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A Soft-Switching Secondary-Side Control Method
Without AC Current Detection for Wireless
Power Transfer Systems

Kangxing Zheng ', Jingzhi Ren

Abstract—This article proposes a novel synchronous secondary-
side control method for wireless power transfer (WPT) systems
without AC current detection and real-time wireless communi-
cation. The proposed method includes a fast output-control loop
for output control and a synchronization loop for phase synchro-
nization and ensuring zero voltage switching of the secondary-side
switches. The regulation strategy for the initial stage is designed
to avoid the issue of monotonicity. The small-signal model of the
WPT system with the proposed control method is derived based
on the generalized state space averaging and extended describing
function methods. Based on the established model, the control
system is designed, and the stability of the proposed method is
studied. Experimental results based on a 157 W prototype are
presented to verify the effectiveness and dynamic performance of
the proposed control method.

Index Terms—Nonreal-time wireless communication, phase
synchronization, small-signal modeling, soft switching, wireless
power transfer (WPT).

1. INTRODUCTION

HE wireless power transfer (WPT) technology has sparked
T widespread interest in both academic community and busi-
ness domain worldwide due to its unique advantages of safety
and convenience. As a result, WPT is widely used in various
applications.

A typical WPT system is essentially a resonant DC-DC con-
verter, with two major differences. One is the magnetic coupling
which is usually much weaker than an insulation transformer,
and the other is the wireless communication between the pri-
mary and secondary controllers. The commonly used wireless
communication technologies may introduce a time delay in mil-
liseconds level [1], [2], [3]. Thereby, fast response is difficult to
achieve if the close-loop control of the system relies on wireless
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communication. To deal with this issue, the dual side active
bridge control is widely used in WPT systems [4], [5], [6], [7],
(81, [91, [10], [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29].

The major challenge of the secondary-side control is the
synchronization of the secondary-side driving signals with re-
spect to the primary-side driving signals. A few techniques have
been reported to deal with this issue, which are summarized as
follows.

1) In[4] and [5], an auxiliary coil is adopted in the secondary
side to obtain the phase information of the primary-side
current. By detecting the voltage induced by the magnetic
field generated by the primary-side current on the auxiliary
coil, a voltage signal synchronized with the primary-side
driving signals can be obtained. However, the accuracy
of the synchronization signal depends on the design of
the signal processing circuit and is sensitive to the system
parameters. In [6] and [7], auxiliary driving coils are added
to the primary side to transmit the reference phase for syn-
chronization, but this increases the system’s complexity
and cost.

2) Based on the detection of the AC current or voltage, the
synchronization signal can be obtained without auxiliary
coils [8], [9], [10], [11], [12], [13], [14], [15], [16], [17],
[18]. In [8] and [9], a synchronous control method based
on the active power and reactive power measurement is
employed. The sensed rectifier input current and voltage
are utilized to calculate the real-time power flow with an
analog processing circuit, which contains phase-shifting
circuits, multipliers, and low-pass filters. Based on the
principle of zero reactive power generated by the sec-
ondary rectifier, the synchronization state of the secondary
control is realized. In [10], the voltage of the secondary
resonant capacitor is used for frequency synchronization,
while phase synchronization is performed by tracking the
maximum output DC voltage. However, in high-voltage
applications, this method requires reliable isolation, and
resynchronization is necessary when system parameter
drifts occur. In [11], [12], [13], [14], and [15], the syn-
chronization signal is obtained through zero-crossing de-
tection of the rectifier input current. However, synchro-
nization methods based on detecting the rectifier input
current could suffer from inaccuracies caused by current
harmonics or noise, which may pose a serious challenge
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to the control stability of the system in high-frequency
applications [16], [17], [18].

3) To eliminate the troubles of detecting the rectifier input
current, a synchronization strategy based on the perturba-
tion and observation (P&QO) method with only DC current
or voltage detection is proposed in [19], [20], and [21].
Synchronization is achieved through tracking the peak
value of the output DC current or the phase-shift angle
between two legs of the secondary full-bridge converter.
However, the basic principle of the P&O method relies
on zero reactive power generated by the secondary rec-
tifier, which means the rectifier input voltage and input
current are in phase. Thereby, zero phase angle (ZPA)
is realized. When the phase-shift modulation is applied,
ZPA of the rectifier might lead to hard-switching of the
rectifier switches, which may reduce efficiency and cause
EMI problems [22], [23], [24]. Another drawback of
the P&O method is the dynamic performance, which is the
common issue for control methods based on P&O. In [25],
a dual-side control method is proposed that eliminates the
need for synchronization. However, this method cannot
achieve soft switching, and the irregular current on the
primary side results in high current stress.

This article proposes a novel synchronous secondary-side
control method without the detection of AC current or voltage.
The duty cycle of the rectifier input voltage is regulated with a
fast speed for output control. Thereby, a fast transient response
is possible. On the other hand, the phases of the rectifier driving
signals are adjusted with a low speed so that the rectifier input
current leads the rectifier input voltage by a certain phase to
realize phase synchronization and zero voltage switching (ZVS)
of the switches. Only the output DC current or voltage is sensed.
The proposed method can not only reduce the cost and volume
of the system but also avoid the disadvantage that AC current
sampling is easily disturbed by high-frequency noises. Thus,
the proposed method is suitable for high-frequency applications
with synchronous control.

The rest of this article is organized as follows. Section II
introduces the characteristics of ZPA control and capacitive
phase angle (CPA) control methods, and the strategy of the
proposed CPA synchronization control method. In Section III,
the monotonicity of the proposed control loops is studied and
a regulation method for the initial stage is introduced. The
influence of system parameter errors on the control system
is analyzed. Based on the generalized state space averaging
(GSSA) method, a small-signal model of the control system
is built. Section IV provides the controller design process and
simulation results. In Section V, experimental results are given
to verify the effectiveness of the proposed method. Finally,
Section VI concludes this article.

II. CHARACTERISTICS OF SYNCHRONOUS CONTROL METHODS
A. SS WPT System

The basic circuit topology of a WPT system with series—
series (SS) compensation [26] is shown in Fig. 1. In Fig. 1(a),
S§1-S4 and S5—Syg are the switches of the inverter and the rectifier,
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Loosely Coupled
Transformer

Fig. 1. (a) Basic circuit topology of SS WPT system. (b) Fundamental equiv-
alent circuit.

respectively. L, and L, are the self-inductances of the primary
and secondary coils, respectively. M is the mutual inductance
between the two coils. C), and C, are the resonant capacitors.
Cyand Ly are the capacitance and inductance of the output filter,
respectively. Uiy, is the input DC link voltage. U, is the charging
voltage, and i, is the charging current. u;,, and i;,, are the
inverter output voltage and current, respectively, and u,.. and
irec are the rectifier input voltage and current, respectively.

The parameters of the compensation tanks are designed with
the following resonant conditions:

wL, — - =0
{ P pr_ (1)

where w = 27f, and fj is the resonant frequency of the system.
Define Ty = 27/w as the resonant period.

B. ZPA and CPA Control Methods

Based on the criterion of whether the rectifier impedance is
resistive or capacitive, the secondary phase shift control methods
can be divided into two categories: ZPA control [19], [20], [21]
and CPA control [23]. Fig. 2 shows the system waveforms with
ZPA control and CPA control. 3 is the angle corresponding to
the time interval when ... is 0 V. In CPA control, ¢ is the angle
difference between P; and P, where P; and Ps are the first
positive zero-crossing points of i,.. and u,... In ZPA control,
Urec and i, are in phase, which leads to hard-switching of the
rectifier switches, whereas CPA control is able to realize ZVS if
¢>0.

Tp is the period of u;y,, and Ty is the period of u,e.. Tp
and Tg are both set to the resonant period Tj;, However, due to
the slight difference of the crystal oscillator frequencies of the
primary-side and secondary-side controllers, there is a tiny pe-
riod difference AT between T'p and Ts. Without synchronization
control, AT causes a periodic change in the output power [13].
The effect of AT can be eliminated by adopting a synchronous
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Fig. 2. System waveforms with ZPA control and CPA control.

control to periodically update the phases of the secondary-side
driving signals with respect to the primary side.

The reported synchronous control methods without resonant
current detection [19], [20], [21] adopts the P&O method to
achieve phase synchronization. The method is to ensure a largest
output current by using the P&O method. Therefore, it can
naturally achieve ZPA but not CPA of the rectifier. More details
could be found in [19], [20], and [21].

C. Principle of the Proposed CPA Synchronization Control
Method Without AC Current Detection

Define dg = /7 (0 < dg < 1) as the coefficient, which is
determined by the duty cycle of the rectifier voltage. Define d,
= @/ as the coefficient, which is determined by the phase of
the rectifier voltage. The steady-state /, with CPA control can
be calculated as

Iree
I, = ~== [cos (dym) + cos (dym 4 dgm)) 2)
™

where I,.. is the fundamental amplitude of the rectifier input
current ;..

The general expression for /.. with SS compensation is given
by

I o wMUim)

M2 1 R, - XX 4 (RiX, o+ X R

3)
where
1

X, =wlL —

p = Whp wC,

8 Uo Qdﬁﬂ' 9 d571'
R, = —QTOCOS TCOS 5 +d,m | + Ry
4 U, d . 1

Xs= — E%COSQ%W sin (dgm + 2d,m) + wls — oC.
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Fig. 3. Switching signals waveforms of the secondary rectifier.

where R; and Ry are the parasitic resistance of the primary
and secondary resonator, respectively, U, is the fundamental
amplitude of u;,,,,, which equals 4/7xU,,,.

When the system resonates and both d,, and dg are 0, I is
given by

wMU;pm — 4R, U,
wW2M?7 4+ Ry Rom

Tree = 4)

For aresonated WPT system with the secondary-side control,
Uiny 1s considered unchanged. As both R; and R are small, the
influence of d, dg and U,, on I, can be neglected. Therefore,
I,.. can be regarded as approximately constant in (2) and cal-
culated using (4). In addition to the SS compensated topology,
other topologies capable of making /,.. independent of load
variations, such as the LCC-LCC compensated topology [27],
are also suitable for the proposed method.

Fig. 3 shows the rectifier input voltage u,.., input current
irec, and the gate drive signals ug5—ugg for the switches of the
rectifier. uy, is a digital signal with a 50% duty cycle generated
by the secondary controller. The gate drive signal of the high-side
MOSFET Ss, i.e., g5, is triggered by the rising edge of 1,yy,.
Thereby, the phase of uys is determined by ug,,. The gate
drive signal of the other high-side MOSFET Sv, i.e., ugy7, lags
ug5 by 180°. The gate drive signal of each low-side MOSFET is
complement with that of the high-side MOSFET of the same leg.
To create a bypass period of 3, the pulse widths of u45 and uy7,
which are with the same length, are larger than the half switching
period, as shown in Fig. 3.

First, the pulse widths of u45 and ug47 can be controlled to
regulate dg for achieving a desired output. This is the first control
loop of the system, which is called the output-control loop. Then,
the synchronization loop is introduced for achieving ZVS of the
rectifier switches by controlling the phase of u,,,. The phase
of i, is ideally determined by the primary-side voltage u ;.
which is not affected by the secondary-side control, thereby,
irec can be taken as the reference for achieving a zero ¢ and,
thus, ZVS. Ideally, if d, can be measured, the phase of ugyy,
can be adjusted to track a specific d,. However, in the proposed
system, the AC current is not measured and thereby, d,, cannot
be obtained through measurements. According to (2), a zero d,,
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Fig. 4. Block diagram of the proposed secondary-side control method.

is corresponding to a specified value of dg provided that I,
and /, are given. Therefore, this specified value of dg can be
used as a reference value, denoted as dg_y.y. If d at the moment
equals dg_ref, zero d, should be achieved. Otherwise, a further
adjustment should be applied to the phase of uy,,,. To eliminate
interferences between two control loops, the synchronization
loop is designed to be much slower than the output-control loop.
This is the basic mechanism of the proposed control method
without AC current detection.
Based on (2), dg_r.yis derived as

1 WIofref

dg ref = - arccos i — €08 (dyp_refm)| — dip_ref-
rec

(&)

In the previous analysis, d, is assumed zero. However, to
realize full ZVS in real applications, d,, should be a bit larger
than zero. In the rest of this article, d,, is set to 0.1, which is
considered as a reference d,, and marked with d,,_.y.

III. PROPOSED SECONDARY-SIDE CONTROL METHOD

The block diagram of the proposed secondary-side control
method is shown in Fig. 4. Apart from the two control loops,
the mutual inductance of the system needs to be estimated for
the calculation of /.. and dg_.s. According to [28], the mutual
inductance can be estimated with DC output voltage and current.
Therefore, how to extract M is not the focus of this study.

In the rest of this section, the monotonicity of the proposed
control loops is first studied. Then, a regulation method for the
initial stage is introduced. The influence of system parameter
errors on the control system is discussed as well.

A. Output-Control Loop

The output-control loop is much faster than the synchroniza-
tion loop and, thus, d, can be taken as a constant in every
short period of time when considering the output-control loop.
Thereby, the monotonicity of the output-control loop can be
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TABLE I
SYSTEM SPECIFICATIONS AND PARAMETERS

Parameters Values Parameters Values
Ui 380V U, 525V
L, 514.9 uH L 81.72 uH
C, 6.83 nF C; 42.92 nF
R, 0.98 Q R, 0.11Q
M 72.17 uH Air gap 60 mm
Ly 1.68 uH C; 95 uF
Ry 0.1Q fo 85 kHz
L ref 3A dy rer 0.1
4 T T T r
D, —d,=0.1
A, B~ - —d,=-0.23
36 d,=023

0

I 0. 0.6 0.8 1

Fig. 5. 1,-dg curves with different d, of the prototype system.

studied with the /,-dg function, as given in (2), with different
values of d,. Taking the prototype system as an example, the
specifications are given in Table I. The /,-dg curves are like
these given in Fig. 5.

According to (2), 01,/0dg can be calculated as

o,
dds

Let (6) equals to 0, the value of dg corresponding to the
maximum value of /, when d, < 0 is obtained as

dans = |dy| @)

When —1 < d,, <0, 01,/0dg is positive when dg < |d,,| and
negative when dg >|d,,|. Therefore, for a given negative d,,, the
1,-dg curve is non-monotonous within the range of [0, 1] for dg.

When 0 < d, < 1, 01,/0dpg is always negative and thereby
the I,-dg curve is monotonous within the range of [0, 1] for dg.

Fig. 5 shows the I,-dg curves with different d,. d, = —0.23
and 0.23 correspond to an output of 3 A when dg = 0, according
to (2). The desired operation point is C where dg = dg_ref =
021 and d, = d_rey = 0.1. The I,-dg curve of d, = —0.23 is
nonmonotonous and the peak point is located at dgps = 0.23 as
given by (7).

= —Irecsin[(dg + dy) 7] . (6)

B. Synchronization Loop

On the other hand, for each given d,, dg is regulated fast
enough for generating the reference output. Therefore, the syn-
chronization loop can be described by the dg-d, curve with a
given output, which is like the one in Fig. 6 for the prototype
system.
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Fig. 6. dp-d, curve of the prototype system when I, = I,_ref = 3 A.

Similarly, based on (2), 0d/0d,, is calculated as
adg _

ody \/1 - [cos (dym) — “If’;rf] 2

rec

—sin (d,)

—1. (8)

Let (8) equals to 0, the value of d, corresponding to the
maximum value of dg is obtained as

1 <7TI
arccos
s

.+ o_ref
dWM B 21’!‘66 )‘ ' (9)

In the example system, dnp is —0.23 when 1, .= 3 A.

In Fig. 6, the desired operation point is C, which is corre-
sponding to d, = 0.1 Although d,, is unknown because the AC
current is not measured in the proposed system, the change in
d, from one cycle to the next is controllable. The desired d,
(i.e., d_rep) is achieved by ensuring that the steady-state value
of dg tracks dg .. The adjustment of the steady-state value of
dg is accomplished by modifying the phase variation of u, in
the next cycle relative to the current cycle.

C. Initial Stage

Atthe initial stage, after the system is activated, the secondary
gate drive signals are applied with a zero dg, i.e., the duty cycle
of the rectifier voltage is 1, and d,, is an arbitrary value. The
control loops are deactivated in this stage.

Then, d, is increased (or decreased) with a certain step
size until the output reaches the reference. In other words, the
operation points of the system for producing the reference output
are located by adjusting d.,.

For example, in Fig. 6, the operation points A or B will be
found to output the reference current by adjusting d, when
dg = 0. It should be noted that each of the point in Fig. 6 is corre-
sponding to the point with the same name in Fig. 5. The point A
and B in Fig. 5 are the same point. Then, the two control loops are
activated. The monotonicity of the output-control loop control
and the synchronization loop are determined as 01,/0dg < 0 and
0dglod, < 0, respectively. To avoid monotonicity problem, an
initial dg, which is larger than dg ), is applied. The initial dg is
marked as dg_;p;¢, and is calculated based on (7) and (9). Starting
from A or B, there are two possible paths, which are explained
as follows.
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1) Starting from A, i.e., d, = —0.23, the operation point will
change to E after applying dg_init, whichis larger than 0.23
when /, .y = 3 A. Then, it goes to F rapidly along the /-
dg curve of d, = —0.23 through the output-control loop, as
shown in Fig. 5. Then, through the synchronization loop,
d, is gradually increased and the operation point moves
from F to C along the d-d,, curve, as shown in Fig. 6. The
complete moving paths of the operation point are given in
red arrows in Figs. 5 and 6.

2) Starting from B, i.e., d, = 0.23, similar analysis can be
performed, and the complete paths is B-G-B-C, as given
in blue arrows in Figs. 5 and 6.

By applying this initial dg, monotonicity maintains consistent

for both cases.

D. Impact of Parameter Errors

Considering the parameter errors of the resonant capacitors
and the mutual inductance, the calculated /,.., the calculated
dg_rep and eventually the steady-state d,, will deviate from their
ideal values. Here error is defined as the percentage error of the
actual value, with respect to the value fed into a microcontroller
(MCU). Thereby, the parameter error of a capacitor due to its
tolerance is given by
Cact = Cnom

O % 100%

1
Cnom ( O)

ec =
where C,; is the actual value of the capacitor, and C,,yy, is the
nominal value of the capacitor, which resonates with the corre-
sponding self-inductance, e, and e, represent the parameter
errors of C), and Cj, respectively.
The parameter error of the mutual inductance is given by

Mmea - Ma

ct
1
N x 100%

ENnf = (1 1)
where M, is the actual mutual inductance of the windings, and
M peq 18 the measured value which is used for calculating /..
and d B_ref-

The analysis process of key system parameters with ey and e
is shown in Fig. 7. Part A involves the calculation process of the
internal variables in the MCU, i.e., the calculated /,.. and dg_ry.
The former is obtained by (4); it is then used in (5) to calculate
dg_repwhenl, rcpandd,_r.rare given. Since (4) and (5) does not
include C), and Cj, the calculated /.. and dg_,f are unaffected
by ecy, and ec;. dg_rey is eventually used as the reference value
in the phase-synchronization loop for locating d, to guarantee
ZVS and minimal reactive power. Ideally without any parameter
errors, the steady-state d, will equal its reference value, i.e.,
dy_ref, which is 0.1 in this study.

Part B involves the calculation process of the steady-state
operating variables of the prototype, i.e., the steady-state /...
and d,. The former is obtained by (3), it is then used in (2)
to calculate d,. The steady-state output current I, will equal
I, _ref with the output-control loop, and the steady-state dg will
equal dg_,.; with the phase-synchronization loop. As a result,
the steady-state d,, will deviate from d_,c;. The steady-state
I and d, are both affected by e and epr based on (2) and (3).
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Fig. 7. Flowchart of the analysis process of key system parameters with e s
and ec.
03
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Fig. 8. Variations of the steady-state d,, with different e); and e in (I)~(V),

where: (I) ecp = 5%, ecs = 5%; (1) ecp = 5%, ecs = —=5%; (1ll) e cp = 5%,
ecs =5%; (V) ecp = —=5%, ecs = —5%; (V) ecp = 0, ecs = 0; the variations
of the calculated dg_er with different eps in (VI), for (a) I,_ref = 3 A and
(b) Io_rep=2.5A.

Fig. 8 shows the calculated dg_r.r and the steady-state d,
with different e o and e, where the solid lines represent d, and
the pink dashed line represents dg_.y. The parameter errors in
the primary resonant capacitor C,,, secondary resonant capacitor
C,, and mutual inductance M are considered simultaneously.
In Fig. 8, Cpon and M., are assigned by the corresponding
values of Cy,, C,, and M in Table 1. With zero errors, d,, equals
dy_ref, 1.€., 0.1, and dg_rr equals the ideal value, i.e., 0.21 for
I, ref=3Aand 0.3 forl, ,of=2.5A.

In the range of +5% errors in the value of resonant capacitors
and £10% errors in the value of mutual inductance, d, varies in
the range of 0.02 to 0.17 and dg_ varies in the range of 0.15 to
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0.27 when /,,_rcris 3 A. It should be noted that the constraints for
the parameter errors lie in: 1) the values of d,, should be larger
than zero to realize ZVS, and 2) the value of dg_,.f should be
larger than zero to output the required current /,, ;. The entire
ranges of d, and dg in Fig. 8(a) are larger than zero, which
means ZVS and output control can be maintained despite the
parameter errors.

AsshowninFig. 8(b), when/,,_,.rdecreasesfrom3 At02.5A,
d, varies in the range of 0.04 to 0.16 and dg_,.s varies in the
range of 0.26 to 0.34. Therefore, larger margins are generated
with respect to zero. This implies that larger parameter errors
can be tolerated if /,_.y is set to a lower value.

IV. CONTROL SYSTEM DESIGN

The proposed control method can achieve CC or CV output
through the control of the proposed two loops. Based on the
GSSA method [30], A small signal model of the control sys-
tem is established in order to verify its stability. The detailed
calculation process is provided in the Appendix. The closed
loop control diagram can be summarized as Fig. 9, where the
following conditions hold:

Gap :  open-loop transfer function between aAlw and 7,
Gap:  open-loop transfer function between cig and i,;
Gapp: open-loop transfer function between czwand CZBJS.

For a variable x, & represents its small-signal perturbation.
The steady-state duty cycle dg is marked as dg 5. The U, and
I, are sampled as the inputs of the fast output-control loop, and
dg is regulated to make U, or I, follow the reference value. In
the slow synchronization loop, d,, is adjusted to make dg follow
dg_ref, thus, d, will be kept at d, s According to (5), the value
of K; and K, are expressed as

0dg ref
Kl — B_ref

Ky = orer (12

The phase perturbation caused by the frequency difference
between the primary and secondary controller is regarded as

dp. The perturbation %o is caused by the perturbation ¢, .y,

dy_ref,and dgp. As aresult, i, can be expressed as

dsa_ref + Hdtpp dsap

io=H;, . iores +Hy (13)

pref
where

H;, rep: closed-loop transfer function between i, . pand i,;
Hg, rep: closed-loop transfer function between dy,_,.rand i,;
Hg,p: closed-loop transfer function between d,,,and To

According to Fig. 9, the closed-loop transfer functions in (13)
can be expressed as

H- o DC]*Gdﬁ DCQ*GdW*Kz
Goref = DC1#Gaz—1  (DC1%Ga,—1)(DCaxGa,—1)
_ de
Ha,, = (DC1#Ga,—1)(DC2+Ga,,—1) (14)
H, —DCy+Ga, +Ky

oref — (DC1+Ga, —1)(DC2*Ga, 1)
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Fig. 9. Closed-loop control diagram.

where
. 1— e Tes Ky T
DCl(S)—T KP1+7
1— e NTes K _ s
DCo(s) = Fg (Kt 22 ) T

where T, is the period of the output-control loop, which equals
the resonant period 7.

The exponential term e ™ is simplified using the first-order
Padé approximation [31], which can be expressed as

1—-32s

_1+%s'

e—TS

15)

In the output-control loop, a PI controller is employed to make
the output current track its reference value quickly. Therefore,
the PI controller parameters (Kpi, K1) need to be designed
appropriately to improve the reference tracking performance, as
demonstrated by its open-loop transfer function G (s). As shown
inFig. 9, G1(s) = -G 5(s)xDC1(s).

Generally, the open-loop transfer function has four indexes to
assess the performance of its closed-loop control system, which
are gain margin K, phase margin -, low-frequency magnitude
G1(j1) and cutoff frequency w.. In order to guarantee the stability
of the control system, K, and 7 should be both positive and
large enough. A sufficiently large G1(j1) and w,. are beneficial
to improve the dynamic response performance of the system.

The performance indexes of G (s) at different values of K p;
and Ky are calculated and given in Fig. 10, based on the small
signal model in Section IV. As K, increases, K, and -y remain
basically unchanged at first and then drop rapidly, while G;(j1)
and w, increase rapidly. As Kp; increases, K, decreases and
increases, while G;(j1) and w,. remain unchanged. Taking into
account the aforementioned calculations and analysis results,
the values of Kp; and K;; are selected as 0.007 and 50.

In the synchronization loop, the control period of the digital
controlleris N times longer than that of the output-control loop to
ensure that the output-control loop reaches steady state within
each control period of the synchronization loop. Because Czwp

and cﬁ, are both tiny, the resulting output current disturbance 7,
can be quickly eliminated by the output-control loop. The value

50 95
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. — Kp1 = 0.001 ~ 0.01
=60
. 4000
= ? — Kpy = 0.001 ~ 0.01
5_/:40 £
= 32000
8020
(=}
N
0 0
10° 10! 102 103 10° 10! 102 10°
Kn Kn
(© ()
Fig. 10. Performance indexes of G1(s) at different values of Kp; and K11

including (a) gain margin K, (b) phase margin -, (c) low-frequency magnitude
G1(jw) when w = 109 rad/s, and (d) cutoff frequency we.

of Nis setto 15 in this article, further analysis on the selection of
N is provided in Section VI. The open-loop transfer function of
the synchronization loop is defined as Go(s). As shown in Fig. 9,
Ga(s) = ~G gy (5) *DCs(s).

The performance indexes of Ga(s) at different values of K po
and K15 are calculated and shown in Fig. 11. As can be seen from
Fig. 11, as K p, increases, K, decreases, -y and G»(j1) increases,
while w, remains unchanged. As K, increases, K, and -y remain
unchanged, while G»(j1) and w increase rapidly. In the synchro-
nization loop, the selection of the PI controller parameters favors
stability over the speed of the dynamic response, as a result, the
values of Kpy and Ko are selected as 0.02 and 0.2. The bode
plots of G1(jw) and G2 (jw) with the designed PI parameters are
illustrated in Fig. 12.

Taking the following two cases as an example:

1) Kp1 =0.007, K;1 =50, Kpe = 0.02, Kj5 = 0.2;

2) Kp1 =0.2,K;1 =50, Kps =0.02, Kjo = 0.2.
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Fig. 11. Performance indexes of Ga(s) at different values of Kpo and Kro
including (a) gain margin Ky, (b) phase margin -, (c) low-frequency magnitude
Go(jw) when w = 10° rad/s, and (d) cutoff frequency w,.
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(b)

Zero-pole distribution diagram of H;,_ref when (a) Kp1 = 0.007,

K1 =50, Kpa = 0.02, K12 = 0.2; (b) Kpy = 0.2, K11 = 50, Kpa = 0.02,

K2 =0.2.
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Fig. 12. Bode plots of (a) G1(jw) and (b) Ga(jw) with the designed PI
parameters.

According to (14), the poles of H;,_r.r contain the poles of
H g, _repand H 4,p. Therefore, the stability of the control system
can be judged by the pole distribution of H;, ,.;. The zero-
pole distribution diagram of H;, ,.f can be obtained based on
the small-signal model, as shown in Fig. 13. The simulation
waveforms using the PI parameters of the above cases are shown
in Fig. 14.

As shown in Fig. 13, all the poles of H;, s have negative
real parts in the first case, while in the second case there is a
pair of complex conjugated poles with positive real parts. As
a result, only the first case is stable. As shown in Fig. 14, the
output voltage and current and PI controller outputs are stable
when the system model is stable. When the system model is
unstable, the output of the PI controller oscillates and cannot
be stabilized at the steady-state operating point. As a result, the
output voltage and current are also oscillating. The simulation
results are consistent with the theoretical analysis.

V. EXPERIMENTAL RESULTS

A prototype based on the structure shown in Fig. 1 is built for
experiments. The inverter has two operating modes, full-bridge
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D s1s o1
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25
2 20 0.0
I 1s < 0.1
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Control variables of the output loop
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Time(s)
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Time(s)

0.4 0.5

Fig. 14. Simulation waveforms when (a) Kp1 = 0.007, K;1 = 50, Kp2
=0.02,K72 =0.2; (b) Kp; = 0.2, Kj1 =50, Kpa = 0.02, Kj2 = 0.2.

(FB) and half-bridge (HB) modes, and the proposed method is
applicable to each mode. The DC input voltage Uj, is 190 V in
FB mode and 380 V in HB mode. The interrupt frequency of the
MCU is set to 85 kHz, which is also the control frequency of the
output-control loop. The control frequency of the synchronous
loop is set to 1/N of the output-control loop, where N is 15 in
this article. The load is a 48 V 65 Ah lead-acid battery. The CC
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Fig. 15.  Experimental prototype ((1) primary resonant capacitor (2) coupling
coils (3) secondary resonant capacitor (4) inverter (5) primary controller (6)
rectifier (7) secondary controller (8) DC voltage sensing board (9) DC current
sensing board).
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Fig. 16. Experimental waveforms during CC and CV charging with the
proposed control method.

charging current is set to 3 A and the CV charging voltage is
set to 52.5 V. The prototype is shown in Fig. 15 and the key
parameters are given in Table I.

In this prototype, d,_r.y is set to 0.1, which means the ref-
erence value of ¢ is 18°. dg_ ¢y is calculated as 0.21 based on
(5), which means the reference value of /3 is 38°. Fig. 16 shows
the experimental waveforms with the proposed control method.
The initial battery voltage is purposely set at a high value so that
the time span of CC mode is shortened.

At the initial stage, dg is set to 0, which means £ is 0°. I,
increases as d, gradually varies sinusoidally [13]. ¢ is 73° when
I, = 1 A as shown in Fig. 16. When [, reaches 3 A, dg is
set to dg_init, Which is 0.23 based on (7) and (9), and then the
synchronization and output-control loops are both activated. In
the steady stage, /, remains nearly constant at 3 A, § remains
nearly constant at 37°, and ¢ remains nearly constant at 19°, all
of which are close to their reference values. After the battery
voltage increases to the reference value, the CC mode ends and
the CV mode starts. As can be seen in Fig. 16, ZVS, smooth
transitions, low current ripple (6.7%), and short settling time
(0.32 s) are realized by using the proposed control method.

To verify transient response of the prototype, the results with
changing output current references are given in Fig. 17. 1,_,ris
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Fig. 17.  Experimental waveforms with different /,_s during CC charging.

Uip: 250 V/div - i;,,: 2 A/div Ujpy: 250 V/div - i;,,,: 2 A/div

Uyee: SOV/AIV  iree: 5 A/div Uyoo: SO V/Aiv e 5 A/div
I _,f=3 A Uiy, Ji _,f=2 A Uiy
Syl BN e

| |
Uy, g
/

N4, %4 4

9p=19° p=37° 9=19° B.:=65°

Time: 2 ps/div| Time: 2 ps/div]

Fig. 18.  Steady-state waveforms when (a) /o_ref =3 A (b) Io_ref = 2 A.

TABLE II
MEASURED VALUES OF INPUT AND OUTPUT PARAMETERS

Parameters Values
U, 380V
I 0438 A
P, 166 W
U, 525V
1, 299 A
P, 157 W
n 94.4%

changed from 3 A to 2 A, and then changed back to 3 A. It can be
seen that the system can response rapidly to track /, .s. During
the transition from 3 A to 2 A, a small deviation occurs between
 and its reference. For example, when the current is 2.5 A, ¢
is 16°, which is slightly lower than its reference value of 18°.
Since  remains above 0, the secondary-side full-bridge can still
achieve ZVS. After the current stabilizes at the reference value
of 2 A, ¢ also stabilizes at about 19°.

Fig. 18 shows the steady-state waveforms. As a result of
the output-control loop, the duty cycle of u,.. is successfully
adjusted according to /,_,.s. The value of 3 for I, ,.f =3 Ais
37° anditchanges to 65° when/,_,.rdecreases to2 A. Moreover,
for both cases with two different /,, ,..s, o maintains stably at 19°,
which is close to its reference value of 18°. This proves that the
synchronization loop is also effective.

The measured DC-DC efficiency n of the prototype during
CC charging at a 157 W output is 94.4%, as shown in Table II.
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Fig. 19 shows the performance of the prototype when d,_.f
changes from 0.1 to 0.2. Based on (5), dg_.f changes from 0.21
to 0.05 in response to the change in d, ., which increases
the input error of the synchronization loop. As a result, the
phase shift angle of the u,.. will increase and cause a temporary
fluctuation in the output current /,. However, under the control
of the output loop, /, remains stabilized at its reference value
after the small fluctuation. ¢ eventually stabilizes at 37°, close to
its reference value of 36°. 3 eventually stabilizes at 8°, close to
its reference value of 9°. This indicates that the proposed control
method effectively adjusts ¢ while maintaining the stability of
the output current.

The proposed method is also applicable to a system with
primary-side voltage regulation. For example, the equivalent
output voltage of the primary-side inverter, i.e., Uj,,, is ad-
justed by using the phase-shift control. According to (4) and
(5), when the value of U,,, is changed by the primary-side
controller, the new Uj,, should be sent to the secondary-side
controller for updating the value of dg_,.;. With the phase shift
control, Uy, is adjusted as U,y, = 4/mxU;,*cos(a/2), where
« is the angle corresponding to the time interval when u,,
is 0 V. Based on (4) and (5), the reference value of /3 for
Iy ref =15 A, dy rep = 0.1 and o = 0° is 83°; it changes to
74° when « increases to 68°. The experimental waveforms of
the prototype system with the proposed secondary-side control
and also the primary-side phase-shift modulation when /1, s
= 1.5 A are shown in Fig. 20. According to Fig. 20, after v
changes from 0° to 68°, ¢ remains at 19°, 3 changes from 83°
to 73°, and I, remains at 1.5 A, all of which are close to their
reference values. In addition, the DC-DC efficiency increases
from 92.4% to 93.7%. This experiment proves that the proposed
method can perform well with the primary-side phase-shift
modulation.

To test the robustness of the proposed methods, experiments
are carried out with circuit parameter errors. The actual values
of Cp and C; are changed to 7.2 nF and 45 nF, respectively,
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(a) Complete waveforms. (b) Transition when « changes from 0° to 68°.
(c) Steady-state waveforms when o = 0°. (d) Steady-state waveforms when
a = 68°.
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Fig.21.  Experimental waveforms with circuit parameter errors where: (a) e ¢
=+5%, ecs = +5%, and ep; = +10% (b) ecp = +5%, ecs = +5%, and epr
=-10%.

to simulate the case where ec, = +5% and ecs = +5%.
Meanwhile the measured value M,,., is changed to 79.34 uH
or 64.95 pH to simulate the case where e); = £10%. The
corresponding experimental waveforms are shown in Fig. 21.

It can be seen from Fig. 21 that the output current remains
stable at its reference value, unaffected by the parameter errors.
The steady state ¢ and [ are basically consistent with the
theoretical analysis in Fig. 8(a). The proposed control method
can still work effectively when e, = +5%, ecs = +5%, and
epn = +10%.
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Fig. 22.  Experimental waveforms with different N when 1,,_f = 3 A.

Furthermore, the influence of different synchronization cycles
(N = 1000, 100, 5, 1) on the control system are tested, and the
corresponding experimental waveforms are shown in Fig. 22.
It can be seen from Fig. 22 that when N increases from 100 to
1000, both the settling time and the current ripple increase. This
is because with a larger N, the accumulated error of ¢ is larger
when entering the synchronization loop. As a result, a larger
phase shift of the rectifier input voltage occurs, consequently
leading to an increase in current ripple. When N is less than
5, the system will oscillate because the synchronization loop
and the output-control loop interfere with each other. In order to
ensure system stability while also optimizing dynamic response,
N is set to 15 in the prototype system.

It should be noted that the difference of the switching periods
of the primary and secondary converters is 0.15 ns in this pro-
totype due to the error in the oscillators of the MCUs. However,
this error apparently does not affect the control of the system.
The reason is that the accumulation speed of the phase difference
between the secondary driving signals and the primary driving
signals due to this oscillator frequency error is much slower than
the changing speed of the phases of the secondary driving signals
which are manipulated by the synchronization loop.

VI. CONCLUSION

In this article, a novel synchronous secondary-side control
method without AC current detection and real-time wireless
communication is proposed. The method includes an output-
control loop and a synchronization loop. The output-control
loop adjusts the output, either current or voltage, of the system
by controlling the duty cycle of the rectifier input voltage. The
synchronization loop realizes phase synchronization and ZVS
by tracking the optimal phase of the rectifier input voltage.
The small-signal model of the proposed system is built and
used to design the controller parameters. The experiment results
prove that the prototype system performs well with the proposed
control method. The proposed method only requires sampling
of the DC output information. Therefore, auxiliary hardware for
AC current detection is not needed, and the cost and complexity
of the system is reduced. Moreover, this novel method can

3795

avoid the drawback of susceptibility to high-frequency noise
interference in AC current sampling.

APPENDIX

The calculation process of the small signal model is presented
in this section. The inductor currents and capacitor voltages
shown in Fig. 1 are selected as state variables. Based on Kirch-
hoff’s laws, the SS WPT system can be described as

diiny ; direc
Lp dt Uiny — Rlzinv — Ucyp + MT

duc .
Cp dtp = Yinv
direc diiny ;
Ly & M dr Roirec — ucs — Urec 6
o (16)
sTar — lrec
d’ch .
Cr=git = o1 — o

Lf(ilito =ucy —Rfio — UO

where Ry is the equivalent parasitic resistance of the DC link.
Based on the GSSA method, a state variable x(7) can be
expressed as

z(t) = (z),(t) sinwt + (x) .(t) coswt (17)

where (z), and (z), are the coefficients of the sine and cosine
components of the Fourier expansion of x(f).
Based on (17), all state variables can be expressed as

Uiny = Usny Sinwt
liny = T1 Sinwt + o cos wt
Ucp = T3 sinwt + x4 coswt
lpec = Ty Sinwt + xg cos wt
ucs = Tr7sinwt + xg coswt
ucyfp = Ty9

1o = T10

(18)

where x; and xo are the coefficients of the sine and cosine
components of the Fourier expansion of i;,,, x3 and x4 are the
coefficients of the sine and cosine components of the Fourier
expansion of u ¢y, and so forth.

Substituting (18) into (16), (16) can be rewritten as (19).

To deal with the nonlinear characteristics of the converters,
the extended describing function (EDF) method is used to obtain
the linearized model of the converter [29], [32]. Following the
EDF method, the values of (tycc) ;, (Urec) ., and i,1 are obtained
by (20).

The large signal model of the system is given by (19) and (20).
In order to establish a small signal model, the state variable
x needs to be expressed as the sum of the steady-state X and
disturbance &, as shown in (21).

Substituting (21) into (19) and (20), and eliminating the
steady-state values on both sides of the equal sign, the small
signal model of the system is obtained. The steady-state values
are selected as I, = 3 A, d, = 0.1, and dg = 0.21 based on (5).



3796

(Urec)s» (Urec),» and io1are linearized based on Taylor theo-
rem, as shown in (22)

L,z —M% = Ujpy — 3 — R121 + Lpwxs —wMzg

P dt
Lpdd% —Mdd—z‘-{ =—x4 — Rizo — Lywzy + wMzs

d

Cp it =11+ Cpwry

Cpds = 3y — Cpwzs
das d

LSthl — M% =—wMxy — Roxs+ Lywxg—x7— <u7«ec>s
d d

L5 — M2 =wMzy — Rowg — Lswrs — 8 — (Upece),.
d

CsF = x5 + Cowas
dz

Cs< = 6 — Cswry
d

Crq =01 — T10

Lf uz; = L9 — folo - Uo

(19)
(Uree)s = 49:9 cos d—\/—;ﬁ cos [(c@, + dyﬁ) w}
r52+x6
+ 1'9 COS dg \/ﬁ sin |:(d<,0 + dTB 7Ti|

dgm 5

_ 4
(Upec), = —=T9 COS T\/ﬁ sin [( 7‘ T

d d
+2 29 cos LT ——2— cos [(dw + 7”) w}

2 \fos2tae?
o1 = —m [cos (d,m) + cos (dp + dg)]

(20)
r=X+2 21
(fipec), = 3(!;:;) s+ 8<ureﬁc> e + a(gg;c) dﬁ
+8<urec>bd + <urec>éx9
<ﬁrec>c _ 8(15;?)‘335 + 3<15m> Be 4 g;le; Fdﬁ 22)
_"_8<u7‘ec d + urec>‘,x9
z012%?% +%x +%d5+%d

Based on (2), the steady-state duty cycle dg can be derived as

’/Tjo_ref

/1.52 + $62
According to (23), dg_ss is linearized as

cZ 3d@ ss & adﬁ S5 9}6 + 8d/3_33

b5 = o 5 Tog ad,,

dg ss = — arccos —cos (dym)| —dy,. (23)

dy,. (24

The small signal state-space equation of the system is derived
based on (19)—(24) as

{a'c = Az + Bu 25)

y=Cx+ Du

where x is the state variable vector containing the sine and cosine
coefficients of currents and voltages, which is given by

x = (&1, &2, &3, &4, Ts, ¢, &7, T8, L9, T10)

u and y are input and output vectors, respectively, which are
given by
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u = {CZB,CZQ(,}
Y= Fo,dﬁ_ss]

I Y 6dﬁ_ss adﬁ_ss ~ AT adﬂ_ss 7
— |:'T107|: 8.7/'5 ) 6$6 :|[x57:E6] + ad(p d&ﬂ

The expressions of A, B, C, and D are matrixes related to

system parameters, which can be obtained from (24) and (26)

Ly4r — M%s — —35 — Rydq + Lywds — wMds
dz daz I - A
LP% — Md—xf =—x4 — B3y — Lpwd + wMis

C'p =T+ Cpwiy

C'pd"”4 =12 — C wis

dt
dés dz A A N A .
L2 dt — M2 1 = —wMio — RoZs + Lywlg — T7 — <u7«€c>s
dw . A A A .
L4 it — M = wMiy — Rodg — Lswis — T8 — (Urec),

Cs at 5175 + OSWi:S

di N
Cs g:tg = I — Cswiy

dig _ ig1 o1 digr o T _ G
C’fdt—8369134——‘#%4-{4L 1}u — o

ddg ’ dd,
Lf dig =Ig — Ron

(26)
where
(ipec), = a<g;e;>si-5 + a<8reﬁc>5 bo+ 8<g;egc>s 3
[Pt Pl
(e = P gelei + ey 4 Seles,
[P Eek] o

The transfer functions can be calculated by

(Ga,(s),Ga,(5),Ga,,(s)] =C(sI —A)'B+D. (27)
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