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Abstract—Tight voltage regulation and high efficiency are fun-
damental objectives of wireless power transfer systems (WPTSs) as
power supplies. Although the well-established impedance matching
control attempts to achieve high efficiency, the associated extra dc—
dc converters or hard switching of converters in WPTSs reduce the
overall system efficiency, particularly for high-power applications.
In this article, under zero voltage switching (ZVS) conditions, the
minimum power loss point is derived and proved in detail with
different ZVS angles. Moreover, a joint control with variable ZVS
angles (JC-VZA) is proposed to ensure ZVS of all switches and
achieve the required output, simultaneously. This control scheme
is implemented by use of controllers in both sides of WPTSs, which
adjust their respective ZVS angles for dynamic efficiency opti-
mization. Under ZVS conditions, the proposed JC-VZA features
an optimal amount of reactive power that achieves the minimum
total power loss by significantly reducing the switching loss. As a
result, the experimental results obtained from our WPTS prototype
verify its superiority. With a coupling coefficient k£ of 0.2 or 0.15,
the maximum efficiency reaches 96.8% or 95.0% under the power
rating of 288 W (rated load) as well as 92.4% or 88.7 % in the case
of light load (9% of 288 W).

Index Terms—Dynamic efficiency optimization, joint control
with variable ZVS angles (JC-VZA), wireless power transfer sys-
tem (WPTS), zero voltage switching (ZVS).
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I. INTRODUCTION

IRELESS power transfer (WPT) is an emerging means
W of power delivery in many applications, such as biomed-
ical implants [1]-[3], consumer electronics [4]-[6], underwater
loads [7]-[9], and electric vehicles (EVs) [10]-[13], where
physical contact is inconvenient or impossible. Compared with
plug-in charging systems, WPT systems (WPTSs) enable elec-
trical and mechanical isolation, minimize the use of cables and
sockets, and ensure safe operation under harsh environments.

However, low efficiency acts as one large obstacle that has
retarded the widespread adoption of WPTSs. Especially in EV
applications, the ever-changing charging voltage and equivalent
resistance of battery packs can greatly reduce the transfer effi-
ciency of WPTSs during charging processes [14].

To overcome this shortcoming, the concept of impedance
matching control is introduced. It aims to dynamically reshape
the equivalent load impedance of battery packs to optimize the
system efficiency [15]. As an implementation, two additional
dc—dc converters are employed, which allow the regulation of
output voltage and impedance matching, simultaneously [4],
[15]. Although being effective in terms of control, this method
necessitates two auxiliary de—dc converters that inevitably in-
crease system cost, complexity, and overall power loss.

To get rid of dc—dc converters while ensuring impedance
matching, one option lies in the better utilization of an inverter
and an active rectifier (AR) [16]-[19]. It can be achieved by
adjusting their phase shift angles, known as dual phase shift con-
trol (DPSC). With DPSC, the WPTS can optimize the transfer
efficiency by selecting their phase shift angles reasonably [16],
[17]. Moreover, by DPSC, it is possible to obtain extra desir-
able features. For example, it is demonstrated that DPSC can
reduce the current stresses on both sides of WPTSs [18]. On
the basis of DPSC, the power angle of the AR, as an additional
control variable, is further introduced to fix the problem of reso-
nant parameter mismatch [19]. However, in the aforementioned
WPTSs, the zero-voltage switching (ZVS) of the inverter and
the AR cannot be guaranteed. It is worth noting that ZVS is vital
for system efficiency improvement and electromagnetic inter-
ference (EMI) reduction as it can significantly reduce switching
losses, particularly for high-power applications [20]-[24].

An enhanced DPSC is proposed in the dual active bridge
(DAB) to achieve ZVS and power regulation with the same
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duty cycle of two sides [25]. However, only a special case, i.e.,
(mVbca/Vbce1 = 1, n is the turns ratio of the transformer), is
investigated and the theoretical analysis lacks universality. In
addition, a triple-phase-shift (TPS) control strategy is used in
DAB to achieve multiobjective optimization [26], [27]. More-
over, similar to TPS in DAB, an optimal TPS control strategy is
also proposed in the WPTSs [22]. It features to adjust the phase
shift angle between the ac square waveforms of the inverter
and the AR to achieve ZVS. However, this method suffers
from implementation issues, as it is very difficult to accurately
synchronize driver signals of two separate controllers while it is
easy for DAB to implement TPS.

In [23], a phase-shift soft-switching control strategy is pro-
posed to achieve ZVS of the inverter and the AR. Based on
DPSC, the authors also make both the inverter and the AR
achieve zero ZVS angles to minimize the reactive power and
achieve the required output simultaneously. Unfortunately, the
authors just analyze a special case that the input dc voltage equals
the output dc voltage. However, when the input dc voltage is
unequal to the output dc voltage, the phase-shift soft-switching
control strategy cannot always achieve the maximum transfer
efficiency.

In this article, on the premise of ZVS of all switches, the
derivations of minimum power loss conditions are given in
detail, which help the WPTS to identify the minimum power loss
point under different operating conditions. Moreover, to achieve
the required output and ZVS at the same time, a joint control
with variable ZVS angles (JC-VZA) is proposed to adjust ZVS
angles of the inverter and the AR. Furthermore, by using the
JC-VZA with dynamic efficiency optimization method based
on “perturb-and-observe” (P&O), the WPTS will easily find out
the minimum power loss point to achieve the maximum transfer
efficiency. Compared with the traditional DPSC [16]-[19], al-
though some reactive power is introduced by using the proposed
JC-VZA, it can maximize the system transfer efficiency under
ZVS conditions.

The remainder of this article is organized as follows.
Section II presents the basic operating principles of the WPTS
and derives the transfer power equations. Section III presents
ZVS conditions and some features on the boundary curves.
Section IV identifies the minimum power loss point and gives
detailed proofs. Section V introduces the JC-VZA with dynamic
efficiency optimization method. The experimental results are
given in Section VI. Finally, Section VII concludes this article.

II. BAsSIC ANALYSIS OF WPTS WITH AR
A. Equivalent Circuit Analysis

The schematic of a series-series type (SS-type) WPTS with
an AR is shown in Fig. 1(a). The topology of the WPTS is
composed of a high-frequency full-bridge inverter, an SS-type
resonant network, and a high-frequency full-bridge AR. The
inverter contains four switches (S7~S4), which operates in
the complementary mode and converts a dc voltage V; into
a high-frequency ac voltage v,,. The primary coil L; and
its resonant capacitor C are in series and stimulated by v,
and the high-frequency alternating magnetic field is generated
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Fig. 1. (a) Schematic of a SS-type WPTS. (b) Its ac equivalent circuit.

by L; consequently. According to the law of electromagnetic
induction, a voltage is induced in the secondary coil Lo, and
powers the load Ry, with an output dc voltage V» through a
serial resonant capacitor C'y and a full-bridge AR.

Generally speaking, the fundamental harmonic model is com-
monly used to analyze the WPTS, which is depicted in Fig. 1(b).
U; and Us represent the rms values of fundamental components
of v, and weq, respectively. It,; and Iy represent the rms
values of primary and secondary resonant currents, respectively.
R1 and R stand for the equivalent series resistors (ESRs) of
resonant networks of primary and secondary sides, respectively.
Ly and L are the self-inductances of primary and secondary
coils, respectively. M is the mutual inductance and the coupling
coefficient k of coils satisfies k = M / /L1 L. Zg is the input
ac equivalent impedance of the AR. For simplicity, the primary
and secondary resonant frequencies are set to be equal to w that
satisfies

1 1
_ _ _ 1
=G VI, M

B. Basic Theory Analysis

As a kind of power supply, the WPTS should first obtain
the required output voltage. Moreover, to enhance the system
transfer efficiency and reduce EMI, ZVS of all switches in
the WPTS should also be achieved. In this article, a JC-VZA
is proposed by adjusting three control variables. The inverter
is controlled by adjusting the duty cycle D, and the AR is
controlled by adjusting the duty cycle Dy and power angle §.

The operating waveforms of the inverter and the AR are shown
in Fig. 2. In Fig. 2(a), the phase shift angle of the inverter
can be represented as ¢, (¢p, = Dpm, 0 < D < 1). vap1 is
the fundamental waveform of the output ac square voltage of
the inverter v,;,. Therefore, the rms value of v,,1, U, can be

calculated by
2v/2 . | Dpm
Ur[Dp) = Tvl sin { 5 ] . (2)
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Fig. 2. Operating waveforms of the WPTS with JC-VZA (a) in the primary

inverter and (b) in the secondary AR.

In Fig. 2(b), the phase shift angle of the AR can be represented
as s (s = Dy, 0 < Dy < 1). vcq1 is the fundamental wave-
form of the input ac square voltage of the AR, v.q. Similarly,
the rms value of v.q1, Uz, can be calculated by

3

1, (-11,2) 1s the secondary inductor current and its rms value is
represented as I, (I1,2). Therefore, the power angle § is defined
as the phase difference between 7, and v.q;. According to the
basic circuit theory, the input active power of the AR, P, can
be obtained by

2V2

™

Pirec[Dsa 6] == UQIZ COS [—(5] =

Dy
Va I, sin [ ;ﬂ] cos [4].

)

According to (4), if the direction of power flow is from V; to

Va, 6 should be limited as —7/2 < ¢ < /2. Based on the active

power conservation, if the power loss of the AR is ignored, it
can be obtained that

Pirec[Dsaé] = VY2[2 (5)

Based on (4) and (5), I, can be obtained by

T Dgm
I,|Ds, 8] = Igm cse [T} sec [4]. (6)

C. Transfer Power Surface

Based on Fig. 1(b), when (1) is satisfied with Ry and Ro
neglected, the voltage vectors satisfy

U1 = jwoMjLz = —jWosz
(7N

Uy = jwoMTy,.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 10, OCTOBER 2020

| 0 increases

0.0 0.2 0.4 0.6 0.8 1.0
P

(b)

Fig.3. Relationship between Dy,, D, and 6 when P, = 0.2. (a) § versus D,
and Dj. (b) Dg versus Dy, with different 9.

Substituting (2) and (6) into (7), the output current /5 can be
obtained by

Sl sin [Dpﬂl sin {DSW} cos [4]
m2wg M 2 2 '
®)

IQ[Dvasv(S] =

Based on (8), the transfer power P» can be obtained by

Ps[D,, Dy, 8] = Wizlovj\/[ sin [Dgﬂl sin {D;T] cos [4].
)
According to (9), when D, = Dg =1 and § = 0, the maxi-
mum transfer power Popax 18

81 Vs
s 2w0 M ’
According to the maximum transfer power Pxy,,,x, the per-unit
value of the transfer power, Py, can be defined as
P. D
Py I { ;

w| . | Dgm
=5 ] sin [T} cos [d] .

In fact, (11) is the transfer power model with three control
variables Dy, D, and §. When P, is fixed as 0.2, (11) including
these three control variables makes up a transfer power surface,
which is shown in Fig. 3(a). With different ¢ and a fixed P,,
the relationship between D, and Dy is plotted in Fig. 3(b). As §
gradually increases, the control variables D}, and D gradually
increase, and the combinations between D, and Dy gradually
shrink. Next, the ZVS region should be identified in the transfer
power surface to reduce switching losses of the WPTS.

PZmax = (10)

an

III. ZVS CoNDITIONS WITH JC-VZA

Generally speaking, ZVS operation of MOSFET switches is
significant to the inverter and the AR in the WPTS to re-
duce switching losses and EMI [20]—[24]. In this section, ZVS
conditions and ZVS region in the transfer power surface are
investigated in detail.

A. Conditions for Achieving ZVS

ZVS operation in the WPTS can be divided into two parts:
ZVS of the AR and ZVS of the inverter.

1) ZVS of AR: As shown in Fig. 2(b), the moments when
the switches Q1 ~ Q4 of the AR turn ON are labeled. Since
the phase shift control is applied, the driver pulses of 1 and
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Q2 are complementary, and so do the driver pulses of Q3 and
Q4. If Q1 and Q3 can achieve ZVS, Q2 and ()4 must achieve
ZNS. Therefore, we only need to focus on ZVS realization
of @1 and Q3. In practice, ZVS is obtained by ensuring that
MOSFET switches turn ON with drain-source voltage clamped
to zero by conducting the antiparallel diode. Therefore, when a
MOSFET switch turns ON, its antiparallel diode must be conducted
in advance. Based on Figs. 1(a) and 2(b), the conditions for
achieving ZVS in the AR can be summarized as

in(ts) >0 and i,(t5) < 0. (12)

In Fig. 2(b), the phase difference between the point O and
point B can be defined as ¢zs. Therefore, the conditions for
realizing ZVS in the AR can be equivalent to

pzas > 0°. (13)
Based on Fig. 2(b), ¢z can be represented as
wzas =0 — (1 — Dg)7/2. (14)

To ensure pzas > 0°, § must be much larger than 0°. In
addition, in consideration of the power flow from V; to V5, §
must be in the range from —7 /2 to 7w/2. In a word, § must satisfy

(1-Dy)m/2 <6< x/2. (15)

2) ZVS of Inverter: The process to analyze ZVS of the in-
verter is similar to the AR. The operating waveforms of the
inverter are shown in Fig. 2(a). The conditions for achieving

ZVS in the inverter can be obtained as
iLl(tl) < 0 and iLl(t3) > 0. (16)

Likewise, the conditions for realizing ZVS in the inverter can
be equivalent to

pzap > 0°. (17)
In Fig. 2(a), ¢z, can be represented as
YzAp = pua — (1 — Dy)m/2. (18)

Based on [20, Eq. (7)] and (1), when R; and R, are neglected,
the input impedance of the resonant network is given as

Zin = wi M?/(|Zs| £ = 8) = (v M?/|Zg|)£6.  (19)

Based on (19), the input impedance angle of the resonant
network is equal to the power angle §. Therefore, vz, can also
be represented as

pzap =0 — (1 — Dp)mw/2.

Likewise, to ensure ¢z, > 0°, § must be much larger than
0°. In addition, in consideration of the power flow from V; to
V5, 6 must satisfy

(20)

(1-Dy)r/2<6<x/2. 1)

Based on (15) and (21), the critical conditions to achieve ZVS
for the inverter and the AR can be obtained when ¢z 4, = 0° and
pzas = 0°, respectively, which are

0= (1-Dp)m/2---(B1) — for inverter

§=(1—D)m/2---(B2) — for AR. (22)
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Fig.4. Transfer power surface with ZVS conditions when P, = 0.2. (a) From
the front. (b) From the back.

TABLE I
ZVS STATES OF INVERTER AND AR

Region I Region II Region IIT Region IV
Inverter ZVS No ZVS ZVS No ZVS
Rectifier ZVS ZVS No ZVS No ZVS
1.0 1.0
A
0.8 0.8 z
zvSfor |
0.6 0.6 Linverter,
Q Q (rad)
0.4 0.4
[0} .
12
02 B 02F B [}~ zvStorAR
— ZVS forAR 1d
0.0 [——_ZVS for inverter 0.0 )
00 02 04 Ds.e 08 1.0 00 02 04 Dpo 6 08 1.0
(a) (b
Fig. 5. ZVS conditions for the inverter and the AR when P, = 0.2.

(a) Projections of intersection lines between ZVS conditions and the transfer
power surface. (b) Contour plot of 4 in Region I.

B. ZVS Region in Transfer Power Surface

In consideration of critical ZV'S conditions for the inverter and
the AR in (22), the transfer power surface is replotted in Fig. 4.
As shown in Fig. 4, the surface can be divided into four parts
by ZVS conditions. Then, the inverter and the AR will operate
in different ZVS states in these regions that are listed in Table I.
Obviously, only in Region I, the WPTS can achieve ZVS of all
switches. According to (11), if the required transfer power is
assigned, 0 can be obtained by

Py

§ = arccos sin [Dpm/2] sin [Ds7r /2] |

(23)

Substituting (23) into (22), two space curves can be obtained.
In practice, these two space curves are the intersection lines
between two ZVS planes and the transfer power surface, respec-
tively, in Fig. 4(a). The projections of these two space curves on
the D,—Dg plane are plotted in Fig. 5(a). If the WPTS runs
along the blue line, the inverter can achieve ZVS critically.
Likewise, if the WPTS runs along the red line, the AR can
achieve ZVS critically. According to the previous analysis, if the
control variables are above the two solid lines, the WPTS can
achieve ZVS of all switches. By considering the transfer power
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Fig. 6. Relationship between ¢zap, (¢zas) and Dy, (Ds) on the boundary
curves when P, = 0.2.

and two ZVS conditions synthetically, the practical operating
ranges of D}, and Dy will be limited to the closed region with
solid pink lines in Fig. 5(b). Compared with the inner region,
the boundary curves OA and OB tend to reduce the power loss
of the WPTS in a fixed transfer power, which will be analyzed
in Section IV. Here, some features on boundary curves should
be analyzed in advance.

C. ZVS Angles on Boundary Curves

As shown in Fig. 5, when the operating point of the WPTS is
on the trajectory OA, pza, = 0° and 7 changes along the
trajectory OA. Substituting (22).(B1) into (14), it can be acquired
that

ozas =0 — (1 = Dg)7/2 = (Dg — Dp)w /2. (24)

As shown in Fig. 5(b), on the trajectory OA, D, is the
monotonic decreasing function of Dg. Based on (24), @pzas 1S
the monotonic increasing function of Ds. When 74, = 0°, the
relationship between 74 and Dy is plotted in Fig. 6. When the
operating point moves from the point O to the point A, pzas
gradually increases from 0° while ¢za, = 0°. Similarly, if the
operating point is set on the trajectory OB, ¢zas = 0° and ¢z,
will gradually change along the trajectory OB. Substituting
(22).(B2) into (20), it can be obtained that

¢zap =06 — (1 = Dp)m/2 = (Dy — D)m/2. (25)

Obviously, ¢z, on the trajectory OB has the similar charac-
teristics with @zas on the trajectory OA. When pzas = 0°, the
relationship between ¢z, and D, is also plotted in Fig. 6. As
can be seen, ¢z, is the monotonic increasing function of Dj,.
In other words, when the operating point moves from the point
O to the point B, @74, gradually increases while pzas = 0°.
Generally speaking, by setting different ¢z, when pzas = 0°
or different pzas when pza, = 0°, respectively, the operating
point of the WPTS can be moved along the boundary curves
freely.

IV. POWER LOSS ANALYSIS AND OPTIMAL ZVS ANGLES

According to the previous analysis, when the WPTS operates
in Region I, all switches of the WPTS can achieve ZVS. There-
fore, the key point is to find out an appropriate operating point
to minimize the power loss.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 10, OCTOBER 2020

A. Analysis of Power Loss in WPTS

The power losses of the WPTS can be divided into three parts:
the power loss of the inverter P, the power loss of the resonant
network P.s, and the power loss of the AR Pjec.

1) Power Loss in Resonant Network: In practical applica-
tions, the power loss of the resonant network roughly include
the conduction loss of coils, the radiation loss of coils, and the
conduction loss of capacitors. The radiation loss of coils can be
ignored due to the lower resonant frequency (<100 kHz) [15].
For simplicity, we use the constant ESRs (R, and Ry) to evaluate
the power loss of the resonant network, P..s, which can be

obtained by
Pres = I} Ry + I35 Rs. (26)

According to (2), (3), and (7), Ir,; and I1,5 can be obtained by

I = U2 _ 2v2Vs sin Dy
L= woM — mwoM 2
(27)
Lo U 2V2V; Gy [ Do
L2 = WOM - 7TWOM 2 '

2) Power Losses in Inverter and AR: The power losses in the
inverter and the AR share similar characteristics. Commonly,
P,y and P, can be represented as

I_)inv — LIinv_sw + an_con
Prec = Prec_sw + Prec_con

where P,y sw and Py con are the switching and conduc-
tion losses of the inverter, respectively. Similarly, Pec sw and
Prec_con are the switching and conduction losses of the AR,
respectively. If the inverter and the AR operate in Region I,
their switching losses can be ignored approximately. Then, only
the conduction losses should be considered. When the turn-on
resistance of a power switch is represented as Rggson, the total
power loss of the WPTS can be reckoned as P, which can be
obtained by

(28)

es?

P;es ~ Finv_con + Pres + Precfcon
= 2IT%leson + (IflRl =+ IEQRZ) + 21L2,2Rdson
= I, (Ry + 2Rason) + I#5(R2 + 2Rason)

= IL Ry + IEa Ry (29)
where R} and R, can be represented as
Rll = Rl + 2‘Rdson
, (30
R2 = Ry + 2Rgson-

B. Derivation of Minimum Power Loss

To identify the optimal operating point with the minimum
power loss, Pl in Region I will be analyzed in detail. This
process to find out the optimal operating point can be divided
into two steps. The first step is to find out the minimum power
loss region (MPLR). The second step is to find out the minimum

power loss point in MPLR.
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1) MPLR: Substituting (27) into (29), P
as

s can be obtained

D D,
P = 5 (R;stm 2 [ 5”} + R} Viisin 2 [ ;D :

7r2w§M2

In Region I, the constraint conditions can be summed up to
two parts. One part is the transfer power model in (11) and the
other is ZVS conditions for both sides of the WPTS in (15) and
(21). They are summarized as

: {(1—Dp)7f/2<5<7r/2...(31)

(32)
(1-Dg)m/2<6<7/2---(B2).

Next, the power loss will be analyzed to identify MPLR.
According to (32).B, ZVS conditions can be converted to

{O < cos[d] < cos[(1 — Dp)n/2] = sin [Dpm/2] - - - (B1)

0 < cos[d] < cos[(1 — Dg)/2] =sin [Dgm/2] - - - (B2).
(33)
According to (32).A, it can be obtained that

Py
sin [Dp7/2] sin [Ds7 /2]

cos [d] = (34)

Substituting (34) into (33), it can be obtained that

P, D,m
< u < gin? PT L.
~ sin [Dgm/2] — S [ 2 } (B1)

P, Dy
< u < & 2 s o )
= sin [Dpr/2] =0 { 2 ] (B2)

(35)

According to (35).(B1) (ZVS for the inverter), the objective
function (31) can be simplified as
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function (31) can be simplified as

R\ VEP,
sin [Dp7/2] )"
37

8 Dy
/ ' 245 2 P
Pres 2 W <R2V1 sin |: 9 :| +

Likewise, according to (37), the minimum power loss must be
obtained on the red boundary curve shown in Fig. 5(a) when the
AR achieves ZVS. In consideration of ZVS conditions for both
sides, the minimum value must be located at the combination
boundary (the trajectory AOB) shown in Fig. 5(b). Therefore,
MPLR must be a part of the trajectory AOB.

2) Minimum Power Loss Point: Next step is to find the min-
imum power loss point in MPLR. According to (36), the power
loss can be rearranged as (38), shown at the bottom of this page,
where the condition for achieving the minimum value is

/Y72 Pu

Dy
Vi % = R VZsin 2| =, 39
2 SGn[Doryg [ 2 } (39

According to (39), Dy can be obtained by

RyWEPE 2 |
W :;arcsm

R,P,
2R\ K2,

3
:| = Dq
(40)
where K, is the voltage gain of the WPTS, which is defined
as V5 /V4. Substituting (22). (B1) and (40) into (32).A, D, on
the boundary curve for achieving ZVS in the inverter can be

obtained as
R/
\/§P uK cv\ l Rii

Similarly, according to (37), the power loss can be rearranged
as (42), shown at the bottom of this page, where the condition
for achieving the minimum value is

2
Dy = — arcsin [
T

1
3

2 .
D, = — arcsin

= Dp;.
T P

(41)

8 RLVZP, Dgr
P/ > 21+ u R/ V2 2 s )
res = T2 M2 (sin [Dorj2] I R, V2sin 2 {DP”} Rz
(36) 2 2sin [Dym/2]
The right-hand side of (36) is the power loss of the WPTS ) ]
on the blue boundary curve shown in Fig. 5(a). The physical According to (43), Dy, can be obtained by
meaning of (36) is that the minimum power loss must be achieved .
on the blue boundary curve when the inverter achieves ZVS. 2 . [RyP.K2"®
.. . . D, = —arcsin | ———| = D,s. (44)
Similarly, according to (35).(B2) (ZVS for the AR), the objective P 2R), p
1
8 P, P, Dgm 24 |VAVER, Ry’ P2 T
P,> /Y72 u /Y72 u /Y720, 2 | 8 > 1724142 ST u
ST w2 M2 <R2V1 2sin [Dg7/2] Y 2sin [Dy7/2) + I Vysin 2 ~ m2wiM? 4
(38)
1
8 P, P, Dym 24 | VRVARPRLP? |
P> /7,2 u /772 u 11200 2 | P > 1 Vo dty e ly
ves = T2Z 012 ( WV sy Y sy TRV | ] ) 2 e 4

(42)
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TABLE II
OPERATING CONDITIONS AND THE MINIMUM POWER LOSS

Case Region Operating Points (D,, Ds) Conditions Power Loss
D —zarcsin(P )% 2RK? R,
I Point A "Tn ' P> =p andK, < | W(Rz'/yzﬁ”?"/zl)
D, =1 R, 2R o,
L
r)3
D, :garcsin{ﬁR\KW %J - . .
s 2RK R, 42p' p'2p2 |3
11 Trajectory AO : P <Z s —p and K, < |2 24 |\ VVIRRE P
N R, 2R, oiM* 4
2 R,P, ) 0
D, = —arcsin| ——
T 2RK?
2 u : 2R, 8P o
111 Point O D, =D, ==arcsin (P, )3 & <K, < |[—* L (RV+RVY)
R 2R g R oM
1
‘b2 \3
D, = zarcsin R'E‘Kc"
Lo 2R, 2R, 2R, 2 [rvReRe |
v Trajectory OB i P<—2%=P,andK > |—* Sk B [M}
2 (\2p R} REK, R oM 4
D, = —arcsin| —* [—
Som K, \R
= 2R, 2R,
v Point B ST B2l o p adK, > P (R +RVIR)
D, =—arcsin(P,)? K, R oy M
T

Substituting (22).(B2) and (44) into (32).A, Dy on boundary
conditions for achieving ZVS in the AR can be obtained as

var, [
K. \ R}

According to Fig. 5(b), the operating point N (D)1, Dg1)
should be located at the boundary trajectory OA and
M (Dp2, Ds2) should be located at the boundary trajectory OB.
Otherwise, the inverter and the AR cannot achieve ZVS simulta-
neously. Substituting (22).(B1) and (B2) into (32).A at the same
time, the operating point O can be obtained by

2 .
Dy = — arcsin
T

= Dq. (45)

Wl

2
Do = Dy, = — arcsin [P,] (46)
T
On the one hand, if the operating point N (D1, Dg1 ) is limited
on the boundary trajectory OA, the control variable Dg; should
satisfy

Dsl > Dso T (a)
47)
1> Dy -+ (b).
Based on (40) and (47).(a), we can obtain
Ko < \/RL/2R). (48)

In addition, according to (40) and (47).(b), we can obtain

2R, K2,
]1%,2 = Pucl~

If (48) can be satisfied, the minimum power loss point can be
limited to the upper side of the point O in blue line of Fig. 5(a).
Otherwise, the minimum power loss point should be set at the
point O to ensure ZVS of the AR. Moreover, if (49) can be
satisfied at the same time, it means the minimum power loss

P, < (49)

point will be located on the boundary trajectory OA (except
point O and point A). Otherwise, the minimum power loss point
will be set at point A.

On the other hand, if the operating point M (Dy2, Do) is
limited on the boundary trajectory OB, the control variable Do
should satisfy

Dy > Dy, - - - (a)
o (50)
1> Dpo - - (b).
Based on (44) and (50).(a), it can be obtained that
Ko > /2R, /R). on

Moreover, based on (44) and (50).(b), it can be obtained that
2R!
Pu < 2
R K2,

If (51) can be satisfied, the minimum power loss point can be
limited into the lower side of point O in the red line of Fig. 5(a).
Otherwise, the minimum power loss point should be set at the
point O to ensure ZVS of the inverter. Moreover, if (52) can
be satisfied at the same time, it means the minimum power loss
point will be limited on the boundary trajectory OB (except point
O and point B). Otherwise, the minimum power loss point will
be set at point B.

According to the previous analysis, if both (48) and (51)
cannot be satisfied, the operating point to minimize the power
loss should be set at point O to ensure ZVS of two sides. Their
conditions are

/Rb/2R, < Kew < \/2R,/R),.

In consideration of all cases, the conclusions to obtain the
minimum power loss are summarized in Table II. According to
different K, and P, the operating cases to minimize the power

(52)

uc2-

(33)
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TABLE III
SYSTEM PARAMETERS USED IN CALCULATION

Symbol Quantity Value
L, L, resonant inductances 116.86uH
Cy, G, resonant capacitances 30nF
R, R, equivalent series resistances 0.2Q
k coupling coefficient 0.1
[oN) resonant angular frequency 5.34x10°rad/s
fo resonant frequency 85kHz
Ry load resistance 10Q

49.5
46.2
42.9
39.6
36.3
33.0
29.7

(b)

Fig. 7.

Contour plots of § and P
Vo=80V,Is =4A, R, =209, K.y, = 1, and P, = 0.385. (a) Contour

with Dy, and Ds, when V3 =80V,

es

plot of § in Region 1. (b) Contour plot of P,

ros 1N Region L.

loss on the combination boundary curves can be classified into
five kinds. The corresponding operating points, power losses,
and operating conditions are also listed in Table II.

C. Theoretical Verification

As shown in Table II, when K, and P, change, the minimum
power loss point of the WPTS will change accordingly. Next,
the conclusions in Table II will be proved by the theoretical
calculation. For simplicity, it is assumed that R} = R/, and the
deadtime effect of the WPTS is ignored. The parameters for
theoretical calculation are listed in Table III.

1) Caselll: Case IIl will be validated first. When V; = V5 =
80V, h=4 A, R, =209, K., =1, and P,= 0.385, the
contour plot of § can be depicted in Fig. 7(a). According to the
previous analysis in Section III-C, along the trajectory OA, ¢zas
gradually increases when ¢z, = 0°. Similarly, along the tra-
jectory OB, ¢z, gradually increases when oz s = 0°. Further-
more, the contour plot of P/ is drawn in Fig. 7(b). P/ is cen-
tered exactly on the line D, = Ds. In addition, according to the
distribution and variation tendency of the power loss in Region I,
the WPTS will achieve the minimum power loss on the boundary
AOB near point O that is located at the MPLR. Moreover, in Case
III, the situation that V; is unequal to V5 needs to be verified.
When 1/v/2 < K, < 1, the operating conditions for stepping
down the output voltage are set as V3 =80 V, V5 =60V,
Ib=4 A, R, =15Q, K., =0.75, and P, = 0.385. When
1 < K¢ < /2, the operating conditions for stepping up the
output voltage are set as V73 =60 V, Vo =80V, I, =3 A,
Ry, =26.7Q, K., = 1.33, and P, = 0.385. According to the
parameters listed in Table III, the power loss distributions in
Region I are plotted in Fig. 8. In Fig. 8(a), the MPLR inclines to
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Fig. 8.  Contour plots of P}, with Dy, and Ds. (a) Contour plot of P/ in
Region I, when Vi =80V, Vo =60V, Is =4 A, R, =15 Q, K¢, = 0.75,
and P, = 0.385. (b) Contour plot of P/, in Region I, when V4 = 60 V,

Vo =80V, Is =3A, R, =267, Ky =1.33,and P, = 0.385.
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Fig. 9. P, on the boundary curve AOB with different operating situations
in Case III.

the boundary curve OA slightly. In Fig. 8(b), the MPLR inclines
to the boundary curve OB slightly. However, according to the
distribution and variation tendency of the power loss in Region I,
the WPTS will achieve the minimum power loss on the boundary
AOB near point O, which is also located at the MPLR.

To pinpoint the minimum power loss point, the power losses
on the boundary AOB in these three situations are calculated
and plotted in Fig. 9. In the left-hand side, P, is the monotonic
increasing function of pzas when ¢z, = 0°. Similarly, in the
right-hand side, P/, is also the monotonic increasing function of
¢zAp When pzas = 0°. Therefore, as long as K. is in the range
from 1/ V2 to /2, the WPTS will always achieve the minimum
power loss when pzap, = 0° and pzas = 0° (at the point O).
Then, the conclusions on Case III in Table II are well verified.

2) Case I and Case II: Next, Case I and II in Table II
will be verified. In Table II, Case I satisfies K., < 1/ V2 and
P, > P,.1. Here, the operating conditions in Case I are set as
Vi=80V,Vo=30V, I, =3A, R, =109Q, K., = 0.375,
and P, = 0.289. Likewise, Case II satisfies K., < 1/\/5 and
P, < Pyc1. The operating conditions in Case II are set as
Vi=80V,Vo=30V,I, =15A, R, =209, K., =0.375,
and P, = 0.144. According to the parameters listed in Table III,
the power loss distributions of these two situations are plotted
in Fig. 10. In these two situations, the MPLRs incline to the
boundary curve OA. According to the distribution and variation
tendency of the power loss in Region I, the WPTS will achieve
the minimum power loss on the boundary OA.

Similarly, to find out the minimum power loss point, the
power losses on the boundary AOB are calculated and plotted
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Fig. 10. Contour plots of P,

res

with Dy, and Ds. (a) Contour plot of P,

res

Region I, when V43 =80V, Vo =30V, I2 =3 A, Ry, =10 Q, K¢, =0. 375,

and P, = 0.289. (b) Contour plot of P/, in Region I, when V3 =80 V,
Vo =30V,I2 =15A, R, =20 Q, K¢y = 0.375, and P, = 0.144.
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Fig. 11. P/, on the boundary curve AOB with different operating situations

in Case I and Case II.

inFig. 11. When V; =80V, V5, =30V, I, =3 A, R, =10 €,
K., = 0.375,and P, = 0.289, P/, is the monotonic decreasing
function of ¢zas when w7, = 0° in the left-hand side and the
monotonic increasing function of ¢z, when pza = 0° in the
right-hand side. Therefore, the WPTS will achieve the mini-
mum power loss when ¢z, = 0° and pzas = PzAmax (at the
point A) theoretically. In this situation, since K¢, < 1/ V2 and
P, =0.289 > 0.281 = P,.1, the correctness of conclusions on
Case I is verified very well.

When Vi1 =80 V, V, =30V, I, =15 A, R, =201,
K. =0.375, and P, = 0.144, P, achieves the minimum
power loss when gz, = 0° and pzas = 28.1° (a certain point
on the trajectory OA). In this situation, since K, < 1/ /2 and
P, =0.144 < 0.281 = Py, the correctness of conclusions on
Case Il is also verified very well.

3) Case 1V and Case V: Finally, Cases IV and V in Table II
will be verified. In Table II, Case IV satisfies K., > V2 and
P, < P,c2. Here, the operating conditions in Case IV are set
as V1 =40V, Vo =80V, b =2 A, R, =40Q, K., =2,
and P, = 0.385. Likewise, Case V satisfies K., > v2 and
P, > Pyc2. The operating conditions in Case V are set as
Vi=40V,Vo =80V, I, =3 A, R, =26.7, K., =2, and
P, =0.577. According to the parameters listed in Table III,
the power loss distributions of these two situations are plotted
in Fig. 12. In these two situations, the MPLRs incline to the
boundary curve OB. According to the distribution and variation
tendency of the power loss in Region I, the WPTS will achieve
the minimum power loss on the boundary OB.

Similarly, to find out the minimum power loss point, the
power losses on the boundary AOB are calculated and plotted in
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Fig. 12.  Contour plots of P/ with D}, and Ds. (a) Contour plot of P in

Region I, when Vi =40V, Vo =80V, Is =2 A, R, =40 2, K.y = 2, and
P, = 0.385. (b) Contour plot of P/, inRegionI, when V4 =40V, V> =80V,
I =3A, R, =267 Q, Koy =2,and P, = 0.577.
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Fig. 13. P/, on the boundary curve AOB with different operating situations
in Cases IV and Case V.

Fig. 13. When V; =40V, Vo =80V, I, =3 A, R, =26.7 €,
K¢ =2, and P, = 0.577, P/, is the monotonic increasing
function of pzas when @z, = 0° in the left-hand side and
the monotonic decreasing function of pza, when pzas = 0°
in the right-hand side. Therefore, the WPTS will achieve the
minimum power loss when pzas = 0° and pzap = QZAmax (at
the point B) theoretically. In this situation, since K., > V2
and P, = 0.577 > 0.5 = P,.2, the correctness of conclusions
on Case V is verified very well. When V3 =40V, Vo =80V,
I, =2A,R;, =40 Q, K., = 2,and P, = 0.385, P/, achieves
the minimum power loss when (pzas = 0° and @z, = 26°

(a certain point on the trajectory OB). In this situation, since
Koy > v/2 and P, = 0.385 < 0.5 = Py, the correctness of
the conclusions on Case IV is also verified very well.

V. JC-VZA FOR DYNAMIC EFFICIENCY OPTIMIZATION

According to the previous analysis in Section 1V, there is
an optimal operating point to minimize the power loss on the
boundary curves. Therefore, a vital step is to make the system
operate at any point of boundary curves freely and stably to
identify this operating point. A JC-VZA for dynamic efficiency
optimization is proposed to achieve the required output and
maximize the transfer efficiency of the WPTS by adjusting ZVS
angles reasonably.

A. Joint Control With Variable ZVS Angles

The control block diagram of the proposed JC-VZA is shown
in Fig. 14. This control strategy can be divided into two parts:
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Fig. 14.  Control block diagram of the proposed JC-VZA.

the primary control, and the secondary control. On the one hand,
the secondary control is comprised of two closed loops: the
voltage loop and the ZVS angle loop of the AR. The basic
ideas of the secondary control have two aspects. One aspect is to
control the output voltage by changing Ds. The other is to control
wzAs by adjusting 0. On the other hand, the primary control is
to regulate oz, by adjusting D,,. The operating principle and
implementation of JC-VZA are briefly explained as follows.

1) Voltage Loop: In the secondary side, the controller sam-
ples V5 directly and calculates the results through proportion-
integration-differentiation (PID) algorithm according to V5" and
Vo Since the voltage closed loop is completely located at the
secondary side without any communication, the reliability of the
WPTS can be enhanced significantly.

2) ZVSAngle Loop of AR: To achieve the required ZVS angle
of the AR, (7 must be controlled independently. However, Dy
changes for controlling the required output voltage in real time,
which leads to the change of wzas accordingly. Fortunately,
according to (14), a simple decoupled control for the ZVS angle
loop is proposed, which is marked in red box. Moreover, to
decrease the effect of ZVS angle loop to the voltage loop, the
setting time of ZVS angle loop is relatively longer than that of
the voltage loop.

3) ZVS Angle Loop of Inverter: Likewise, in the primary side,
pz.ap must be controlled independently to achieve the minimum
power loss. The basic idea of the primary control is to change
pzap by adjusting Dy,. It is worth mentioning that the setting
time of the ZVS angle loop in the primary side is relatively longer
than that in the secondary side.

In addition, the phase-locked methods to acquire the resonant
current in the primary and secondary sides have been published
in [16] and [21] and will not be repeated. The proposed JC-VZA
is implemented by two separated controllers in the primary and
secondary sides without any synchronization, so it is easier and
more feasible than the traditional TPS.

B. Efficiency Optimization Method

According to the previous conclusions in Table II, there are
five cases and their optimal operating points are also listed. The
control diagram of the efficiency optimization method is shown

11073
+ i — +
a M G
1) DC/AC AC/DC |comr|R ]V,
~ I R S _
Prap ) wine 2 Pras

Vil ireless A
b Communication »

Fig. 15.  Control diagram of dynamic efficiency optimization method based
on the proposed JC-VZA.
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Fig. 16.  Flowchart of the control logic to maximize the transfer efficiency.

in Fig. 15. The primary and secondary controllers sample the dc
currents and voltages of the inverter and the AR, respectively.
Then, they exchange their sampling data with each other by
wireless communication modules. According to Vi, I3 and Vs,
I, the controllers in the primary and secondary sides calculate
K., P1, and Ps, respectively. Finally, they will decide how to
change their own ZVS angles.

The detailed flowchart of control logic that each controller
should follow is shown in Fig. 16. First, they need to calculate
K., = V2/V; and decide whether K., is in the range from
VR, /2R) to \/2R,/R). If it is true, both @, and ¢,
should be set to 0° to make the WPTS operate at the point O
to minimize the power loss. If K, is smaller than \/ R}, /2R,
©yap Needs to be set to 0° and ¢y, 4 ; should be changed to make
the operating point of the WPTS move along the trajectory OA
and search for the minimum power loss point. If K, is larger
than /2R / R, ¢4, needs to be set to 0° and 7, , should be
changed to make the operating point of the WPTS move along
the trajectory OB and search for the minimum power loss point.

When the minimum power loss point is located on the OA
or OB, P&O [15] is adopted to find out the minimum power
loss point. To explain this process more clearly, take the search
process on the trajectory OA as an example. Based on Table II
and Fig. 16, the key point of the dynamic efficiency optimization
method is to find out the optimal ¢ , . to maximize the transfer
efficiency in real time while ¢7 , , = 0°. The primary controller
samples Vi, I;, and sends them to the secondary controller
through wireless communication modules. The secondary con-
troller receives Vi, I; and samples V5, Is by itself. Then, it
will calculate the input power P, the output power P», and
the overall transfer efficiency 7y in real time. The secondary
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Fig. 18.  Time intervals for dynamic efficiency optimization in the JC-VZA.

controller perturbs ¢ 5, continuously and records the transfer
efficiency of each step for the perturbation and reregulation. The
direction of the perturbation is maintained for the next step if the
efficiency gets higher; otherwise, it is reversed. Fig. 17 shows
this flowchart.

C. Stability of JC-VZA for Dynamic Efficiency Optimization

When the dynamic efficiency optimization method is applied
in the WPTS with JC-VZA, the system stability should be
discussed.

1) Selection of Time Interval: To avoid the oscillations of the
WPTS and improve the stability of the JC-VZA, it is significant
to select an appropriate time interval for exchanging the infor-
mation of two sides with wireless communication modules. The
longest setting times of the step changes of ZVS angles in the
primary and secondary sides are set as ts and tso, respectively.
Therefore, the practical time interval for exchanging the infor-
mation of two sides and changing the ZVS angles of two sides,
T}otal, should satisfy

Ttotal =ts1+ ts2 + At (54)

where At should be larger than O to remain a time margin for
dynamic regulation of the system. Since the communication
time delay can be limited to hundreds of microseconds, it can
be nearly ignored compared with A¢ that commonly ranges
from tens of milliseconds to hundreds of milliseconds. The time
intervals for dynamic efficiency optimization in the JC-VZA are
shown in Fig. 18. When the information exchange between two
sides is finished, which is labeled with an arrow, the secondary-
side controller updates ¢, . immediately and ¢z begins to
change accordingly while ¢, , is fixed and ¢z, maintains
constant in the first time duration ¢s + At/2. Subsequently, in
the next time duration t5; + At/2, the primary-side controller
updates ¢y, , immediately and ¢z, begins to change accord-
ingly while ¢7, . is fixed and (ya¢ maintains constant, until
the next information exchange arrives. According to (54), the
practical frequency feyx. for exchanging the information of two
sides should satisfy

fexc = 1/Tt0tal- (55)
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Fig. 19. Experimental prototype.

Obviously, it is important to shorten the setting time by
adjusting the parameters of PID controllers in the JC-VZA to
minimize tg5; and fs2 as much as possible, which is beneficial
to quickly track the maximum transfer efficiency point of the
WPTS.

2) Solution for Communication Interrupt: Although the
communication interrupt occurs, the system reliability will be
merely affected, because wireless communication modules are
not used in the closed loop for voltage regulation. In other words,
if the communication interrupt or error code happens acciden-
tally, it is easy to deal with these problems by limiting the range
of Y7 A, OF Y7, Although the maximum transfer efficiency
cannot be achieved temporarily due to communication problems,
the required output and safe operation of the WPTS can be
guaranteed. Therefore, compared with the traditional control
strategies, which introduce wireless communication modules
in the voltage/current closed loop [16], [17], [19], [28], the
reliability of the WPTS can be improved significantly.

VI. EXPERIMENTAL EVALUATION

A. Experimental Prototype

To verify the previous analysis, a 500-W experimental proto-
typeis built up, which is shown in Fig. 19. The prototype includes
adc source (IT6525 C), ahigh-frequency inverter, an SS resonant
network, a full-bridge AR, and an electronic load (IT8814B).
Energy is transferred from the dc source to the electronic load.
The primary inverter and the secondary AR are controlled by two
control boards based on DSP28335, respectively. The MOSFETS
used in the inverter and the AR are IXTQ96N20Ps. The primary
and secondary controllers exchange information by the wireless
communication modules (RF2.4 G). The coupled coils are made
by Litz wire. The structure of windings is carefully designed
to reduce ESRs and to increase coupling coefficient. The wave-
forms are recorded by the oscilloscope (Tektronix MDO4104 C)
and the overall system efficiency is measured by the power
analyzer (HIOKI 3390). Detailed experimental parameters are
listed in Table IV.

B. Operating Waveforms of JC-VZA

1) Steady-State Experimental Results: To verify the validity
of the proposed JC-VZA, the operating waveforms of the WPTS
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TABLE IV
PARAMETERS OF THE WPTS

Symbol Quantity Value

Ly primary resonant inductor 118.43uH

C primary resonant capacitor 29.92nF

fi primary resonant frequency 84.55kHz

R, primary ESR of resonant network 0.12Q

L, secondary resonant inductor 118.55uH

G, secondary resonant capacitor 29.88nF

f secondary resonant frequency 84.56kHz

R, secondary ESR of resonant network 0.12Q

Rison on-time drain-to-source resistance of 0.024Q
IXTQ96N20Ps

Ny, N, number of turns 15

Ry load resistor 80-200Q

d face to face distance of coils 12.5cm-20.5cm

k coupling coefficient 0.20-0.10

[10A/div] boem
[50V/div]

[50V/div]
[4ps/div]
)i

[50V/div]
[4ps/div]
TR LS =

fi=84.56kHz

@ ®)

Fig. 20. Operating waveforms for the required output voltage with JC-
VZA, when ‘P*ZAp and @y, are set to 6° (a) V1 =80 V, V2 =80V,
Koy =1,k=0.1, R, =20 Q,and P, = 0.388.(b) V1 =80V, V2 =60V,
Koy =0.75,k = 0.1, Ry, = 15 Q, and P, = 0.388.

are shown as follows. When the WPTS operates in Case III, the
instructions of ZVS angles (¢7,, , and ¢7 5 ) should be set as 0°
to make the WPTS operate at the point O. V; is set to 80 V, while
V5 is controlled as 80 and 60 V, respectively. The steady-state
operating waveforms of the WPTS are shown in Fig. 20. Due to
the deadtime effect, 7 4 , and 7 5, should be set slightly larger
than 0° to make the system achieve ZVS completely. Here, 7,5
and @7, ,  are set to 6°. Experimental results show that ¢z, and
pzAs are close to 6°, which verify the effectiveness of JC-VZA
very well.

When the WPTS operates in Cases I and II, ¢7 5, should be
set to 0° while 7 , . should be adjusted to achieve the minimum
power loss. Here, V is set to 80 V, while V5 is controlled as 30 V
with different Ry,. The steady-state operating waveforms of the
WPTS are shown in Fig. 21. Here, ¢y, 5, is set to 6°, while 7 5 ¢
is set to 55° or 30°, respectively. Experimental results show that
pzAp 1s closed to 6° while oz is 54.8° or 30.1°, respectively,
which perfectly verify the effectiveness of JC-VZA.

When the WPTS operates in Cases IV and V, ¢7, , . should be
setto 0° while ¢y, should be adjusted to achieve the minimum
power loss. Here, V7 is set to 40 V, while V5 is controlled as 80 V
with different Ry,. The steady-state operating waveforms of the
WPTS are shown in Fig. 22. Here, o7, is set to 6°, while 7 5
is set to 35° or 20°, respectively. Experimental results show that
pzAs 18 close to 6° while @z, is 34.7° or 20.7°, respectively,
which also perfectly verify the effectiveness of JC-VZA.
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/i=84.56kHz i [4ps/div]

i

/=84.56kHz

[4us/div]
s 87w
[
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Fig. 21.  Operating waveforms for the required output voltage with JC-VZA,
when ¢7, Ap is set to 6° and ¢y, , . is set as different values. (a) o7, is set
to 55°, when V7 =80V, Vo =30V, K., = 0.375, k =0.1, R;, = 10 €,
and Py, = 0.291. (b) ¢y, is set to 30°, when V3 =80 V, Vo =30 V,
K., =0.375, k= 0.1, Ry, =20 Q, and P, = 0.146.

(2) (b)

Fig. 22.  Operating waveforms for the required output voltage with JC-VZA,
when @7,  is set to 6° and @*ZAp is set as different values. (a) SD*ZAp is set
to 35°, when V1 =40V, Vo =80V, K¢y = 2, k= 0.1, Ry, = 26.7 €2, and
P, =0.583. (b) @EAP is set to 20°, when V3 =40V, Vo =80V, K¢y = 2,
k=0.1, Ry, =40 Q, and P, = 0.388.

Ved [30V/div]

B 1, [6A/div]

(2 (b)

Fig. 23.  Dynamic waveforms with the step change of Ry,, when V7 =80V,
Vo =60V, k= 0.15, W*zAp = 6°,and ¢y, , . = 6°. (a) Changing Ry, from 15
to 20 2. (b) Changing Ry, from 20 to 15 €.

2) Dynamic Performances: To verify the stability of the pro-
posed JC-VZA, the dynamic performances are presented with
the step change of the load resistor Ry,. Fig. 23 presents the
dynamic responses by the step change of Ry, between 15 and
20 2 while V3, ¢zap, and @z are kept constant. The dynamic
setting times are 240 and 288 ms, respectively. The experimental
results verify that the WPTS with the proposed JC-VZA can not
only achieve ZVS of all switches, but also obtain the perfect
performances of anti-load disturbance.

Moreover, when both ¢y, and 7, are set to 10°, the start-
ing and shutdown processes of the WPTS with JC-VZA are also
presented in Fig. 24. Fig. 24(a) shows the starting process, where
the input dc voltage V; increases linearly from O V and reaches
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[40V/div]

[40V/div]

[6A/div]

[6A/div]
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[6A/div]

Vab [40V/div] Vb [40V/div]

ipy [6A/div]

i1 [6A/div]

Ved [30V/div] Ved [30V/div]

8 i, [6A/div] § i, [6A/div]

(b)

Fig. 24.  Starting and shutdown processes of the WPTS with the proposed
JC-VZA,when V1 =80V, Vo =60V, k =0.15, R, = 15, L,D*ZAp = 10°,
and ¢y, , . = 10°. (a) In the starting process. (b) In the shutdown process.

Vab [40V/div] Vab [40V/div]

i [6A/div]

Ved [30V/d1v]

i, [6A/div]

(b

Fig.25. Dynamic waveforms with the step change of oz ,, when V7 = 80V,
Vo =60V, k=0.15 Ry, =15 Q, and ¢ , . = 6°. (a) Changing (P):(ZAp from
6° to 16°. (b) Changing ‘P*ZAp from 16° to 6°.

80 V within 1 s. Then, the secondary resonant current ¢, grad-
ually increases almost linearly without any oscillation. How-
ever, the output dc voltage V5 gradually increases with a small
overshoot (< 10%). Subsequently, Fig. 24(b) presents the corre-
sponding shutdown process of the WPTS, where V) decreases
linearly from 80 V and reaches 0 V within 1 s. In this process,
both 4, and v.q merely have overshoots in the vast majority of
time duration of shutdown. By the way, in the last 80 ms, there are
some oscillations because “Pulse Losing” of driver pulses [16]
caused by too small resonant current happens in the AR, which
barely has an impact on the safe operation of the system. In a
word, the experimental results verify that the WPTS with the
proposed JC-VZA also obtains perfect dynamic performances
in the starting and shutdown processes, which also demonstrates
its unparalleled superiority and excellent applicability.

C. Selection of Time Interval

As demonstrated in Section V-C, to avoid the oscillations
in the WPTS and improve the stability of the JC-VZA for
dynamic efficiency optimization, the appropriate time interval
for exchanging the information of two sides should be selected.
Here, t5; or tyo is measured accurately by the step changes of
P7ap OF P74, in the experiments, respectively. On the one hand,
the dynamic waveforms with the step changes of ¢, , and a
constant ¢y, , . are shown in Fig. 25. The dynamic setting times
are 300 and 292 ms, respectively. On the other hand, the dynamic
waveforms with the step changes of ¢y, and a constant ¢y, ,
are shown in Fig. 26. The dynamic setting times are 168 and
172 ms, respectively. Therefore, ts; = 300 ms and t5o = 172 ms.
According to (54) and (55), At is set to 28 ms in consideration of

(@ (b)

Fig.26. Dynamic waveforms with the step change of oz, when V3 = 80V,
Vo =60V, k=0.15, Ry, = 15 Q, and ‘P*ZAp = 6°. (a) Changing o7, , . from
6°to 16°. (b) Changing ¢, , . from 16° to 6°.

a certain time margin. Therefore, the highest frequency for ex-
changing the information of two sides, fexc, s 1/500 ms =2 Hz.

D. Verification of Power Losses

Similar to the verifications in Section IV-C, the conclusions
in Table II need to be validated by experiments. With the pa-
rameters listed in Table IV, P/, on the boundary curves AOB is
measured and compared with the calculation results. Based on
the five cases listed in Table II, the corresponding comparison
results are shown in Figs. 27-29.

1) Caselll: If 1/ V2 < Koo < V2, the operating conditions
in Case III are set as three situations: K., = 1, 0.75, and
1.33, respectively. With the parameters listed in Table IV, the
theoretical calculations and experimental results of P/, on the
boundary curves AOB are carried out and compared, which are
plotted in Fig. 27. It shows that the experimental results have a
good agreement with the calculated ones. Based on the variation
tendency of P/, on the boundary curves AOB, the WPTS will
achieve the minimum power loss near the point O, which is
conform to the conclusions of Case III in Table II.

2) Case I and Case II: If K., < 1/+/2, the operating con-
ditions in Case I and Case II are set as two situations: P, =
0.291, K., = 0.375, and P, = 0.146, K., = 0.375. With the
parameters listed in Table IV, the theoretical calculations and
experimental results of P)., on the boundary curves AOB are
also carried out and compared, which are plotted in Fig. 28.

Since K, = 0.375 < 1/v/2and P, = 0.291 > 0.281 = Py,
the WPTS will achieve the minimum power loss when ¢z 4 is
set to its maximum value and ¢z, is set to 0° according to the
conclusions of Case I in Table II. In Fig. 28(a), the theoretical
calculation results conform to the conclusions of Case I in
Table II, while the experimental results have slight differences.
In Fig. 28(a), P, is the monotonic increasing function of ¢z,
when @z = 0° in the right-hand side. In the left-hand side, if
pzas is close to 0°, Pl gradually decreases as pzas gradually
increases when ¢z, = 0°. However, if ¢z keeps away from
0°, Pl has a subtle increase. The basic reason is that the
decline of P!, is not distinct as pzas increases when @zas
approaches its maximum value. Meanwhile, the turn-off loss
increases slowly as (pzas gradually increases. Therefore, the
total power loss of the WPTS presents a subtle increase when

pzAs keeps away from 0°. Anyhow, there will be a minimum
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Fig. 27. Comparisons of P/., between theoretical calculations and exper-

imental measurements when £k = 0.1. (a) V1 =80V, Vo =80V, I =4 A,
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Fig. 29. Comparisons of P/, between theoretical calculations and exper-
imental measurements when £ = 0.1. (a) V1 =40V, Vo =80V, I = 2 A,
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power loss in the left-hand side, which can be easily found by
the dynamic efficiency optimization method based on P&O.

In Fig. 28(b), P/, is the single-valley function of ¢z4s when
pzap = 0° and the monotonic increasing function of ¢za,
when @zas = 0°. Therefore, the WPTS achieves the minimum
power loss at the valley value, which is on the trajectory OA.
Since Ko, = 0.375 < 1/y/2 and P, = 0.146 < 0.281 = Py,
the conclusions of Case II in Table II are also verified very well.

3) Case IV and Case V: When K., > V2, the operating
conditions in Case IV and Case V are set as two situations: P, =
0.388, K.y =2 and P, = 0.583, K., = 2. With the parameters
listed in Table IV, the theoretical calculations and experimental
results of P/ on the boundary curves AOB are also carried out
and compared, which are plotted in Fig. 29. It shows that the
experimental results have a good agreement with the calculated
ones.

In Fig. 29(a), P, is the monotonic increasing function of
¢zAs When @z, = 0° and the single-valley function of ¢zap
when pzas = 0°. Therefore, the WPTS will achieve the mini-
mum power loss at the valley value, which is on the trajectory
OB. Since Koy =2 > /2 and P, = 0.388 < 0.5 = Pyco, the
conclusions of Case IV in Table II are validated very well.

In Fig. 29(b), P/, is the monotonic increasing function of
pzAs When gz, = 0° and the monotonic decreasing function
of wzAp when oz, = 0°. Therefore, the WPTS will achieve the
minimum power loss near the point B. Since K, = 2 > v/2and
P, = 0.583 > 0.5 = P,2, the conclusion of Case V in Table II
are also validated very well.

E. Comparisons of Power Loss and Efficiency

1) Comparisons of Typical Operating Points: To emphasize
the importance in selecting the appropriate operating point with
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TABLE V
OPERATING CONDITIONS AND CORRESPONDING MINIMUM POWER LOSSES
Case X Point A Point O Point B Pres opt Rq of Rq of Rq of Transfer System
v (W) (W) (W) (W) Point A (%) Point O (%)  Point B (%) Power (W) efficiency (%)
1 0.375 11.5 12.2 254 11.4 0.87 6.56 55.12 90 88.8
i 0.375 7.9 8.4 25.9 7.0 11.39 16.67 72.97 45 86.5
1.0 33.1 253 329 253 23.56 / 23.10 320 92.7
111 0.75 23.4 19.6 29.5 19.6 16.24 / 33.56 240 92.4
133 30.4 19.8 23.2 19.8 34.87 / 14.66 240 92.4
v 2.0 28.4 17.4 16.9 16.4 4225 5.75 2.96 160 90.7
\ 2.0 28.3 21.7 20.5 20.5 27.53 5.26 / 240 92.1
the proposed JC-VZA, the comparisons of P, between three A»‘W%W g™ & 0
typical 'operating points (point A, O, B) and the minimgm power EEMM«;% Ao & %na% :
loss point are made. Here, we define the rate of decreasing power < o) Tl =9 B b A . &
5] -’ S5 L gl = ]
loss as g L7 5z I 3
;llo CcC ?I:.l ;120 cc E
/ / - — - N
Rd = (Prcs - Prcs_opt)/Prcs X 100% (56) 'SD(,O *":z sovza s j}oo g ‘gnso o Py vz \°~Q\60 %
© 7y IC-V s % & 7,5 JCVZA % 2
. .. . S | n.esc o =609 Z T | awbesc o =55.1%7 7
where P;es_opt 1S the minimum power loss in one case. R A NI % n o o om0
Under the same operating conditions, the rates of decreasing Load Res(‘s;‘“ RL@) Load Re(s:)“’r RL@)
. . . . a
power loss in three typical points are calculated and shown in
Table V. Compared with other operating points, the minimum  Fjg 30. Charging experiments simulated by a sliding rheostat with the pro-

power loss point can decrease the system power loss tremen-
dously. Therefore, it is significant to find out and operate at the
minimum power loss point, which is vital for improving the
system transfer efficiency.

2) Compared With Impedance Matching Method: Many re-
searchers insist that the impedance matching method can maxi-
mize the transfer efficiency by minimizing the power loss of the
resonant network. As stated previously, to achieve impedance
matching, auxiliary dc—dc converters commonly need to be
added, which will induce extra power loss and increase extra
cost. To save extra dc—dc converters and money, the AR is
recently used to achieve the impedance matching [16]-[19],
which can indeed save extra dc—dc converters and improve the
transfer efficiency. However, ZVS of all switches in the WPTS
cannot be achieved completely, which induces a relatively large
power loss and decreases the overall transfer efficiency.

To be honest, with the proposed JC-VZA, the resonant current
will increase to some extent because the reactive power is
introduced in the AR. However, by using the proposed JC-VZA
for dynamic efficiency optimization, the introduced reactive
power can be selected reasonably to achieve the minimum total
power loss under ZVS conditions, and the resonant current will
not increase too much consequently. On the contrary, it is by
introducing necessary reactive power in the AR that all the
switches of the WPTS can achieve ZVS completely. That is
the most outstanding advantage of the proposed JC-VZA with
dynamic efficiency optimization method.

By using the traditional DPSC, the system charging power
and transfer efficiency versus Ry, are shown in Fig. 30 with blue
lines when the system achieves the impedance matching and
CC/CV charging simultaneously. Moreover, the same charging
process has been conducted by using the proposed JC-VZA for
dynamic efficiency optimization and the corresponding charg-
ing efficiencies are also plotted in Fig. 30 with red lines. In
Fig. 30, with a coupling coefficient k£ of 0.2 or 0.15, compared
with the benchmark WPTS that uses DPSC and impedance

posed JC-VZA and DPSC when (a) £ = 0.2 and (b) k = 0.15.

matching technique, our system achieves a 6.6% or 8.7% ef-
ficiency improvement under rated power as well as a 32.4% or
33.6% improvement under the light-load condition, respectively.
Therefore, the experimental results powerfully verify that it is
vital to introduce appropriate reactive power in the WPTS to
make all switches achieve ZVS, which is very important to
increase the system transfer efficiency. In practice, the proposed
JC-VZA for dynamic efficiency optimization is a very effective
method to select the appropriate reactive power by controlling
ZVS angles of both sides in a certain operating condition.

3) Compared With Other Reported WPTSs: To compare this
work with other representative reported WPTSs concerning
the transfer efficiency more reasonably, the resonant frequency
should be limited below 1 MHz and the transfer power should
be limited below 1 kW. The system transfer efficiencies in some
other published papers are summarized in Table VI. The key
parameters, including coil diameter, transfer distance, coupling
coefficient, transfer power, and system efficiency are listed in
this table. Taking the coil size and the transfer distance into
account, a normalized distance D,,,,, is defined as the transfer
distance over the coil diameter [20], [29], [30], which is

Duom :d/m

where D4 and D5 are the diameters of the primary and secondary
coils, respectively. The normalized distance is considered be-
cause it is the major limiting factor on the transfer efficiency.
Fig. 31 shows the system transfer efficiency with respect to the
normalized distance.

In Fig. 31, it can be seen that when the normalized distance is
larger, the lower efficiency can be achieved for all WPTSs. The
prototype in this article can achieve higher efficiency at the same
normalized distance, and provide larger normalized distance for
the same efficiency.

(57)
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TABLE VI
PERFORMANCE COMPARISONS OF REPORTED WPTSs
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Paper Operating Tx Coil Rx Coil Distance  Normalized Coupling Transfer Efficiency
# reference Frequency Size (mm) Size (mm) d (mm) Distance Coefficient Power (%)
(kHz) Py (W)
100 0.37 0.18 25 87
1 [15] 515 270 270 150 0.56 01 a5 33
2 [31] 85 420 420 100 0.24 0.13 ~1000 91.3
3 [32] 100 >200 >200 60 0.3 0.277 200 38
76 0.1 0.5 200 94.4
4 [33] 150 760 760 152 0.2 0.3 500 93
229 0.3 0.25 1000 91
100 0.33 0.23 10 93
3 (29] 909 300 300 200 0.67 0.08 10 89
25 0.28 0.25 90 89.5
6 [34] 200 88 88 33 0.38 0.17 90 86.5
125 0.31 0.2 288 94.9
7 20] 90~110 400 400 158 0.4 0.15 288 94.1
8 [35] 85 800 800 120 0.15 0.31 900 95.5
9 [18] 85 400 400 150 0.38 0.22 1000 93
10 [19] 30 500 500 100 0.2 0.186 800 91.7
125 0.31 0.2 288 90.2
1 (16l 85 400 400 158 0.4 0.15 288 86.3
125 0.31 0.2 288 96.8
12 This work 85 400 400 158 0.4 0.15 288 95.0
190 0.5 0.1 288 92.7
100 ) [2] M. R. Basar, M. Y. Ahmad, J. Cho, and F. Ibrahim, “An improved
—~ 4 this work . . .
S wearable resonant wireless power transfer system for biomedical capsule
5 95 " .‘N\ﬂ'\. endoscope,” IEEE Trans. Ind. Electron., vol. 65, no. 10, pp. 7772-7781,
> N \ Oct. 2018.
§ 9% [3] M. R. Basar, M. Y. Ahmad, J. Cho, and F. Ibrahim, “Stable and high-
£ efficiency wireless power transfer system for robotic capsule using a
L; 85 \ modified helmholtz coil,” IEEE Trans. Ind. Electron., vol. 64, no. 2,
2 At A "o A s A6 pp- 1113-1122, Feb. 2017.
& 800 =4 ‘0”; =8 0:40 ”(1)16 i 08 [4] T. Yeo, D. Kwon, S. Khang, and J. Yu, “Design of maximum efficiency

Normalized Distance, Doy

Fig. 31.  Efficiency comparisons of WPTSs listed in Table VI.

VII. CONCLUSION

This article has developed a very high-efficiency WPTS that
simultaneously achieves tight voltage regulation and ZVS of all
switches without any additional dc—dc converter. It features a
novel JC-VZA that automatically finds the highest system effi-
ciency point under ZVS conditions. This high-efficiency point is
calculated through a detailed power loss analysis. Experimental
results clearly demonstrate that our WPTS can successfully
achieve the impressively high efficiency in a wide range. Specif-
ically, with a coupling coefficient k£ of 0.2 or 0.15, the maximum
system efficiency reaches 96.8% or 95.0%, respectively, under
the rated-load condition (i.e., 288 W). Notably, the efficiency
remains as high as 92.4% or 88.7% under a 9% light-load con-
dition (i.e., 26 W, 9% of 288 W). Compared with the benchmark
WPTS that uses DPSC and impedance matching technique, our
system achieves a 6.6% or 8.7% efficiency improvement under
rated power as well as a 32.4% or 33.6% improvement under
the light-load condition, respectively.
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