coil

and resonant capacitor, R; is the equivalent resistance of the
receiver coil and resonant capacitor, and

1
X = wl — 11
1 = wsly onC (11)
1
X = wdy — . 12
2 = wsly oo (12)

Therefore, the receiver network impedance can be derived,
Zout = Rout +onut = R2 + Re +j (XZ + Xe) . (13)

When reflecting the receiver network impedance to the
transmitter side in Fig. 2, the reflected impedance can be
derived according to reflection theory:

(wsM)?
Zrefﬂect = . (14
Zout
The input impedance seen by the inverter is
Zin = Riy +inn =7+ Zreﬂect- (15)

The phase difference 6 between the inverter voltage Vap and
inverter current I can be expressed as

Xin

0 = arctan | — | . (16)
in

Based on Kirchhoff’s voltage law, the voltage equation in

Fig. 2 can be derived as

Z jwsM
. 1 JWs I _ V1 a7
]wsM Zows _12 0
where I; is the current of the transmitter coil, and I, is the

current of the receiver coil, both can be derived by solving
(17) as follows:

ViR +R, +j(Xe + X))

I, = 3 - - (18)
(wsM)” + (Ry +jX1) (R2 + Re +j (Xe + X2))
jwsMV
I,= . JOSTTL : . (19)
(wsM)” + (R1 +jX1) (R2 + Re +j (Xe + X2))
The power transfer efficiency can be expressed as,
L xR
n= 2 *Re (20)
Re (VI1%)
55383
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which can be simplified as,

(wsM) R,

1T (@sM)> Ry + Ro) + Ry ((Ro + R + X + X))
1)

The following conditions, derived by solving the derivatives
of X, and R,, respectively, should be met to maximize the
power transfer efficiency:

X +X, =0 (22)

2 R 2
Reopr = | (w0sM) R + R3. (23)

The rectified output voltage Vo is

T

Vo=Vi—— "
07 202 e¢sin (B)

(24)

B. PROPOSED CONTROL STRATEGY
The proposed control strategy aims to eliminate RTWFC in
the feedback control loop during the power transfer. Con-
ventionally, the output voltage is measured and sent to a
primary controller via real-time wireless communication for
output regulation. Instead, an active rectifier is utilized to
regulate the output in the receiver, and the control in the
transmitter and receiver is decoupled. Besides, the phase
difference between the rectifier voltage and current is adapted
for optimal load matching, and dynamic capacitance tuning
is implemented for reactance compensation in the resonant
networks of both transmitter and receiver. However, wireless
communication is adapted to exchange information between
the transmitter and receiver for initialization, where the prop-
agation delay from wireless communication is much less
critical than feedback control in the power transfer state.
According to (24), the phase angle 8 can be used to regulate
the output voltage, because both 8 and ¢ contribute to R,
according to (5), and (23) limits the optimal equivalent load
resistance, and the optimal phase angle ¢ for maximized
efficiency can be solved by solving (5), (6), and (23):

Ry
_ X, .25
® atan( \/Rz ((a)sM)2 TR ~R2)> (25)

Hence, both § and ¢ are fixed for proper output voltage and
optimal efficiency, respectively. To fulfill the constraint in
(22) for efficient power transfer, X» should be adjustable to
match the rectifier network impedance.

The output power is calculated as follows,

Pous = I3R,. (26)
Substituting (19) and (23) into (26) and assuming Ry = 0 and
R, =0,

8 a)SMVI%\, sinz(a)

Pout = — 2 INZT
out 72 (CL)SM)2 +X12

27
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On the transmitter side, the phase ¢ between the rising edge
of the inverter output voltage Vap and inverter current Ij is
expressed as

T
8:9—E+a. (28)

The inverter current I; should lag the rising edge of the
inverter output voltage Vap for soft-switching of the inverter
switches. In other words, the phase difference ¢ should be
positive (i.e., € > 0) to maintain ZVS. Therefore,

b4

The phase-shift 2o of the full-bridge inverter meets the fol-
lowing constraints,

0<2x<m. (30)

By combining (16), (27), and (29) into (30), the constraints

on the mutual inductance M are derived as follows:
<l Ve

~ 2 wsPoys

(€29)
It is assumed M, is the maximum mutual inductance, which
is defined at the specified input voltage and rated output
power, and k,,, is the maximum possible coupling coeffi-
cient. Thus, although the positions between the transmitter
and receiver coils might vary, both My« and the maximum
coupling coefficient kpax are unique for a given system. The
ratio x is defined as follows:

M k
x = = — (32)
Mmax kmax
8 \%
Mgy = — —2 (33)

n? s Pout.rated ’
By solving (16), (27), and (29), the relationship between «
and k is derived and plotted in Fig. 4.

” (o)
o = — —atan —-1]. (34)

kmax

As shown in (34) and Fig. 4, a specific coupling coefficient
corresponds to a specific inverter phase-shift angle 2«, and
the inverter phase shift is independent of the load conditions.
Therefore, the inverter phase shift 2« and the coupling coef-
ficient k between the coils are positively correlated, and the
inverter phase shift remains constant under various load con-
ditions in the proposed control strategy. When the positions of
the primary and secondary coils are fixed, the mutual induc-
tance and coupling coefficient can be measured during the
initialization state before the power transfer, and the inverter
phase-shift angle will be available according to (34) at a spe-
cific position. Moreover, an additional control variable in X
should be available to tune the phase difference between the
inverter voltage and inverter current via impedance matching
under various load conditions and misalignment situations.
Based on the previous analysis, both X; and X, should
be tunable to achieve optimal load matching, receiver net-
work impedance matching, and soft switching of the inverter

VOLUME 10, 2022
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FIGURE 4. Characteristics between phase-shift angle and k.
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FIGURE 5. System circuit with the SCC.
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switches. Therefore, SCC is applied to the resonant capaci-
tor on both the transmitter and receiver sides. As shown in
Fig. 5, the resonant capacitor Cy is replaced by capacitor Cpy,
capacitor Cy1, and a bidirectional switch including Sjs and
Si6- Similarly, the resonant capacitor C; on the receiver side is
replaced by capacitor Cp, capacitor Cy2 and a bidirectional
switch including Sos and So6. The parallel configuration of
the SCC is implemented to reduce the current through the
bidirectional switch, since the coil current has two branches
through Cp; and Cq; respectively when the bidirectional
switch is ON. However, the bidirectional switch shares the
same current with a coil in the series configuration of the SCC
with Cp; when the bidirectional switch is ON, although the
voltage rating of the bidirectional switch is reduced in case
the bidirectional switch is OFF. The phase overlap angles
of the bidirectional switches are respectively 26 and 2p on
the transmitter and receiver sides, respectively, as shown in
Fig. 6. The resulting LC impedance in the transmitter and
receiver can be derived as

Xi = oLi - - 35)

ws (C1 + Cq15in(8))
1

Xy = wgly — (36)

ws (C2 + Cazsin(p))

The steady-state operating waveforms of the proposed con-
trol strategy are presented in Fig. 6. On the transmitter side,
the full-bridge inverter consists of four switches, Sii, Siz,
Si3, and Sia, driven by gate signals gil, gi2, gi3, and gi4,
respectively. Gate signals gil and gi4 are complementary.
Gate signals gi2 and gi3 are complementary, and gil leads
gi2 by 2«, resulting in an inverter phase shift angle 2«. The
fundamental harmonic component Vi of the inverter output
voltage Vap leads inverter output current I} by 6. On the
receiver side, the full-bridge active rectifier consists of four

VOLUME 10, 2022
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FIGURE 6. Operating waveforms of the proposed control strategy.

switches So1, So2, So3, and Sp4, controlled by gate signals
gol, go2, go3, and go4, respectively. The gate signals gol
and go4 are complementary, whereas the gate signals go2 and
go3 are complementary, and go2 leads go1l by 2, resulting in
the rectifier phase-shift angle 2. The fundamental harmonic
component V, of the rectifier input voltage Vcp lags the
rectifier input current Iy by ¢. Switches Sjs and Sj¢ act as a
bidirectional switch under the control of PWM driving signals
gi5 and gi6, and the phase overlap angle is 2§. Similarly,
switches So5 and Sog act as bidirectional switch under the
control of PWM driving signals go5 and go6, and their phase
overlap angle is 2p. The operating principle of the SCC is
described in detail in section III-A.

The proposed control strategy aims to achieve multi-
objective optimization, such as power transfer efficiency,
capability, distance, misalignment tolerance, passive com-
ponent tolerance, and elimination of RTWFC. The opti-
mal equivalent load resistance R,opr and receiver reactance
matching criteria are derived by solving the derivatives of
the efficiency formula. The rectifier phase-shift angle 2 is
adjusted to regulate the output voltage, and the phase angle ¢
is adopted to match the rectifier resistance with the optimal
load resistance for efficiency improvement. Thus, it can be
solved according to (5) and (23) based on the estimation of
the load resistance Ry, and mutual inductance M,

e 6
sin(BvV8\ R\ R |

55385
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There exist two solutions for ¢, however, to ensure soft-
switching of rectifier switches, the rectifier current I should
lead to the falling edge of the rectifier voltage Vcp, meaning
that I always lies on the left of V> in Fig. 6 for optimal
load matching. The active rectifier becomes capacitive. Thus,
the value of ¢ is negative and the solution of ¢ becomes
unique. In addition, the following criterion is always met for
the optimal load matching:

cos(p) < 1. (38)

The control variable p can tune the impedance of the res-
onant capacitor on the receiver side, resulting in variable
impedance X,. The target X, is used to compensate for
the impedance resulting from (6). Finally, the receiver net-
work impedance becomes purely resistive, and the phase p is
solved by combining (6), (22), and (37), as shown (39), at the
bottom of the next page.

On the transmitter side, once the mutual inductance M is
estimated, the inverter phase-shift angle 2« can be calculated
using (34). The control variable § is used to dynamically
tune impedance X1, resulting in soft switching of the inverter
switches. The control variable § can be derived by solving
(16), (29), (33), and (35).

. 1 1
S=asin | — —-C1
c
a1 ws (Cl)sLl — —M;)":” x3 — xz)

(40)

In summary, the control of the transmitter and receiver sides
is decoupled by the independent modulation of the control
variables separately, resulting in the elimination of RTWFC.
Therefore, control stability and reliability issues arising from
the long propagation delay in real-time wireless commu-
nication can be addressed. The inverter phase-shift angle
is adaptive to the variation in the magnetic coupling, and
phase & controls the impedance matching for soft-switching
of inverter switches, which results in the regulation of power
transfer. The rectifier phase-shift angle and the phase dif-
ference between the rectifier voltage and current are used
to efficiently deliver the required output power, and phase
p controls impedance matching to minimize the reactive
power in the resonant receiver network. The disturbance of
magnetic coupling from the distance variation and misalign-
ments between coils is compensated by regulating the tunable
resonant capacitors of the transmitter and receiver sides.
Although the control of the transmitter and receiver sides
is decoupled with no RTWFC during the power transfer, the
control variables affect each other. On the receiver side, the
phase-shift angle 28 of the active rectifier is utilized to reg-
ulate the output voltage, while it changes the equivalent load
resistance R, according to (5); therefore, the phase difference
between the rectifier voltage and current should be controlled
to tune R, to match the optimal load resistance in (23).
In addition, the equivalent load reactance X, in (6) is adjusted

55386
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FIGURE 7. Circuit diagram of the PWM controlled capacitor.

by both the phase-shift angle 28 and the phase difference ¢.
The loop reactance in the receiver can be compensated, as in
(22) and (36), by tuning the phase p in the variable resonant
capacitor. Therefore, the control variables on the receiver side
are coupled in the proposed control strategy. On the other
hand, the inverter phase shift 2« and the coupling coefficient
between coils are positively correlated. Thus, the inverter
phase shift 2« is uniquely defined under specific magnetic
coupling conditions and load independence. Moreover, (29)
should be satisfied to maintain ZVS for inverter switches,
where the phase difference 6 between the inverter voltage and
current is tuned by adjusting phase § in the variable resonant
capacitor according to (9), (15), (16), and (35).

IIl. IMPLEMENTATION OF THE PROPOSED CONTROL
STRATEGY

As shown in Fig. 5, SCC is used to tune the effective
impedance of the resonant capacitor dynamically and con-
tinuously. The circuit diagram and operation of the SCC are
analyzed in detail. Moreover, control strategies are imple-
mented on both the transmitter and receiver sides. Besides,
the mutual inductance estimation method is adopted in the
proposed control strategy for efficiency optimization.

A. OPERATION OF THE VARIABLE CAPACITOR

A circuit diagram of the SCC is shown in Fig. 7, and the
operating waveforms are shown in Fig. 8. Two N-MOSFETs
are connected in series to act as a bidirectional switch. A tun-
ing capacitor Cq; is connected to the bidirectional switch in
series, and both Cq; and the bidirectional switch are con-
nected to the primary resonant capacitor Cp in parallel. The
resulting equivalent capacitance Cj. can be represented as

Cie =1 (Ca1,8) + Cp1. (41)

The operating waveforms of the bidirectional switch are
presented in Fig. 8, where the drain-source voltages for both
switches are denoted as Vpis and Vpas, respectively. The
drain-drain voltage of the bidirectional switch is denoted as
Vsi, and dual MOSFETs are controlled by different PWM
signals with a 180° phase shift. The waveform of Vg shows
that switch Sjs is turned on and off at zero drain-source
voltage, while the waveform of Vpyg shows that switch Sig is
turned on and off at zero drain-source voltage. The plot of Vs;

VOLUME 10, 2022
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FIGURE 8. Operating waveform of the SCC.

is the sum of Vps and Vpys. The condition that the middle of
the OFF time of the PWM signal aligns with the zero-crossing
point of I should be satisfied to ensure ZVS operation for
both MOSFETsS in the bidirectional switch. In addition, the
ON duration of both PWM signals is (r + 26).

The equivalent capacitance of Cq; with a bidirectional
switch can be calculated as follows:

C A0 (42)
dleqg = 75—

“ AVear eq
where AQ is the charge change in Cyq; and AVcgieq is
the equivalent voltage change of Cq4; during a quarter of T
(t1 — t3). Because the series-connected Cq; and the bidirec-
tional switch are connected to Cpy, the equivalent voltage
change over Cq; is equal to the voltage change over Cp;:

AVegl eq = Ve pk- (43)

The voltage over Cq; (Vcq1) remains unchanged during
(t1 — t2). The voltage change of Vcq; occurs during (t2 — 13)
and can be obtained as

40 T T T T T T

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
6(-)

FIGURE 9. Relationship between equivalent capacitance and control

angle 3.

The voltage over Cy; at #3 equals the voltage over Cpy since
the bidirectional switch is turned ON under ZVS operation at
the same time,

AVear = Ve prsin(d). (45)

Combining (42), (43), (44), and (45), the equivalent capaci-
tance Cgieq Can be derived as

Ca1 eq = Ca15in(9). (46)

The relationship between the equivalent capacitance over the
PWM phase and duty cycle is shown in Fig. 9. (46) can be
rewritten as,

Cire = Ca15tn(8) + Cp1. 47

When the PWM signals are continuously ON, i.e., § = 7/2,
the equivalent resonant capacitance reaches its maximum
value.

Cleﬁmax = Cpl + Ca1. (48)

When the PWM signals are always OFF, i.e., § = 0, Cq; is
disconnected from the resonant network. Thus, the equivalent
resonant capacitance reaches a minimum value,

Cleﬁmin = Cp] s (49)
the PWM phase § is within the range,
0<6< % (50)

B. TRANSMITTER SIDE CONTROL SCHEME

The transmitter-side control scheme is plotted in Fig. 10, and
the control variables on the transmitter side are the phase-shift
angle 2« and the PWM phase angle §. The inverter phase-
shift angle 2« is load-independent and corresponds only to
the magnetic coupling condition between the transmitter and
receiver coils. Then, the phase-shift angle 2« can be cal-

AVt = A_Q (44) culated by the phase-shift adaptation module according to
cat = Car’ (34), which generates four PWM driving signals for driving
. 1
o = asin n L) . (39)
d2 %a)SRLsin <2acos (Sin(ﬁ)«/g %)) sin2(B) + w3y
VOLUME 10, 2022 55387
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inverter switches. The value 6 is obtained by detecting the
gate signal gil and the zero-crossing signal of the inverter
current and combining the actual phase-shift angle 2. The
reference value Bt is (% — ), and the difference between
the actual 0 and 6yr is fed to a proportional-integration (PI)
controller. The PWM modulator generates PWM signals with
a phase overlap of 2§ to drive the bidirectional switch in
the SCC. Finally, impedance X is tuned by the transmitter
control loop for inverter’s soft switching.

C. RECEIVER SIDE CONTROL SCHEME

The receiver-side control scheme is plotted in Fig. 11, and
the control variables on the receiver side are the phase-shift
angle 28 of the full-bridge rectifier, the phase difference ¢
between the rectifier voltage and current, and the PWM phase
angle p of the bidirectional switch in the SCC. V is sensed
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and compared to the reference, and a PI controller controls
the difference by tuning the rectifier phase-shift angle. The
load-matching block is implemented to match the equivalent
load R to the optimal load Reopt for maximum efficiency,
where the phase difference is calculated according to (37).
The load resistance is calculated from the measured output
voltage and current. The zero-crossing signal I, of the
rectifier current is obtained by measuring the resonant current
of the receiver. The PWM modulator generates four PWM
signals with a phase-shift angle of 28 and phase difference
¢. The impedance-matching block tunes the impedance X>
by modulating the PWM phase angle p to compensate for the
rectifier reactance X,, resulting in purely resistive impedance
of the receiver network. Similarly, the PWM modulator gen-
erates PWM signals with a phase overlap of 2p to drive the
bidirectional switch in the tunable resonant capacitor.

D. SYSTEM WORKFLOW AND ESTIMATION OF MUTUAL
INDUCTANCE
Fig. 12 shows the system workflow and the estimation pro-
cedure for mutual inductance. The proposed control strat-
egy eliminates RTWFC in the control loop of the output
regulation during the power transfer state. There exists an
initialization state before the power transfer, and both the
transmitter and receiver can exchange information, including
the mutual inductance M, via wireless communication in the
initialization state. The mutual inductance is estimated in the
initialization state, whereas the calculation of specific control
variables is performed in the power-transfer state. Moreover,
the control of the transmitter and receiver sides is decoupled
by the independent modulation of the control variables sepa-
rately. Therefore, the calculation burden is relatively accept-
able, and the digital controller TI TMS320F28335 is adopted
to implement the control strategy on both the transmitter and
receiver.

Mutual inductance, which is one of the critical parameters
required in the proposed control strategy, varies according to
the change in the relative position between the transmitter and
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the receiver coils. Therefore, it is necessary to estimate the
mutual inductance to implement the proposed control strat-
egy. A simple estimation algorithm combining the method
in [23], [32] is formulated. The inverter output impedance can
be calculated according to (9), (13), (14), (15), and (16):

(wsM)*
Ry +R. +](X2 +Xe) ’
Both resistance R. and reactance X, can be eliminated by
shorting S,3 and Sy4. Besides, X; and X5 can be eliminated by
sweeping the switching frequency to the resonant frequency,

resulting in a phase synchronization between Vap and 1.
Therefore, the impedance in (51) can be simplified as

\% wsM)?
Vi _g, g M)
I R

Assuming the input power is equal to the inverter output
power,

Vi .
1—149 =R +jX + (51)
1

(52)

V]I]COS(@) = VINIIN- (53)

The inverter phase-shift angle is maximized by setting o =
7, and the inverter output voltage in (3) becomes

242
Vi=—>Vw. (54)
T
According to (52) and (53), (51) can be represented as
Vi 8 Vinv (wsM )2
—=——=R; + ———. 55
L= 2 I 1+ R (55)
Therefore, the mutual inductance can be obtained by
solving (55),
1 8 V
M=—\/<—2ﬂ—R1)R2. (56)
[ON v I[N

The estimation of M follows the flowchart in Fig. 12. First,
the transmitter communicates with the receiver to short Sy3
and So4, both switches Sis and Sj¢ are switched OFF in the
initialization state, while switches Sy5 and Sy¢ are driven by
the switching signals with a phase p of 0.253 to generate the
same capacitance of the secondary variable resonant capaci-
tor with Cje. Thus, both the primary and secondary networks
can be tuned to an identical resonant frequency based on iden-
tical coil inductance. Then the resonant condition on the pri-
mary side is tuned by sweeping the switching frequency, and
M is calculated according to (56). This measurement error
causes a certain deviation in the calculated mutual induc-
tance. Fig. 4 shows that the phase-shift angle varies slowly
along with the specified k range of 0.2 to 0.3, and the ZVS
of the inverter switches is maintained by the dynamically
tuned resonant capacitor. Thus, the accuracy of the mutual
inductance estimation has a minor influence on primary-side
control. As shown in Fig. 11, the output voltage is regulated
by adjusting the phase-shift angle, which is irrelevant to M
estimation. However, the optimal load resistance is approxi-
mately proportional to the mutual inductance in systems with
identical transmitter and receiver coils. Therefore, the effect
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FIGURE 13. Experimental prototype.

of optimal load matching will be attenuated by low M estima-
tion accuracy. The transmitter sends the calculated M to the
receiver via wireless communication during the initialization
state. Moreover, the receiver is static for wireless charging
once it aligns with the transmitter coil, and M is not updated
during power transfer. However, the method of online M
estimation during power transfer can be further developed to
enable WPT while the coils move.

IV. EXPERIMENTAL VERIFICATION

To verify the analysis of the proposed multivariable coordi-
nated control strategy, an experimental prototype was built
as shown in Fig. 13 to conduct experiments, and the param-
eters implemented in the experimental prototype are listed
in Table 2. The proposed system is developed to wirelessly
power cleanroom equipment with a constant voltage. The
transmitter and receiver share identical hardware, includ-
ing the controller board, power board, and coils. An off-
the-shelf development board with a digital controller TI
TMS320F28335 is adopted as the control board. The proto-
type is powered by a DC power source, the electronic load
is used to simulate the load resistance, and the operating
waveforms are captured using an MDO3024 oscilloscope.

A. MEASURED WAVEFORMS
The experimental waveforms of the inverter, rectifier, and
tuning capacitor in the proposed system are shown in Fig. 14.
Vap is the inverter output voltage, I; is the inverter output
current, Vcp is the rectifier input voltage, and I is the rectifier
input current. Moreover, gi5 and go5 are the gate-driving
PWDM signals for switches Si5 and So5, respectively. Vs, is the
drain-drain voltage of the bidirectional switch consisting of
Sos and Sy6. Vs;i is the drain-drain voltage of the bidirectional
switch consisting of Sj5 and Sj¢. The waveforms in the left
column show the operation of the inverter and rectifier, and
those in the right column show the operation of the SCCs.
Fig. 14 (a) and (b) are measured at full load and
under the maximum coupling coefficient of 0.3, whereas
Fig. 14 (c) and (d) show the results at a 67% load. The
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coupling coefficient is 0.3 when the distance between the input current /> leads to the rising edge of the rectifier input
transmitter coil and the receiver coil is 35 mm. The rectifier voltage Vcp for soft switching and optimal load matching.
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TABLE 2. List of circuit parameters.

Parameters Symbol Value
Self-inductance of primary coil Ly 36.09uH
Self-inductance of secondary coil L, 36.09uH
Coupling coefficient k 0.2-0.3
Primary resonant capacitor Coi 70nF
Secondary resonant capacitor Cn 60nF
Primary tunable capacitor Cu 50nF
Secondary tunable capacitor Ca 40nF
Load resistance R; 8-16Q
Input DC voltage Vin 24V
Rated output power P ot rated T2W
Output DC voltage Vo 24V
Switching frequency 1 100 kHz
Bridge MOSFETSs Sir -Sia BSCO097NO6NS
Tuning MOSFETSs Si5-Sis BSCI3DN30NS

Diode in the rectifier - V10P10-M3/86A

The loop reactance of the rectifier network is compensated by
tuning the effective resonant capacitance via on-time control
of switches Sys5, and Sp6. On the transmitter side, the phase-
shift angle is maximized to 7 under the designed maximum
mutual inductance. Theoretically, the inverter output current
I should align with the rising edge of the inverter output
voltage Vap for soft-switching. Nevertheless, owing to the
existing parasitic capacitance and inductance, the exact con-
trol of the phase alignment is difficult. Therefore, the phase
difference between the rising edge of Vap and inverter output
current is set to 10° for robust operation. When the output
power decreases, the phase-shift angle of the inverter remains
constant, as shown in Fig. 14 (a) and (c), as expected, and
the phase-shift angle of the active rectifier is tuned by a PI
controller to regulate the target output voltage, while the on-
time of gi5 increases to regulate the phase difference between
11 and Vzp for soft switching.

Fig. 14 (e) and (f) are measured at full load and under
misalignment, whereas Fig. 14 (g) and (h) show the results at
a 67% load. The coupling coefficient is 0.2 when the distance
between the transmitter coil and the receiver coil is 48 mm.
The inverter phase shift is reduced to 129° at this specific
coupling coefficient. Moreover, the inverter output voltage
Vs still leads /1 owing to the dynamic capacitance tuning in
Fig. 14 (f). Meanwhile, I, leads Vcp for optimal load match-
ing and soft switching, and the dynamic capacitance is tuned
by go5 and gob6 for reactance matching, resulting in a purely
resistive receiver network. As shown in Fig. 14 (e) and (g),
the inverter phase shift remains the same under reduced
power; nevertheless, the rectifier phase shift is reduced to reg-
ulate the output voltage. Moreover, inverter switches always
operate under soft-switching under the dynamic impedance
compensation of capacitance tuning by gi5 and gi6. However,
the rectifier switches are hard switching because /> and Vcp
are in phase.

Note that a minimum phase-shift angle of the active recti-
fier exists for optimal load matching owing to (38),

wsM

T
Bmin = asin % R, (57)
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FIGURE 15. Experimental waveforms of the inverter, rectifier, output
voltage and current at startup, (a) overview, (b) zoomed at 1.32 ms,
(c) zoomed at 3.88 ms.

Therefore, the phase-shift angle 28 of the active rectifier
decreases with increasing load resistance, and when B is
smaller than f,,;,, optimal load matching is not achievable,
as ¢ becomes purely imaginary. However, reactance com-
pensation of the receiver network is still feasible by tuning
the resonant capacitor and setting ¢ to zero. Optimal load
matching is not achievable in Fig. 14 (c) and (g); thus, /> and
Vep are in phase. Therefore, hard switching occurs on the
rectifier switches.

B. TRANSIENT RESPONSE AND SOFT-SWITCHING

The transient behaviors at the startup and load-step are stud-
ied under misalignment and are presented in Fig. 15 and
Fig. 16, respectively. The waveforms of the output voltage
show slight overshoot and undershoot in a short response time
at the startup and load-step, respectively. Thus, the control

55391



IEEE Access

J. Li et al.: Multivariable Coordinated Control Strategy for Efficiency Optimization Without RTWFC in WPT

b P Y g e e e e

‘ VCD[ZSdJﬁV] B o [4 ms/div]
(a)

Zoom Factor: 2kX

s [25 Vidiv
% !

1 A/dlv]

A
Vep[25 V/div]

v %9

[2 us/div]
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voltage, and current at load-step from 1.5 A to 3 A, (a) overview,
(b) zoomed at —2.47 ms, (c) zoomed at 2.43 ms.

loop of the output regulation is stable. The receiver phase
shift is set to its maximum value 7 by default for a fast
response at startup. Therefore, this initial beta value is /2.
As shown in Fig. 15, when the output voltage is close to the
reference value, the PI controller regulates the output voltage
by tuning the receiver phase shift to a proper value. The
transient response of the current load-step IoyT from 1.5 A
to 3 A in Fig. 16 presents a 1.8 ms recovery time, which is
much faster than that of 42 ms with RTWFC in [18].

The dynamic response of the SCC is measured with the
8 values from 0.408 to 0.204 and plotted in Fig. 17, where
the phase overlap between the driving signals gi5 and gi6
changes accordingly. Meanwhile, the amplitude of the drain-
drain voltage Vs; increases quickly and the waveform of
Vsi remains sinusoidal. Moreover, both driving signals of
the SCC are synchronized to the zero-crossing signal of the
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inverter current, as shown in Fig. 17, where no spike occurs
on the current Icq because soft-switching is realized in the
switches of the SCC, even during the step disturbance.

The soft-switching operation of the switches in the
inverter, rectifier, and resonant network was investigated.
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FIGURE 19. Measured power transfer efficiency under various load
conditions and different coupling coefficients.

The experimental waveforms of the inverter switch Sj3 drain-
source voltage Vps_si3, gate-source voltage Vs _si3, inverter
output voltage Vap, and inverter output current /1 are shown
in Fig. 18(a). Under the control of dynamic capacitance tun-
ing, the inverter output current /1 lags the rising edge of the
Vas. Therefore, the bridge switches operate at soft switch-
ing. In the receiver, the experimental waveforms of rectifier
switch S,3, rectifier input voltage Vcp, and rectifier input
current I, are shown in Fig. 18(b). To ensure soft switching of
the rectifier switches, the rectifier current I should lead to the
falling edge of the rectifier voltage Vcp. In other words, the
soft-switching condition for rectifier switchesis ¢ > 7 /2— B.
It is observed that 15 leads to Vcp, and switch Sy3 operates at
soft switching. However, when the load resistance increases
and the mutual inductance decreases, the rectifier phase shift
is reduced for output regulation, hard-switching occurs due
to large phase-shift angle 8 and small phase difference ¢.
Therefore, the soft-switching region of the rectifier is narrow.
Besides, the experimental waveforms of the inverter output
current /1, the drain-drain voltage Vs; of the bidirectional
switch, drain-source voltage Vps_sis, and gate-source voltage
Vis_sis are presented in Fig. 18(c). It is found that the drain-
source voltage Vps_sis behaves sinusoidally during off-time,
and the switch is turned on and off at ZVS.

C. MEASURED EFFICIENCY

Fig. 19 shows the comparison of the DC-DC efficiency
between the proposed control strategy and the conventional
voltage-tuning method under various load and coupling con-
ditions. The DC-DC efficiency is obtained from the power
analyzer PW6001 by measuring the voltage and current of
both the DC input of the inverter and the DC output of the
rectifier. The conventional voltage tuning method in [3] is
implemented on the same prototype with identical circuit
parameters but without a tunable capacitor and with a diode
rectifier. The diode V10P10-M3/86A with a low forward
voltage drop is selected in the experimental prototype. The
specified power loss at 3 A is 1.6 W, which is considerably
low for the comparison. In addition, both the primary resonant
capacitor and secondary resonant capacitor are tuned in the
resonant state at the switching frequency. The input voltage
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of the inverter in the conventional voltage-tuning method is
adjusted by a DC source to deliver the target output voltage
under various load conditions. Because there is no dynamic
tuning for the resonant capacitor in the conventional method,
the resonant operation and reactance compensation cannot be
guaranteed owing to the capacitor tolerance and inductance
variations under different magnetic couplings. It is observed
that the proposed multi-variable coordinated control strategy
demonstrated a 5% higher efficiency owing to optimized load
matching, reactance compensation, and soft-switching of the
inverter and rectifier switches in the normal position. Further-
more, the power efficiency is improved to 93.6% under strong
magnetic coupling at a 24 V output.

D. DISCUSSION

In this paper, optimal load matching is not achieved in a
wide range. This is because the equivalent load resistance
R. depends on the rectifier phase-shift angle 28, the phase
difference ¢ between the rectifier voltage and current, and
the load resistance Ry according to (5). Since B is adjusted
to regulate the output voltage in the proposed control strategy
as shown in (24), only the phase angle ¢ is adopted to match
Re. with Reopr for the optimal load matching. Moreover,
the equivalent load resistance ReopT varies with the mutual
inductance according to (23). Hence, the achievable range of
the optimal load matching is narrow due to the limitation of
the output regulation from 8. A minimum phase-shift angle
2 of the active rectifier exists for the optimal load matching
according to (57). 28 decreases with the increasing load
resistance and when § decreases to a value smaller than 8,,,y,,
the optimal load matching is not achievable, as ¢ becomes
purely imaginary. As shown in Fig. 14(c) and 14(g), B is
reduced for the output regulation in light load conditions (e.g.,
R, = 12 ), and is smaller than S,,;;,. Therefore, the optimal
load matching becomes invalid, and the measured efficiency
drops in Fig. 19.

On the other hand, the optimal load matching in the
proposed control strategy remains valid for both different
load resistance and magnetic coupling conditions if the real
solution of (37) exists. This is because the phase difference
¢ between the rectifier voltage and current is adjustable
in (5). The resulted R. with different R and M can still
be tuned by adjusting ¢ to match Reopr. As shown in
Fig. 14(a) and 14(e), the optimal load matching is achieved at
full load when k is 0.3 and 0.2. Moreover, for a given M, the
optimal load matching can still be realized for various load
resistance by tuning ¢ once the resulted 8 is smaller than
Bmin- Thus, the optimal load matching keeps feasible under
heavy load conditions, not only in the rated Ry . Moreover,
the efficiency optimization in heavy loads helps the system
design in terms of cooling and volume.

V. CONCLUSION

This paper presents a multivariable coordinated control strat-
egy for an SS-compensated DAB WPT converter to opti-
mize efficiency and eliminate RTWFC. The output voltage
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is regulated by tuning the phase-shift angle of the active
rectifier. The SCC is used in the resonant capacitors for
both the transmitter and receiver to implement continuously
varying capacitance. The reactance in the receiver network is
compensated by tuning the receiver resonant capacitor. The
phase shift of the inverter is load-independent but adjusted to
deal with various magnetic coupling conditions. A prototype
operating at a constant frequency is implemented to verify the
feasibility of the proposed control strategy. The optimal load
matching is proven with a higher efficiency in heavy loads
by adjusting the phase difference between the rectifier input
voltage and current. The soft switching of inverter switches is
guaranteed by the modulation of the SCC in the transmitter.
Moreover, both switches in the SCC operate in soft switching.
Compared with conventional voltage tuning, the proposed
system demonstrates a 5% higher efficiency under normal
conditions and a much faster transient response.
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