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Abstract—Charging current and efficiency of a wireless power
transfer system depend on the equivalent load resistance of super-
capacitor load, which varies during charging. To achieve constant
current (CC) charging and maximized efficiency under variable
loads, control method that employs primary-side phase shift H-
bridge inverter and secondary-side semiactive rectifier are pro-
posed. The proposed secondary-side control method not only
achieves CC charging, but also ensures no reactive impedance
seen into the semiactive rectifier. Furthermore, the maximum ef-
ficiency tracking is based on searching the minimum system dc
input current for any given output power. It is realized by phase
shift H-bridge inverter that is controlled by the perturbation and
observation algorithm. Simulation and experimental results val-
idate the feasibility of the proposed control method. During CC
charging of 3 A, the maximum efficiency is 81% and largest effi-
ciency improvement is 15.2% at light load. The proposed control
method improves the system performance and is suitable for the
applications that require compact receiver and no wireless com-
munication link between the transmitter and the receiver.

Index Terms—Constant current (CC) charging, maximum effi-
ciency tracking, semiactive rectifier, supercapacitor (SC), wireless
power transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) system for consumer
W electronic devices and electric vehicles (EV) is gaining
more and more attention [1]—[3]. It has the advantages of cord-
less and automatic charging. In practical, constant current (CC)
charging are required by the battery or supercapacitor (SC) load
[4]. However, the variation of either equivalent load resistance
or mutual inductance affects the charging current and efficiency
[5]. Therefore, the motivation of this paper is to analysis and
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Fig. 1.  Circuit diagrams of different control methods for charging current
regulation. (a) Variable frequency/phase shift H-bridge inverter, (b) Impedance
matching and (c) Dc-dc conversion.

design a WPT system that achieves CC charging and maximum
efficiency tracking for SC.

On one hand, CC charging can be realized by properly de-
signing the magnetic coupler and compensation topology. On
the other hand, closed-loop control method is essential to main-
tain the accurate and stable CC charging. As shown in Fig. 1,
the widely used methods for charging current regulation are
categorized into three groups: variable frequency/phase shift of
H-bridge inverter, impedance matching and dc-dc conversion
[6]-[10].

Among the control methods shown in Fig. 1, variable fre-
quency control may result in the decrease of power transfer
capability and system instability when the operating frequency
deviates too much from the peak frequency [6]. Furthermore,
the available operating frequency range is regulated by stan-
dards and guidelines. The operating frequency for light-duty
electric vehicle’s wireless charging is 81.38~90.00 kHz, which
is regulated by the society of automotive engineers Task Force’s
J2954 standard. The operating frequency for portable devices
is 110~205 kHz, which is regulated by Qi standard of wireless
power consortium [7], [8]. Impedance matching is commonly

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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applied in high frequency and low power conditions. Due to the
bulky and complicated capacitors/inductors matrix, the system
size and control complexity increase significantly with power
capacity [9]. The primary-side phase shift H-bridge inverter and
dc-dc converter require feedback signals from the secondary-
side, which may cause instability and control failure if wire-
less communication link is disturbed by the magnetic field.
The secondary-side dc-dc converter avoids the need of wire-
less communication link. Inevitably, the volume and cost of the
receiver are increased, which may be undesirable for some spe-
cial applications [10]. To solve those drawbacks, secondary-side
semiactive rectifier is proposed to adjust the charging voltage
[11]. In this paper, the semiactive rectifier is further analyzed,
and the improved control method that is compared to [11] is
highlighted.

Before designing the WPT system, power inverter and dc-dc
converter should be optimized to reduce power losses [12]. Once
the WPT system is constructed, impedance matching, magnetic
coupler optimization, and load transformation can be applied to
further improve the efficiency.

1) Impedance matching (IM): Capacitor/inductor matrix or
their combination can be used to achieve optimal effi-
ciency when the load resistance and mutual inductance
vary. In [13], through switching an adaptive capacitors
matrix, maximum efficiency is achieved by using window
prediction search algorithm. In [14], automated IM based
on the L-match networks is used to increase efficiency
through matching the resonant frequency of the magnetic
coupler to that of the power source. In [15], an inexpen-
sive auto-adaptive IM rectifier is proposed to improve the
efficiency. Those methods are used for high frequency and
low power applications. The capacitors/inductors matrix
and control circuits increase the volume and control com-
plexity to the WPT system with the increment of power
capacity. In addition, the resolution of IM is limited by
the discrete capacitor/inductor values.

2) Magnetic coupler optimization: With the optimized mag-
netic couplers such as three or four-coil system and LCC
resonant structure, the efficiency can be improved. In
[16], the optimization of dual-layer intermediate and im-
plantable coils is proposed to improve the efficiency of
a four-coil WPT system. In [17], autotuning algorithm
based on a four-coil system is used to track the maximum
efficiency against the variation of mutual inductance. In
[18], an optimized LCC resonant structure is analyzed to
realize a high efficiency for a dynamic WPT system. Al-
though the efficiency can be improved by the optimized
magnetic coupler, the drawbacks are that the adjustment
range and coil position are limited.

3) Load transformation: It is the widely used method for
achieving maximum efficiency tracking and can be classi-
fied into two types. For type I, through adjusting the duty
cycle of dc-dc converter, the equivalent load resistance
is regulated to the optimal value that corresponds to the
maximum efficiency [22], [23]. The drawback is that the
receiver is large and expensive. Wireless communication
link is also necessary to feedback the current and voltage
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Structure of the proposed WPT system.

information to control the efficiency. For type II, mini-
mum dc input power that provides same output power is
searched, then maximum efficiency is achieved [19]. Both
buck/boost converter and phase shift H-bridge inverter can
be used to realize type Il method [20], [21]. The advantage
is that wireless communication link is avoided.

In this paper, control method that has two degree of free-
doms, provided by the primary-side phase shift H-bridge in-
verter and secondary-side semiactive rectifier, is proposed to
achieve CC charging and maximum efficiency tracking. As wire-
less communication link is undesirable, cooperative work be-
tween primary-side controller and secondary-side controller is
analyzed in depth. This is one of the improvements when com-
pares to previous control methods. At the secondary-side, CC
charging is realized by adjusting the PI-controlled semiactive
rectifier. For a given output power, maximum efficiency corre-
sponds to minimum system dc input power, which is achieved by
adjusting the phase shift H-bridge inverter with perturbation and
observation (P&O) algorithm. The rest of the sections are orga-
nized as follows: Section II analyzes the system structure and
theoretical analysis. Section III presents the operating principle
and control strategy of the semiactive rectifier and phase shift H-
bridge inverter. Section IV analyzes and verifies the closed-loop
control method with simulations. Section V validates the control
method with experiments. Finally, the conclusion is summarized
in the last section.

II. SYSTEM STRUCTURE AND THEORETICAL ANALYSIS
A. System Structure

A WPT system, which consists of the dc voltage source,
phase shift H-bridge inverter, magnetic coupler, series-series
(SS) compensation, semiactive rectifier, capacitive filter, SC
load, and controllers, is separated into two isolated parts namely
the primary-side and the secondary-side. As mentioned in [24],
among the four basic compensation topologies, only primary-
side reactance of SS compensation is independent of both the
coupling coefficient variation and load variation when the WPT
system operates in resonance. Also, SS compensation is widely
used for battery/ SC charging in WPT systems [10], [20].

As shown in Fig. 2, S;~S, are four power metallic oxide
semiconductor field effect transistors (MOSFET) that consti-
tute the H-bridge inverter. U},,s and U are the dc input voltage
and equivalent ac output voltage of the H-bridge inverter, re-
spectively. L;, R;, C; and I; (i = 1,2) are the self-inductance,
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Fig. 3. Mutual inductance model.

internal resistance, compensation capacitance, and resonant cur-
rent of the primary-side and secondary-side coil, respectively.
M is the mutual inductance. The semiactive rectifier consists of
two MOSFETs () and (> with antiparallel diodes D3 and D, in
the lower part, and two diodes D; and D, in the upper part. R,
and U, are the equivalent input resistance and input voltage seen
into the semiactive rectifier, respectively. The circuit model of
SC includes a series resistor, R, ideal capacitor, C, and parallel
resistor, ?,,. The system dc input current and output current are
measured by Hall current sensors.

B. Optimal Load Condition for Achieving the Maximum
Efficiency

The mutual inductance model shown in Fig. 3 is used to
perform further analysis.

According to the Kirchhoff’s Voltage Law, the WPT system
is described as

(R +jwli+ e ) - T4 jwM - I = U
. e o D
JwM - I + (Rg + jwly + jwng +le,) I, =U.

where Uy, U,, I} and I, are the phasors of output voltage of the
H-bridge inverter, terminal voltage of Z, = R, + jX,, primary-
side and secondary-side current, respectively. w is the system
operating angular frequency and j is the imaginary unit. The
losses of H-bridge inverter and active rectifier are ignored to
simplify the analysis. Then, the efficiency 7, which is defined
as the ratio of output power P, to input power P;,, is given by

L v (1)}
re|v. () ]

(wWM)*R,
(WM)? (Ry + R.) + Ry [(32 TR 4 (X + Xe)ﬂ
)

where Xy = wLs — 1/wC5 is the combined reactance of the
secondary-side inductor and capacitor. From (2), it is shown that
7 is a function of Xs, R., and X,. The larger the (X, + X,)
is, the smaller the efficiency 7 becomes. When the WPT system
operates at resonant state, Xo equals to zero. Then, X, should
be eliminated to achieve the high . The MATLAB simulations
with the parameters listed in Table IV verify the influence of X,
on 7). The simulations results are plotted in Fig. 4.

As expected, the input voltage and input current are in phase
for the full-bridge rectifier, then Z, = R, is resistive with X, =
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0 [4]. However, for the semiactive rectifier proposed in [11], Z,
is not resistive due to the control strategy. 1 will be affected
by the reactance of Z, as indicated in Fig. 4. In this paper,
the proposed secondary-side control method for the semiactive
rectifier ensures CC charging while Z, is purely resistive. The
detailed analysis is explained in Section III-B.

The resonant current is approximately a sine wave due to the
high quality factor of resonant tanks [5]. Fundamental harmonic
analysis (FHA) has sufficient accuracy for steady-state analysis.
The Root Mean Square (RMS) value of U that is adjusted by
the phase shift H-bridge inverter is deduced as

2\/§ o

= Uy, COS 5
where « is the phase shift angle, as shown in Fig. 1(a). From (3),
itis obvious that the relationship between U and « is nonlinear.
Assuming that the WPT system operates at resonant state and
Z, is resistive to achieve high 7, the RMS values of primary-side
current and secondary-side current are given by

Us = Us (3)

L= (R2+R.) 22 o
I rms = B Rt Rt @i? 7 Upus cos 5 "
_ (WA[) 2\/5 a :
Ir rvms = B R T @i Uus €0s §

Further, the simplified 1 and R, ., that corresponds to max-
imum efficiency 7, are expressed as

(wM)*R.

= 5
T (R + BBy + (M)’ (Rs + R.)
(wM)* Ry
R(B,Opt = RQ 1 —+ R1R2 =~ ((.L)M) E for Tmax - (6)

Based on (5) and the parameters listed in Table IV, 7 is
verified by simulations with different R, and M, the results are
plotted in Fig. 5. It is clear that for either small or large R, that
deviates from R, ), 7 decreases rapidly and 7, exists for a
fixed M. The larger the M is, the larger the 7y, is. In practice,
actual system efficiency can be calculated by multiplying the
efficiency of H-bridge inverter and semiactive rectifier by (5).

C. Secondary-Side Full-Bridge Rectifier and SC Model

For practical applications, the secondary-side rectifier and
filter are essential to convert the ac voltage to dc voltage be-
fore suppling to the load. As shown in Fig. 2, secondary-side
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TABLE I
PARAMETERS OF THE SUPERCAPACITOR

Symbol Quantity Value
C Rated capacitance 10F
R Equivalent series resistance 0.5Q
R, Equivalent parallel resistance 10000 2
Uy max  Maximum terminal voltage 40V
U, Initial terminal voltage 10V

full-bridge rectifier with capacitive output filter is used. The in-
put current and input voltage of the rectifier are sine wave and
square wave, respectively. Based on the power balance equation,
the relationship between R, and IR, is given by

R.= 3R, =R, ™

From (7), it is shown that the full-bridge rectifier can realize
load transformation while the ratio v = 0.81 is a fixed value
[19]. Then, the semiactive rectifier is proposed to achieve a
variable load transformation ratio. To simplify the analysis, the

SC is modeled as a variable resistor that is given by

Us(ty) U, o T
o B0 _ (o) T

®)

where U, (t1) represents the terminal voltage at time ¢; and
U, o is the initial terminal voltage. From (8), when the charging
current /, is constant, R, has a linear relationship with the time
span 7' [13]. The SC parameters used in this paper are listed
in Table 1. Based on (8) and Table I, the value range of R, is
from 4 ) to 14 € within the time span of 100 s. Therefore, it is
evident that the WPT system for SC charge is a variable load
system.

III. CIRCUIT ANALYSIS FOR THE PROPOSED WPT SYSTEM

This section presents a detailed analysis of the system circuits.
First, the load transformation method realized by the secondary-
side dc-dc converter is analyzed and the drawbacks are summa-
rized. Second, the semiactive rectifier combined with the op-
timized control method is proposed to solve the drawbacks of
using the dc-dc converter for load transformation. Compared
with the method analyzed in [11], the improvement of the pro-
posed secondary-side control method is highlighted. Finally, the
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TABLE I
DC-DC CONVERTERS FOR LOAD RESISTANCE ADJUSTMENT

Converter type Voltage ratio Load resistance transformation

Uout/Uin Re/RU
Buck D 8/(7TD)2
Boost 1/(1—D) 8(1 —D)?/x?
Buck-boost -D/(1-D) 8(1 — D)?/(xD)?
SEPIC D/(1—-D) 8(1 — D)?/(xD)?

cooperative work between the phase shift H-bridge inverter and
semiactive rectifier is illustrated to verify the feasibility of the
proposed control method.

A. Analysis of Using DC-DC Converters for Load
Transformation

As analyzed in Section II-C, R, varies over time, which
influences 7. As shown in Fig. 6, different dc-dc converters
such as buck, boost, and buck-boost converter can be used to
realize the load transformation. R, is regulated by the duty cycle
D of the dc-dc converter [19]. Take buck converter for example,
the relationship between the input voltage U;, and the output
voltage U, is expressed as

Uo = DUin . (9)

The power losses of buck converter are ignored to simplify
the analysis. Based on the power balance equation and (9), R,
seen into the full-bridge rectifier is given by

8 R 8
—S i buck — 549
2 i-buc T2 D2

Through adjusting D, R, is regulated to R._,p¢, and then
Nmax 18 tracked. The above analysis is also suitable for other
dc-dc converters that are listed in Table II.

Due to limited range of D, different dc-dc converters have
different load transformation range. Combined with the system
parameters listed in Table IV, . tracking that is realized
by different dc-dc converters are verified and the simulation

R, = R,. (10)
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Fig. 8. Proposed secondary-side semi-active rectifier. (a) Circuit diagram and
(b) operating waveforms.

results are plotted in Fig. 7. It is shown that buck and boost
converters realize 7.y tracking within 0~8.7 () and 8.7 Q~
~+o00, respectively. Buck-boost converter achieves 7y, within
the full load range of O~+oc. Therefore, buck-boost converter
is preferred for used due to its wide adjustable load range.

For practical applications, the selection of dc-dc converters
depends on the range of I, that depends on the load and the
available D which is limited by the accuracy of the controller
and MOSFET/IGBT driver. Furthermore, the dc-dc converter im-
poses additional volume, cost and power losses on the receiver.
Therefore, an alternative method of the semiactive rectifier is
proposed to avoid the drawbacks of the dc-dc converter, which
is analyzed as follows.

B. Operating Principle of the Secondary-Side Semiactive
Rectifier

As shown in Fig. 8(a), when compares to the dc-dc converter,
the semiactive rectifier reduces an inductor and a filter capacitor
that occupy large space and add to the weight of the receiver. To
simplify the analysis, the diodes and MOSFETSs are assumed to

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 10, OCTOBER 2018

TABLE III
OPERATING MODES OF THE PROPOSED SEMI-ACTIVE RECTIFIER

Operating MOSFETS Diodes The power transferred

modes to the supercapacitor

I Q1 on,Dgon Dy off, Dy off No, circulating in the
resonant tank

11 Dion, Dyon  Q off, Qs off Yes, transferred to
supercapacitor

11T Q2 on, D3 on Dy off, Dy off No, circulating in the
resonant tank

v Dy on, D3y on @ off, Q2 off Yes, transferred to

supercapacitor

be ideal. The capacitive filter C, is also assumed to be lossless
and is large enough to maintain the constant dc voltage. The op-
erating waveforms are plotted in Fig. 8(b) and operating modes
are listed in Table III. (Note: 75 is the secondary-side resonant
current, U, is the input voltage seen into the semiactive recti-
fier, U, 4 is the fundamental component of U,, PWM_1 and
PWM_2 are the driving signals for MOSFET 01 and Q)2).

As analyzed in Section II-B, if the impedance Z, seen into the
semiactive rectifier is not resistive, n will be affected. Through
the proposed secondary-side circuit and control method, 75 can
be in phase with both u, and its fundamental component u, pr4 ,
as shown in Fig. 8(b). Then, R, is purely resistive, which en-
sures high 7. This is the improvement when compares to the
method analyzed in [11]. Fig. 8(b) also shows that one operat-
ing sequences consists of Mode I-II-I-III-IV-III and the driving
signals PWM_1 and PWM_2 are obviously different from [11].
The control circuit used for generating the driving signals is
further analyzed in Section I'V-B.

During one operating period, u. has three possible stages and
is expressed as

0, —B<wt<f
) U, b<wt<m—p
Ye = 0, T—B<wt<nm+p an
-U,, m+p8<wt<2n—p

where [ is the phase shift angle of the semiactive rectifier and
U, is the SC terminal voltage. Based on FHA, the RMS value
of u, is given by

2v/2 3

Ue rMs = — U, cos —.
T 2

From (12), it is shown that through adjusting 0, u._gus and
the power transferred to the SC is adjusted. Based on the power
balance equation, IR, is deduced as

2
uv,RMS — EROCOSQE.
u?/R, 7 2

According to (6), when 7y,.« 1s achieved, (13) is derived as

12)

R, = (13)

2R
Qﬁ 7 2
" - = 1+
R,cos 5 3

(wM)* 7% (wM) [Ry
RiR, =~ 8 o 4P

Once the WPT system is designed, the items on the right
side of (14) are fixed, the variation of R, can be adjusted by f3.




LI et al.: CONSTANT CURRENT CHARGING AND MAXIMUM EFFICIENCY TRACKING CONTROL SCHEME FOR SUPERCAPACITOR

TABLE IV
SYSTEM PARAMETERS OF THE EXPERIMENTAL SETUP

Symbol Quantity Value
Ly Primary-side coil inductance 56.9 uH
Ry Primary-side coil resistance 0.1692
1 Primary-side transmitter diameter 10 cm
Lo Secondary-side coil inductance 36.2 uH
Ry Secondary -side coil resistance 0.1Q
02 Secondary-side transmitter diameter 7 cm
d Rated transfer distance 3cm
k Rated coupling coefficient 0.15
M Rated mutual inductance 6.8 uH
fs System operating frequency 85.5 kHz
Upus System dc input voltage 48V
I, Charging current 3A
160

140+

1201

100} —=— M=7.7 uH

‘: 30l —b— =68 utH

£ —e— M=5.9 uH

Z 60} 2

L L

g 40 Minimum value of R

£ 200, i

n skl A i i i 1
0 5 10 15 20 25 30
Equivalent load resistance R (Q)

Fig. 9. Semi-active rectifier for the maximum efficiency tracking.

Because cos? (3/2) is limited to O~1, R, is limited by (15).

72 (WM) [Ry
> ) 22
Ro 2 8 R,

According to the system parameters listed in Table IV, simu-
lation results of (15) are plotted in Fig. 9.

As shown in Fig. 9, Only when R, is larger than a specific
value R, in, the semiactive rectifier is able to track 7, .. Take
M = 6.8 uH for example, the semiactive rectifier starts to track
Nmax When R, i, > 3.6 €. Then, it is clear that system param-
eters should be properly designed to ensure the normal system
operation for different applications.

15)

C. Cooperative Work of the Phase Shift H-Bridge Inverter and
Semiactive Rectifier

In general, the parameters of the WPT systems are in dynamic
correlation [25]. For instance, the variation of R, will influence
both I, and 7). The detailed analysis about the cooperative work
of CC charging and 7y, .« tracking is illustrated as follows. The
adjustment of 3 not only realizes the load transformation for
tracking 7, ax, but also influences the power transferred to the
SC. Therefore, the semiactive rectifier can be used to adjust
I,. On this basis, one more degree of freedoms is required to
regulate 7. The primary-side phase shift H-bridge inverter is
introduced to track 7, .. According to (4) and (5), I, and ) are
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further expressed as

I, = 8Ubus (w{\f) 5— COS 2 cos s (16)
Ry (Rym? + 8R,cos%5) + (wM) w2 2 2
’r} =
2 B
(wM)87* R,cos® &
N2 .
(Rg w2 4+ 8R,cos? %) Ry + (u)M)2 (Rg w4 4+ 872 R, cos? %)

)

From (16) and (17), I, is a function of «, 3, and R,,, and 7 is
a function of 3 and R, . It is evident that I, is also related to 7,
which further verifies that the primary-side and secondary-side
control methods should be cooperative. When R?,, varies during
charging, CC charging and 7),, . tracking can be realized by the
coordinate regulation of « and 3. For a fixed I, sot, when 7.«
is tracked, « is deduced as

I, et (7r2A + (wM)27T2>

8Ubus (wM) \/ 14 LA

A=RiRy+ \/(le)2 + (R Ry) (wM)?.

o = 2 arccos

(18)

When no wireless communication link is desired, CC charg-
ing is realized by measuring I, at the secondary-side directly,
and 7.y 18 tracked by measuring the minimum /4. at the
primary-side. In practice, two methods that are divided into
model-based approach and P&O algorithm can be used to real-
ize the above goals.

Model-based approach: CC charging is achieved by adjusting
[ of the PI controlled semiactive rectifier. o for 7y, tracking
is calculated by (18) in the processor. The advantages are that
primary-side current/voltage sensors and 7,y tracking algo-
rithm are not needed. However, the effectiveness of this method
depends on the microprocessor performance. Also, the execu-
tion of (18) requires substantial computations and time, which
may be undesired for high control speed conditions. Further-
more, due to the system parameters drift and inaccurate mea-
surements, this method may not predict 7,,,x accurately [5].

P&O algorithm: This method is derived from the concept
of maximum power point tracking in photovoltaic generation
applications [26]. Similar to model-based approach, CC charg-
ing is realized by adjusting 3 of the PI controlled semiactive
rectifier. On the other hand, 7,,,x is achieved by measuring the
minimum system dc input current /4. when Uy, is fixed. This
is the main difference when compares to the model-based ap-
proach. The advantages are that high-performance processor is
not required and the P&O algorithm is proven. Because I, is
measured in real-time, the accuracy of 7,,.x is high. Therefore,
this method is analyzed in depth.

IV. ANALYSIS OF THE PROPOSED PRIMARY-SIDE CONTROLLER

Fig. 10 shows the control diagram of the proposed WPT sys-
tem. On the primary side, the current sensor placed at the dc
input port of the phase shift H-bridge inverter measures the dc
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Flow chart of the proposed control method.

input current L. 7,4, i then tracked by the P&O algorithm.
In [26], it points out that P&O algorithm is easy to be realized
in most of the microcontrollers without extra computational
burden. On the secondary side, I, is measured and feedback
to the controller, and CC charging is realized by the PI con-
trolled semiactive rectifier. Here, the PI controller is used for
its simple structure and high robustness. Furthermore, the cur-
rent of secondary-side resonant tank is measured to synchronize
the PWM signals for driving the semiactive rectifier, which is
explained in Section I'V-B.

A. Operating Principle Analysis

Through the signal synchronization circuit that is shown in
Fig. 10, the operating frequency of the semiactive rectifier is syn-
chronized to the secondary-side resonant frequency and much
faster than the variation of R?,. Then, during the iterative search-
ing of Ny, ax, R, is assumed to be constant. CC charging is real-
ized by the semiactive rectifier, and then output power is constant
for a short time. For fixed U}, s, the minimum [, that corre-
sponds to 7.y 1S searched by adjusting « of the phase shift
H-bridge inverter [27]. Furthermore, it is reasonable to ensure
that the system input power is sufficient for the maximum load
power. The flow chart that is shown in Fig. 11 is described as
follows:
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1) Initial, «y is applied and the power is sufficient to charge
the SC. CC charging is realized by adjusting [ of the PI
controlled semiactive rectifier. The initial 3 is denoted
as (3.

2) During 1), the initial ;.o is measured and recorded in
the primary-side controller. The P&O algorithm is used to
track 7y,.x. Through decreasing or increasing « to a new
value oy = ag — Aq; or o = o + Aqy, I4. increases
or decreases to anew value I;.1 = I .0 + Alg. or Ij.p =
I4e0 — Alge. The change of 1. induces the variation of
the power transferred to SC, and I, varies accordingly.

3) The new « of H-bridge inverter is denoted as o, and then
( is adjusted to realize CC charging again. Now the new
0 is denoted as ;. Again, the new I;.; is measured and
recorded in the primary-side controller.

4) Compares ;.1 with I;.o. Smaller /5.1 compared to ;.9
indicates that 7 is increased. Keep searching in this direc-
tion and repeat steps 2) and 3) until /4. increases. If 1.1
is larger than I;.o, meaning that n is decreased, reverse
the searching direction and repeat steps 2) and 3) until /.
stop decreasing. ny,,x is successfully tracked by the P&O
algorithm.

When 7y, .« is tracked, steps 2) to 4) may repeat several times
to eliminate the errors that are caused by the signal noises and
measurement errors. One of the difficulty in realizing the control
method is to make sure that the control of semiactive rectifier
and phase shift H-bridge inverter operates steadily to achieve
CC charging and track 7,5 simultaneously.

B. Simulation Analysis

The circular type magnetic coupler is used in the WPT sys-
tem. Finite element analysis simulations based optimization are
performed prior to fabricate it. The magnetic coupler is de-
signed to reduce the influence of misalignment on 7 and I,.
M versus vertical and horizontal misalignments are obtained
by Ansys Maxwell software and Keysight E4990A Impedance
Analyzer. The parameters of the magnetic coupler are plotted
in Fig. 12(a). Fig. 12(b) shows that M decreases with the in-
crement of misalignment. With the aid of larger transmitter and
smaller receiver, the influence of horizontal misalignment on M
is relatively small within specific range. It is also noted that the
simulation results are consistent with the experimental results,
and the error is less than 3%.

Once the magnetic coupler is optimized, the control circuit
will be analyzed. Fig. 13(a) shows that secondary-side con-
trol circuit consists of PWM signal generation unit that drives
the MOSFETs of the semiactive rectifier and PI controller that
achieves CC charging for SC. Through detecting the zero cross-
ing points of iy, the logic circuits that consist of comparators
and NOR gates generate PWM_1 and PWM_2.

As shown in Fig. 13(b), input voltage and input current of the
semiactive rectifier are synchronized to the same phase. Then,
R, is resistive seen into the semiactive rectifier. The proposed
secondary-side control method can be easily realized by analog
circuit and no processor is required, which is suitable for com-
pact and low cost receiver. Compared with the method analyzed
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in [11], the proposed secondary-side control method is much
more easy and simple. This is one of the improvements for the
semi-active rectifier in this paper.

The closed-loop simulations are performed on the computer
with Windows 7 Ultimate 64 Bit operating system, 32 G RAM
and Intel Xeon(R) CPU E5-2620 0@ 2.00 GHz processor. Con-
sidering the performance of central processing unit (CPU) and
the resolution of software simulation, substantial time is re-
quired to conduct the dynamic Simulink simulations. Then, the
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feasibility of CC charging is verified with the following param-
eters: « is 90°, charging time ¢ is 0.5 s, ideal capacitance is
0.5 F and other system parameters are the same with Table I'V.
As shown in Fig. 14(a), U, increases linearly with ¢, which is
coincident with the SC charging profile. Fig. 14(b) shows that
CC charging is achieved by decreasing 3.

Primary-side control circuit for 7. tracking is shown in
Fig. 15. The P&O algorithm is implemented by the controller,
then « is obtained. Further, phase shift PWM generation unit
generates four PWM signals for the H-bridge inverter.

When the minimum I, is tracked by adjusting a, Ny ax 1S
tracked during CC charging. The main difficulty of primary-
side control method is to realize the P&O algorithm. In the
future works, improved P&O algorithms that are proven and
widely used in photovoltaic generation applications could be
applied to the proposed WPT system. Then, the system will be
more suitable for practical applications.

Further, the feasibility of 7, tracking is verified by the
simulations that are shown in Fig. 16. Through adjusting v and
B, Nmax 18 85.7% when U, is 30 V. Note that a system parameters
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need be properly designed to ensure controllability and stability
of the WPT system during whole charging process.

V. EXPERIMENTAL EVALUATION

Based on the above analysis, experiments have been carried
out to evaluate the performance of the proposed WPT system.
Fig. 17 shows the experimental setup in the laboratory. The sys-
tem parameters are listed in Table IV. Note that the designed ex-
perimental setup is used to verify the feasibility of the proposed
control method. According to different practical applications,
the size and power capacity of the experimental setup should
be scale down/up. Also, different controllers can be selected by
actual demands such as cost and control speed.

A. Experimental Setup

As shown in Fig. 17, the power flows into the phase shift
H-bridge inverter (MOSFETs: Infineon IPW60R041C6 and free-
wheeling diodes: FAIRCHILD RHRP3060) from the system
dc input port. The dc voltage is transformed to ac voltage,
then ac voltage is transferred to the secondary-side by the
optimized magnetic coupler (Litz wire: diameter of 0.1 mm
and 300 strands). The semiactive rectifier (MOSFETS: Infineon
IPW60R041C6 and diodes: FAIRCHILD RHRP3060) and ca-
pacitive filter (film capacitor) convert the ac voltage to dc volt-
age, and then supplies to the SC.

The realization of the proposed control method is described
as follows. P&O algorithm is realized by the primary-side field
programmable gate array (FPGA) controller (Altera Cyclone IV

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 10, OCTOBER 2018
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EP4CE6F17C8N). Four PWM signals with phase shift angle
« are generated to track 7,,x. The primary-side FPGA con-
troller also realizes the system soft start and the detects sys-
tem operation state. When the over-voltage/current and system
failures occur, WPT system shuts down safely. Based on the
PWM synchronization circuit, the secondary-side FPGA con-
troller generates two PWM signals with phase shift angle 3
for the PI controlled semi-active rectifier, then CC charging
is realized.

B. Experimental Results of the Proposed Control Method

First, CC charging that is achieved by the secondary-side
semiactive rectifier is verified. The experimental waveforms
are captured by using Tektronix Oscilloscope MDO3045B.
Fig. 18(a) shows that the input voltage and input current of
the semiactive rectifier have the same phase, which is consistent
with the simulation results shown in Fig. 14(b). Fig. 18(b) shows
that within the time span of 40 s, I, is maintained constant and
the increment of U, is 12.3 V.

During CC charging, the primary-side control method that
realizes 1 ax tracking is verified. The experimental results are
shown in Fig. 19. The principle is that 7, can be tracked
by searching the minimum /4.. The searching process starts at
stage I, 4. decreases through adjusting « that is generated by
PWM_1 and PWM_3 signals. The minimum I, is obtianed at
t; . For stage II, the searching process repeats once to elimate the
errors that are caused by a system noises and current sensors.
Finally, the minimum I is tracked at ¢5.
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Combined with Figs. 18 and 19, it is known that the correct-
ness of the proposed control method is verified. Furthermore,
the influence of misalignment on the proposed control method
is analyzed in Section V-C. Also, the power losses are measured
to provide references for the future system optimization works.

C. Influence of Misalignment on the Proposed Control Method

In practice, the misalignment that causes the variation of M
is inevitable. Then, the vertical position of the receiver varies
from 24 to 36 mm that corresponds to M changes from 7.7 uH
to 5.6 uH is verified. The waveforms are shown in Fig. 20.

Fig. 20(a) shows that the proposed control method is still
effective even when misalignment occurs. At the initial state,
the secondary-side PI controller begins to work, and then I,
decreases to the preset 3 A. At the beginning of stage II, M
changes from 7.7 uH to 5.6 uH and a slight fluctuation of I,
occurs. Through the PI controlled semi-active rectifier, I, is
constant. Within the time span of 20 s, the increment of U,
is 6.1 V. Fig. 20(b) shows that the combination of « and f3 is
adjusted to track 7,,,x. Note that the misalignment should be
set within a suitable range, so as to ensure the normal system
operation. When the misalignment is too large, the proposed
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control method may not work properly. Therefore, a system
parameters (such as the magnetic coupler, the system dc input
voltage, and the SC voltage) should be welly optimized to ensure
the stability and reliability of the WPT system.

D. System Efficiency and Losses Analysis

During the charging process, system efficiency from the sys-
tem dc input to the SC is measured by the Yokogawa WT1800
power analyzer. Channel 5 and channel 6 measures the system
dc input power and power of the SC, respectively. The mea-
sured curves and print screen are shown in Fig. 21. Fig. 21(a)
shows that the system efficiency can be significantly improved
by the proposed 7,,.x tracking method and the largest improve-
ment Anpy,x 18 15.2% at light load. When 7., is tracked, the
print screen of Yokogawa WT1800 power analyzer is shown
in Fig. 21(b). The measured 7,,,x and I, are 81% and 3.01 A,
respectively. In addition, it is pointed out that the accuracy of ex-
perimental results are limited by the accuracies of the controller
and current sensors.

The system losses that consist of H-bridge inverter losses
(turn on/ off losses and conduction losses), magnetic coupler
losses (coil losses and core losses), semiactive rectifier losses
(turn on/off losses and conduction losses), and other losses are
measured [28]. The experimental results are shown in Fig. 22.
It is obvious that the losses of H-bridge inverter and magnetic
coupler constitute the bulk of the system losses. Therefore, the
design of H-bridge inverter and magnetic coupler is vital to im-
prove the system performance. In practice, the winding materials
and switching components with low resistivity can be adopted
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to reduce the losses, such as the silicon carbide MOSFET can be
selected for its favorable switching losses characteristic [29].

E. Comparison to Previous Control Methods

In recent years, different control methods for achieving con-
stant current/voltage charging and 7),,, tracking are reported.
The parameters and results of their experimental prototypes are
summarized and listed in Table V. Due to the different system
parameters and circuit structures are used for each setup, a fair
comparison among those control methods is difficult to obtain.
Then, the emphasis of this paper is focused on the simplifi-
cation of secondary-side circuit and the design of no wireless
communication link. Compared with dc-dc converter, the semi-
active rectifier avoids an inductor and a filter capacitor that are
heavy and space occupying at secondary side. Furthermore, the
proposed control method avoids the wireless communication
link that is required by most of the control methods listed in
Table V. Without wireless communication link, the system can
be more stable.

In practice, the proposed control method is suitable for both
low power applications such as portable devices and high power
applications such as EVs. Take Qi product for example, the
rectification circuit of the receiver can be full-bridge rectifier that
consists of four diodes and synchronous rectifier that consists
of four MOSFETs [30], [31]. Although the usage of synchronous
rectifier improves the system efficiency, no control method for
tracking 7y, . 18 required by Qi standard and used in Qi product.
Then, it is reasonable to introduce 7, .« tracking for Qi product.
With higher system efficiency, the wireless chargers would be
more attractive to customers. Fig. 23 shows that 7,,,x of Qi
product is 75%. With the proposed control method, the system
efficiency is higher than Qi product throughout the charging
process and 7y, ,x 1S 77%. It is pointed out that the comparison
in Fig. 23 is based on our laboratory test and parameters are
made as similar as possible.

In the future works, system miniaturization and algorithm
optimization will be performed to make the WPT system to be
suitable for practical applications. The performance (such as the
response speed and algorithm complexity) of the proposed P&O
algorithm for 7,,,« tracking can be further improved by using



LI et al.: CONSTANT CURRENT CHARGING AND MAXIMUM EFFICIENCY TRACKING CONTROL SCHEME FOR SUPERCAPACITOR

TABLE V
SUMMARY AND COMPARISON OF THE PREVIOUS CONTROL METHODS

9099

Reference Operating Frequency  Distance @ coupling ~ Maximum efficiency Secondary-side Wireless
(MHz) coefficient (%) Circuit communication link
[5] @2015 0.515 25 cm@0.04 74 Boost converter Yes
[19] @2015 0.09765 10 cm@0.1 69 Buck-boost converter No
[32] @2016 0.305 5.5cm@0.137 76 Modified LSK circuit Yes
[20] @2017 6.78 3 cm@0.09 51 Buck converter Yes
[22] @2017 0.1 5cm@0.168 85 Buck-boost converter Yes
[33] @2017 0.917 50 cm@0.01 70 Half-bridge converter No
[34] @2017 0.09765 20 cm@0.0689 73 On-off switch Yes
This paper 0.0855 3 cm@0.15 81 Semi-active rectifier No
80 [3]
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Fig. 23.  System efficiency comparison between the designed WPT system
and Qi product.

the optimization algorithms that are proven and widely used in
the photovoltaic generation applications [35], [36].

VI. CONCLUSION

This paper proposes a WPT system that realizes CC charging
and maximum efficiency tracking for SC. First, the influence of
equivalent load resistance of the SC on charging current and ef-
ficiency is analyzed. By measuring the secondary-side resonant
current, the phase between the input current and input voltage of
the semiactive rectifier is synchronized. Then, the equivalent in-
put impedance is purely resistive that ensures a high efficiency.
Furthermore, the PI controlled secondary-side semiactive recti-
fier is used to achieve CC charging. Second, combined with the
phase shift H-bridge inverter that is controlled by the P&O algo-
rithm, the maximum efficiency tracking is realized by searching
the minimum system dc input current for a given output power.
Finally, theoretical analysis are validated by simulations and
experiments. The results show that not only CC charging is
achieved, but also the efficiency is significantly improved. The
proposed control method is attractive for the applications that
require compact receiver and no wireless communication link.
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