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ABSTRACT The output power of a wireless power transfer (WPT) system depends highly on the load and
the coupling conditions, which are variable in practical applications generally. In order to attain stable output
power with high transfer efficiency under various coupling condition and load, this paper proposes a series-
series compensated WPT system based on parity-time (PT) symmetry with front-end DC-DC converter
and a novel primary-side-only control strategy. The strategy comprises the negative resistance control of
PT-symmetric circuit, the online load identification approach by PT-symmetry, and the power closed-loop
control method. The advantages are that the mutual inductance information is not needed, and dual-side
wireless communication as well as the secondary-side control circuit is avoided, which compresses the
volume of the secondary side, simplifies the control algorithm, and improves the robustness of the system.
With the proposed primary-side-only control strategy, the output power is coupling-independent and can
automatically stabilize at specified values over reasonable variations both in coupling coefficient and load.
The experimental results obtained from a prototype are included. They confirm the proposed control strategy
and indicate that system can stably output 200 W and 400 W with the maximum error 4.10% and 3.40%
respectively when the coupling coefficient and loads vary, and achieves high overall efficiency at 91.9%.

INDEX TERMS Wireless power transfer (WPT), load identification, coupling-independent, stable output
power, high efficiency, parity-time (PT) symmetry.

I. INTRODUCTION
Wireless power transfer (WPT) technology, which allows
power transfer from one side to another without any elec-
trical wires, has attracted lots of attention as an alternative
technology for domestic and industrial applications in the
last two decades due to its critical merit of safety, flexibility
and isolation. As a result, the WPT technology has become a
research hotspot and has been widely used in many practical
areas, ranging from low-power systems such as Internet of
Things (IoT), biomedical implantable devices and portable
devices charging to medium and high-power systems such as
household appliances and charging of electric vehicles(EVs)
[1]–[4]. On the other hand, WPT standards, for instance,
Qi standard from the Wireless Power Consortium (WPC)
and J2954 from the Society of Automotive Engineers (SAE)
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have been developed to extend the application of the WPT
technology further.

The magnetic coupling-based WPT has been one of the
most extensively studied methods in WPT technologies.
Many pieces of research therein focus on the constant out-
put voltage (CV) and constant output current (CC) charging
through complicated control methods or high-order compen-
sations [4], [5] whereas the output power stabilization of
the WPT system is also essential in practical applications.
Examples of such applications include the WPT systems for
constant power charging [6], [7], dynamic charging [8], [9],
powering different electrical devices but at a same rated
power, and powering constant power load [10], [11]. Besides,
the emerging Ki wireless power transfer standard is currently
in development for future kitchen applications by WPC [12],
enabling the cooking much more precise and responsive. The
key is to control the amount of output power for cooking
remaining within the limits of the appliance and according to
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the input from users. Therefore, the output power stabilization
control is essential in WPT systems. However, for the mag-
netic coupling-based WPT system, the output power, as well
as the transfer efficiency, is sensitive to the variation of the
coils’ coupling coefficient and the system’s load [13], [14].
In practical applications, the coupling coefficient and load are
usually uncertain or unfixed. To regulate the output power
against the variation of the coupling or load, lots of power
control methods have been proposed, which can be classified
into primary-side control [1], [15]–[19], secondary-side con-
trol [9], [20]–[22] and dual-side control [23]–[25] in general.

A variable capacitance at primary side controlled with a
varied duty cycle is proposed to tune frequency for power
regulation under a wide variety of load [1]. In Qi standard for
commercial product [15], the output power is controlled by
altering the frequency of inverter in the range of 110-205 kHz
without changing circuit parameters, and a similar method
is extended against the variation of distance in [16]. Yet the
efficiency decreases with operating frequency deviating from
the resonant frequency, and the feedback communication is
needed. Therefore, the power-frequency control strategy is
developed so as to maintaining high transfer efficiency [17],
and a tunable L-type impedance matching network is utilized
in [18] to maintain high efficiency under variations both in
coil coupling and DC load, but the fluctuation of the out-
put power still occurs when the coupling condition changes.
A PT-symmetric circuit based on nonlinear gain saturation
element is used in primary side to obtain stable efficiency
within a specific coupling coefficient range [19], but the load
value is fixed and the output power is quite small (19 mW)
and efficiency is less than 10%.

As for secondary-side control, authors in [9] proposes an
optimal load modulation method by secondary-side boost
converter to keep power stable and ensure maximum average
transfer efficiency. A buck converter controlled to switch
between CCM and DCM is adopted in the secondary side for
maximum power transfer tracking [20], but it cannot realize
automated regulation when the coupling coefficient varies.
Furthermore, the coupling coefficient identification is added
to implement automatic control without wireless communica-
tion [21], [22], whereas these methods still depend strongly
on the information of coupling coefficient and increase
the complexity of secondary side. In addition, the overall
efficiency is less than 50% when maximum output power
achieves.

Dual-side power control strategies via phase-shift con-
trol in semi-active rectifier and H-bridge converter are
proposed in [23], [24], which dual-side communication
is inevitable. To eliminate dual-side wireless communica-
tion, authors in [25] adopts front-end load estimation for
power tracking control but it is suitable for stationary WPT
systems.

Moreover, there are other methods employing multi-coil
or multiphase structure for stable output power pur-
pose [26]–[30]. A power control strategy of high-order com-
pensated WPT system with multiphase resonant inverter is

put forward in [26], which combines with mutual inductance
monitoring, parameter pre-calculation, prediction of several
conditions, and the online learning. Authors in [27] propose
a parametric optimization method of the coil turns and phase-
shifted angles to achieve ZVS for the multiphase resonant
inverter, and utilizes cylinder-shaped coils to maintain out-
put power approximately at a constant value. Similar coils
are adopted in [28], where the maximum power point is
found by parameter identification and the gradient descent
method for the stationary and movable cases, respectively.
The coordinated control of two source voltages is employed
in [29] to deal with the power fluctuation caused by load
position variations. In [30], it has been shown that frequency
configuration and distribution design of receivers can make
the receivers get stable power for WPT systems with single
relay and multi-receiver.

Nevertheless, there are several deficiencies in methods
mentioned above such as considering only the coupling vari-
ation or only the load variation, complicated control algo-
rithm, higher construction cost because of complex system
structures, and low reliability due to the wireless communi-
cation link. The main objective of this paper is to propose
a novel output power control strategy at the primary side
for solving the issue of the output power fluctuation caused
by the variation both of the coupling coefficient and load
in the series-series compensated WPT system. The proposed
control strategy is realized by a primary-side controller and
an inverter with front-end DC-DC converter, without the
need for the information of mutual inductance, wireless com-
munication link, and secondary-side control circuit, thereby
compressing the volume of the secondary side, simplify-
ing the control algorithm and improving the robustness of
the system. The existing methods in literature fall short in
all the above aspects, highlighting the superiority of the
proposed control strategy. It involves several elements as
follows

1) the negative resistance control for series-series(S-S)
compensated WPT system based on parity-time (PT)
symmetry [31], [32];

2) an online load identification approach employing
PT-symmetry;

3) the closed-loop control method for the regulation of
output power on the basis of the load identification.

The output power of the system using the proposed control
strategy is coupling-independent, and can automatically keep
stable at desired values under reasonable variation of load.

The rest of this paper consists of four sections. The
PT-based WPT system and transmission characteristics
thereof are analyzed in detail by circuit theory in Section II.
In Section III, the system structure is described, and the
primary-side-only control strategy is designed. In Section IV,
an experimental prototype is fabricated to validate the fea-
sibility of the proposed strategy, and the performance of
the designed system is evaluated by associated experimental
results. In the last section, the conclusions are drawn from
investigation.
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FIGURE 1. Circuit model of series-series compensated WPT system based
on PT-symmetry.

II. THEORETICAL ANALYSIS OF PT-BASED WPT SYSTEM
A. ANALYSIS VIA CIRCUIT THEORY
The negative resistance plays an essential role in balancing
the gain and the loss in the PT-symmetry circuit. In contrast
to the positive resistance, the negative resistance obeys Ohm’s
lawwith a current that flows from low voltage to high voltage,
which is the embodiment of time reversal in PT-symmetry
theory [31]. The circuit model of series-series compensated
WPT system based on PT-symmetry is shown in Fig. 1,
where Li, Ci, ri, and ii (i = 1,2) denote the coil inductance,
tuning capacitance, intrinsic loss resistance and current of the
primary-side and secondary-side resonators, respectively. M
is the mutual inductance between the two coils. The negative
resistance −Rn is the only gain element in the system that
provides power to the primary LC loop. Through themagnetic
coupling between the primary-side coil and secondary-side
coil, the power transfers to the secondary-side loss elements,
i.e. r2 and load RL. The reference positive direction of i1 and
i2 are shown by the arrows in Fig. 1. The AC voltage u1 of
negative resistance is in phase with i1, and u2 is the output
voltage, i.e. the voltage of AC load RL.
The PT-basedWPT system has been analyzed via coupled-

mode theory in our previous work [33]. In this paper, the cir-
cuit theory and fundamental harmonic analysis (FHA) are
applied to model the PT-based WPT system to acquire the
electrical expression of steady transmission characteristics.
Considering the fundamental harmonic of voltage and cur-
rent, u1, u2, i1, and i2 can be easily expressed in terms of
phasors U̇1, U̇2, İ1 and İ2, respectively. For the circuit model
in Fig. 1, according to Kirchhoff’s voltage law, the voltage
equations of the primary-side and secondary-side circuits can
be derived as
(−Rn + r1) İ1 +

(
jωL1 − j

1
ωC1

)
İ1 − jωMİ2 = 0

−jωMİ1 + (RL + r2) İ2 +
(
jωL2 − j

1
ωC2

)
İ2 = 0,

(1)

where j is the imaginary unit, and ω is the operating angular
frequency of the system. k denotes the coupling coefficient
and k = M

/√
L1L2. Then we rewrite (1) into matrix form as

1
ωL1C1

−ω+j
−Rn+r1

L1
ωk

√
L2
L1

ωk

√
L1
L2

1
ωL2C2

−ω+j
RL+r2
L2


 İ1

İ2

=0.
(2)

Let the natural angular frequency of the primary-side
and secondary-side circuits be ω1 = ω2 = ω0, i.e.
ω0 = 1

/√
L1C1 = 1

/√
L2C2, which is one of the

PT-symmetric conditions. Therefore, (2) can be furthered
derived as
ω0

ω
−
ω

ω0
+j
−Rn+r1
ω0L1

ω

ω0
k

√
L2
L1

ω

ω0
k

√
L1
L2

ω0

ω
−
ω

ω0
+j

RL+r2
ω0L2

( İ1İ2
)
= 0,

(3)

which has nontrivial solutions only if the coefficient matrix
has a zero determinant(

ω0

ω
−
ω

ω0
+ j
−Rn + r1
ω0L1

)(
ω0

ω
−
ω

ω0
+ j

RL + r2
ω0L2

)
−

(
ωk
ω0

)2

= 0. (4)

The real and imaginary part of (4) can be separated respec-
tively as(
ω0

ω
−
ω

ω0

)2

−

(
ωk
ω0

)2

−
(−Rn + r1) (RL + r2)

ω2
0L1L2

= 0 ,

(5)(
ω0

ω
−
ω

ω0

)(
−Rn + r1
ω0L1

+
RL + r2
ω0L2

)
= 0.

(6)

From (5) and (6), two cases are discussed as follows.
1) ω 6= ω0
When ω 6= ω0, the Rn will automatically meet

−Rn + r1
L1

+
RL + r2
L2

= 0 , (7)

and ω satisfies

ω = ω± = ω0

√√√√A±
√
A2 + 4

(
k2 − 1

)
2
(
1− k2

) , (8)

in which

A = 2−
(
RL + r2
ω0L2

)2

.

So as to obtain the solution of (3) with a real ω while
allowingRL or k to vary, the system ought to satisfy following
conditions {

A2 + 4
(
k2 − 1

)
≥ 0

A±
√
A2 + 4

(
k2 − 1

)
≥ 0

, (9)

where 0 ≤ k ≤ 1. Thus, the condition can be derived as

RL ≤ RC = ω0L2

√
2
(
1−

√
1− k2

)
− r2 , (10)

where RC is the critical load resistance. In this condition,
the system is PT-symmetric.
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2) ω = ω0
When ω = ω0, from (5) and (6) the Rn can be derived as

−Rn = −
L1L2ω2

0k
2

(RL + r2)
− r1 . (11)

In this case, the PT-symmetry of the system is broken.
From(10), it can be observed that the load can be divided

into two parts: RL ≤ RC and RL > RC. From the viewpoint
of physical meaning, the two parts correspond to the exact
PT-symmetric region and the broken PT-symmetric region,
respectively [19], [32]. We note that ω = ω0 is also a solution
of (3), but it is unstable in the exactPT-symmetric region [19].
Therefore, the operating frequency f of the system can be
derived as

f =

f0
√√√√B±

√
B2 + 4

(
k2 − 1

)
2
(
1− k2

) (RL ≤ RC)

f0 (RL > RC)

, (12)

where the frequency f0 = ω0/ 2π , and

B = 2−
(
RL + r2
2π f0L2

)2

.

As can be seen from (12), in the exact PT-symmetric
region, a bifurcation of the system’s operating frequency
occurs and two frequency branches exist, i.e., the high-
frequency branch and the low-frequency branch, respectively.
In the broken PT-symmetric region, the operating frequency
of the system is the natural frequency f0.

B. TRANSMISSION CHARACTERISTICS
The transmission characteristics of PT-based WPT system,
such as the current ratio of the primary side and secondary
side, transfer efficiency η, and power PL delivered to the load
can be derived from the above analysis.

Substituting (5) and (7) into (3) in the exact PT-symmetric
region yields the current ratio as

I1
I2
=

√
L2
L1
, (13)

where I1 and I2 are the root-mean-square (RMS) value of fun-
damental components of i1 and i2, respectively. Meanwhile,
the ratio of phasor İ1 and İ2 is deduced as

İ1
İ2
=

√
L2
L1

(
1− f 20

/
f 2

k
− j

RL + r2
2π fL2k

)
. (14)

Thus, the phase difference between i1 and i2 is derived as

ϕ1 − ϕ2 =


arctan

f (RL + r2)

2π
(
f 20 − f

2
)
L2

f > f0

−π + arctan
f (RL + r2)

2π
(
f 20 − f

2
)
L2

f < f0
,

(15)

where the ϕ1 and ϕ2 are the phase angles of İ1 and İ2,
respectively. The phase difference is related to the load and
operating frequency.

FIGURE 2. Equivalent circuit of the exact PT-symmetric region (the phase
relation of i1 and i2 is neglected).

As for the broken PT-symmetric region, f = f0 and (11)
are substituted into equation (3) to obtain the current ratio as

I1
I2
=

RL + r2
2π f0k

√
L1L2

, (16)

and the phase difference ϕ1 − ϕ2 = tπ
/
2. In general,

the transfer efficiency of the series-series compensated WPT
system is expressed as [34]

η =
I22RL

I21 r1 + I
2
2RL + I

2
2 r2

. (17)

The expression of η in the exact PT-symmetric region
and the broken PT-symmetric region can be obtained for the
PT-basedWPT system by substituting (13) and (16) into (17),
respectively

η =


RL

L2
L1
r1+r2+RL

(RL≤RC)

4π2RLf 20 k
2L1L2

r1(RL+r2)2+(r2+RL) 4π2f 20 k
2L1L2

(RL>RC).

(18)

The negative resistance −Rn satisfies

I1Rn = U1 , (19)

where the U1 is the RMS value of fundamental components
u1_FHA of u1. The output power PL can be generally given by

PL = I22RL . (20)

Furthermore, the output power PL of the PT-based WPT
system in the exact PT-symmetric region can be deduced by
substituting (7) and (13) into (19) and (20):

PL =
RLU2

1
L1
L2
(RL + r2)2 + 2r1(RL + r2)+

L2
L1
r21
, (RL ≤ RC).

(21)

The output power PL of the PT-based WPT system in the
broken PT-symmetric region can be derived by substituting
(11) and (16) into (19) and (20):

PL =
4π2f 20 k

2L1L2RLU2
1[

4π2f 20 k
2L1L2 + r1(RL + r2)

]2 (RL > RC). (22)
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FIGURE 3. System structure of the proposed WPT system.

FIGURE 4. Main circuit of the proposed WPT system.

From (13), (18), and (21), the equivalent circuit of the exact
PT-symmetric region is obtained when the phase relation of
İ1 and İ2 is neglected. As shown in Fig. 2, the equivalent
circuit of the exact PT-symmetric region comprises an ideal
transformer that ratio is 1:N, where N =

√
L2
/
L1. It can

be seen that the current ratio, the output power PL and the
transfer efficiency η are independent on the coupling coeffi-
cient k in the exact PT-symmetric region, which is superior
compared with transfer characteristics of magnetic resonant
WPT system.

III. PROPOSED SYSTEM STRUCTURE AND
PRIMARY-SIDE-ONLY CONTROL STRATEGY
In this section, the proposed system structure and its analysis
are presented. Then, based on the circuit analysis of the
system, the output power stabilization control strategy for the
primary-side controller is designed.

A. SYSTEM STRUCTURE AND SECONDARY-SIDE
RECTIFIER MODEL
The WPT system consists of two insulated parts named as
primary side and secondary side. When the load resistance

is relatively small, rather than the kilo-ohm level, the series-
series topology is more appropriate to output more power,
so that both primary side and secondary side are series-series
compensation in this system. The proposed system structure
is shown in Fig. 3, while the detailed circuit is depicted
in Fig. 4.

The front-end DC-DC converter, which could be a buck,
boost or buck-boost converter, is utilized to regulate the input
voltageUd of the inverter at the primary side for output power
stabilization control. The buck converter is employed in this
paper, and Ud is given by

Ud = DUin , (23)

whereUin is the voltage of the DC power source, andD is the
duty cycle.

The full-bridge inverter, which is a voltage-source-type
inverter (VSI) and widely used in WPT systems due to their
high voltage utilization and simplicity, is adopted to realize
the ac negative resistance in this paper. Then, the output
power stabilization control based on primary-side informa-
tion is realized only by the proposed primary-side controller,
which consists of the negative resistance control, load iden-
tification and output power closed-loop control. As can be
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seen from Fig. 3, the system does not have dual-side wireless
communication and secondary-side control circuits, which
compresses the volume of the secondary side.

On the secondary side, through the full-bridge rectifier
with capacitive output filter, the obtained AC voltage u2
is converted to DC voltage Uo for household applications,
battery charging and other power converters et al. The pur-
pose of this paper is to propose and verify a WPT system
and its output power stabilization control strategy so that
the DC resistance is used as the load in analysis. As shown
in Fig. 4, the secondary-side rectifier connects with the output
filterCo. The input voltage u2 and the current i2 of the rectifier
are square and sine wave, respectively. In practice, only the
fundamental harmonic of voltage and current is considered
for simplicity during the analysis of the WPT system. Thus,
the output DC current Io is expressed as

Io =
1
π

∫ π

0

√
2I2 sin (ωt) d (ωt) =

2
√
2

π
I2 , (24)

where I2 is the RMS value of fundamental harmonic of
secondary-side current i2. The load resistance in the WPT
system may change with the operating condition of the prac-
tical application generally. Assuming that the rectifier power
losses are ignored in the following derivation, the energy
conservation equation is given by

I2oRo = I22RL , (25)

where Ro is the equivalent DC load resistance and RL is the
equivalent input resistance seen into the full-bridge rectifier
with output filter Co. From (24) and (25), RL and I2 are
deduced as follows, respectively:

RL =
8
π2Ro , (26)

I2 =
π

2
√
2
Io . (27)

B. NEGATIVE RESISTANCE CONTROL
According to the property of negative resistance, it is feasible
to control the output voltage u1 in phase with the output
current i1 of the VSI by using the current i1 in the primary-
side resonant tank as a feedback signal merely. Therefore, this
self-oscillating controlled VSI can be equivalent to a negative
resistance, and the control circuit thereof is depicted in Fig. 5.

The primary-side current i1, i.e., the output current of the
VSI, is captured via current sense transformer and converted
into the voltage signal. Then the voltage signal is amplified by
the differential amplifier and send to zero-crossing compara-
tor via a time-leading compensator to detect the zero-crossing
points of i1. Finally, the output signal of the comparator is
sent to dead time generation circuit to generate pulse width
modulation (PWM) signals, i.e., PWMG1,4 and PWMG2,3,
which drive the corresponding switch S1-S4 of the full-bridge
inverter in Fig. 4, to make u1 keep in phase with i1. The
time-leading compensator after the amplifier is used for com-
pensating the time delay of the current sense transformer,
zero-crossing comparator, dead time circuit and drivers,

FIGURE 5. Self-oscillating control circuit diagram of the full-bridge
inverter for negative resistance.

to ensure that u1 is in phasewith i1. By this self-regulated con-
trol circuit, the system can self-track the operating frequency
in (12) constantly to ensure working in the PT-symmetry
region, without the need for active tuning using the informa-
tion of coupling coefficient k and load resistance.

The output waveforms and PWM signals of the full-bridge
inverter by the negative resistance control are shown in Fig.6.
The duty width of the PWM signals for switch S1-S4 are 50%
without considering the dead time. The output current i1 of
the VSI is almost sinusoidal wave due to the high intrinsic
quality factor (Q) of the primary-side resonant tank, while
the output voltage u1 is a square wave. Through the control
circuit, both u1 and its fundamental harmonic u1_FHA are in
phase with the output current i1, which is consistent with
the property of negative resistance. Based on FHA, the RMS
value U1 of u1_FHA is given by

U1 =
2
√
2

π
Ud . (28)

It can be seen that the voltage of the negative resistance
can be regulated easily by adjusting the output voltage of the
front-end buck converter.

C. ONLINE LOAD IDENTIFICATION APPROACH
In practical applications, the equivalent resistive load Ro that
calculated by Uo/Io may be uncertain or variable. In order to
control the output power only by the primary-side controller,
it is necessary to identify the load Ro indirectly in real time.
The property of PT-symmetric circuit indicates that Ro

has a relationship with the negative resistance −Rn, so it is
possible to estimate Ro employing primary-side information.
Therefore, a novel online load identification approach by
PT-symmetry is proposed.

From (7), the RL is derived as

RL =
L2
L1
(Rn − r1)− r2 . (29)
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FIGURE 6. PWM signals and output waveforms of the full-bridge inverter.

FIGURE 7. Control block diagram of the proposed closed-loop control
method.

Then, the load Ro can be deduced by substituting (26)
into (29):

Ro =
π2

8

[
L2
L1
(Rn − r1)− r2

]
. (30)

Obviously, combining (19) and (30), the estimated value
Ro, est of the load Ro is calculated by

Ro, est =
π2

8

[
L2
L1

(
U1

I1
− r1

)
− r2

]
. (31)

Once the system is fabricated, the circuit parameters, i.e. the
values of Li and ri (i = 1,2) are acquired by the previous
measurement and assumed to be constant approximately.
Therefore, through acquiring and calculating the RMS values
of U1 and I1 in real time without the need for complicated
measuring of the phase or active power [5], [25], the estimated
value Ro, est can be quickly obtained according to (31) in the
exact PT-symmetric region, which is easy to implement in the
digital processor.

D. OUTPUT POWER CLOSED-LOOP CONTROL METHOD
As transmission characteristics shown in Section II-B,
the output power is coupling-independent and only related to
the voltage U1 and the load RL in the exact PT-symmetric
region.

With (21), (23) and (28), the output power PL is deduced
as

PL =
8
π2U

2
inD

2RL
L1
L2
(RL + r2)2 + 2r1(RL + r2)+

L2
L1
r21
. (32)

It indicates that the voltage of negative resistance can
be adjusted according to the load resistance identification
results, and the desired output power PL is achieved con-
sequently, while the information of the coupling coefficient
is not required. Therefore, the closed-loop control of the
output voltage of the front-end DC-DC converter is essen-
tial to achieve the accurate and robust output power con-
trol when the load varies. Assuming that the rectifier power
losses are ignored, the output power Po = IoUo = PL.
Since there is no wireless communication desired in the
system, the output power Po should be estimated based
on the load identification in Section III-C. From(13), (20),
and(26), the estimated value Po, est of output power is
calculated by

Po, est =
8L1
π2L2

I21Ro, est . (33)

Finally, a closed-loop PI control method is proposed for
output power regulation in the exact PT-symmetric region.
As described in Fig. 7, the closed-loop control block diagram
consists of the online load identification, the output power
estimation, and the PWM signal generation of PI-controlled
buck converter. While the load varies, through acquiring
the output current i1 and the output voltage u1 in real time
and calculating RMS value of fundamental harmonic respec-
tively, the DC load resistance and the output power can be
estimated using (31) and (33). The estimated values Po, est is
compared with a preset reference Po, ref, which represents the
desired output power Po. The error 1 Po = Po, ref− Po, est
is fed into the PI controller that generates the duty
cycle D, and the switch driver generates the PWM sig-
nal that drives the buck converter. Eventually, the voltage
U1 of negative resistance is regulated to maintain constant
Po. Obviously, the proposed control method in the exact
PT-symmetric region is coupling-independent, which simpli-
fies the control algorithm and improves the robustness of the
system.

With the proposed output power stabilization control strat-
egy, the normalized output power and corresponding trans-
fer efficiency as the function of coupling coefficient k and
load resistance Ro are theoretically calculated and plotted
in Fig. 8. The circuit parameters are listed in Table 1.
The critical line in Fig. 8(a) is the boundary of the exact
PT-symmetric region constrained by (10). The simulation
results indicate that the output power can stabilize at speci-
fied levels against variations both of the load and coupling
coefficient via the proposed control strategy, meanwhile,
the transfer efficiency is also coupling-independent in the
exact PT-symmetric region and the greater the DC load
Ro, the higher the transfer efficiency, which is show shown
in Fig. 8(b). Moreover, by substituting (31) into (33) and
simplifying, it can be seen that the output power estimation
is still correct in broken PT-symmetric region if the loss
resistance r2 can be neglected, thus the output power con-
trol strategy will still be feasible in broken PT-symmetric
region.
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FIGURE 8. Output results of numerical simulation under various
condition by the proposed output power stabilization control strategy:
(a) normalized output power; (b) transfer efficiency.

IV. EXPERIMENTAL VALIDATION
On the basis of the above-mentioned analysis, the experi-
mental prototype has been designed and fabricated in this
section to evaluate the performance of the WPT system with
the proposed primary-side-only control strategy.

A. EXPERIMENTAL SETUP
For the coreless coils of resonators, the helix shape coil made
by Litz wire (φ 0.05 mm × 1000 strands, outer φ 2.3 mm)
is chosen considering the skin effect at several hundred kilo-
hertz. The diameter of each coil is 30 cm and the axial width
is about 6 cm with single layer 20-turn (axial arrangement)
structure. For the series capacitors of resonators, the high
voltage doorknob ceramic capacitors are chosen for their
low losses and high current-bearing capability at high fre-
quency. The circuit parameters of resonators measured by a
precise impedance analyzer (Wayne Kerr 6500B) are listed
in Table 1. The frequency sweeping measurement results
indicate that the loss resistances of resonators vary little
within 250-350 kHz, so they are considered constant in the
analysis, which are equal to the values shown in Table 1.
When the distance between the two coils changes, the vari-
ation of the coupling coefficient is measured and shown
in Fig. 9.

TABLE 1. Parameters of the experimental prototype.

FIGURE 9. Measured coupling coefficient with respect to the transfer
distance between the two coaxially-aligned coils.

Fig. 10 shows the experimental prototype. Starting from
the DC voltage source, the power flows through the front-
end buck converter (MOSFET: Infineon IRFP4227PBF, and
Schottky diode: ON MBR40250TG), the full-bridge inverter
(MOSFETs: Infineon BSC350N20), a pair of magneti-
cally coupled resonators, the rectifier (Schottky diodes: ON
MBR40250) and capacitive filter (film capacitor). Finally,
it is provided to load resistors (Chroma DC electronic load).
In the primary-side controller, the output current of the VSI
is converted into the voltage signal by a current sense trans-
former CU8965, and then the voltage signal passes through
the control signal generation circuit consisting of the high-
speed operational amplifier LM6172, the zero-crossing com-
parator TL3016 and the dead time generation circuit contain-
ing a quad-2 input NAND gate (Fairchild 74VHC00MTCX).
PWM signals drive the switch S0-S4 via isolated gate drivers
(Silabs Si8271). A floating-point digital-signal processor
TMS320F28377d is employed to sample the RMS value via
an RMS calculator AD637 and carry out the output power
closed-loop control.

Note that the electronic components can be selected by
actual demands such as cost, control speed and power capac-
ity in different practical applications. Moreover, the min-
imum coupling coefficient k of the system can be preset
according to the range of the practical load by (10).
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FIGURE 10. Photo of the designed experimental prototype.

Actually, many other WPT systems have to work in preset
range as well [5], [18]–[30]. The coreless coil in this paper has
not been optimally designed because the experimental setup
mainly focuses on providing proof of propose strategy rather
than an actual product. System performance can be further
improved by optimizing coil design or using ferrite cores.

B. EXPERIMENTAL RESULTS OF PROPOSED SYSTEM AND
CONTROL STRATEGY
First, the prototype is tested in different coupling condi-
tions to validate the transmission characteristics analyzed in
Section II. The reference output power Po, ref =400 W, and
the DC electronic load is set to 15 �, i.e., Ro = 15 �.
Under this condition, the critical coefficient k = 0.036.
Experimental and calculated results are shown in Fig. 11.
The actual output power Po is read from the DC elec-
tronic load directly, and the transfer efficiency is defined
by (17). As can be seen from Fig. 11(a), the output power
nearly stabilizes at the reference level with the power error
1P (1P =

∣∣Po − Po, ref∣∣/Po, ref) less than 2.85% over the
coupling coefficient ranging from 0.35 to 0.036. The exper-
imental results in Fig. 11(b) indicate that the transfer
efficiency (around 95%), as well as the current ratio, remains
almost constant within a range of 34 cm (k = 0.036−0.35).
The operating frequency f and the phase difference
ϕ1−ϕ2 of currentsmeasured by the oscilloscope are displayed
in Fig. 11(c), which show that the experimental prototype
operates at the low-frequency branch, and ϕ1− ϕ2 gradually
increases and approaches tπ

/
22 as d increases. The exper-

imental results coincide with calculated values in the exact
PT-symmetric region.

To validate the output power stabilization control strat-
egy, the system controlled by the primary-side controller
is tested under different load and coupling coefficient with
reference output power Po, ref = 200 W and 400 W, respec-
tively. Transfer distance d = 15 cm and 20 cm corre-
spond coupling coefficient k = 0.15 and 0.096, respectively.

FIGURE 11. Experimental results of Po,ref = 400 W and Ro = 15� under
different transfer distance d: (a) output power; (b) transfer efficiency and
current ratio; (c) operating frequency and phase differences of i1, i2.

TABLE 2. Experimental results of online load identification.

Through acquiring and calculating the RMS value U1 and I1,
the load Ro can be easily estimated by the proposed online
load identification approach. Table 2 shows experimental
results of Ro, est and the corresponding error 1R (1R =∣∣Ro, est − Ro∣∣ /Ro) when Po, ref = 200W. The error1R is less
than 4.3% under k = 0.15 and 0.096, which decreases with
the increase of Ro. The average value of Ro, est can be used to
reduce the errors.

Experimental results and waveforms of Po, ref = 200W are
shown in Fig. 12 and Fig. 13, respectively. It indicates that
the output power Po can be stable at the desired value against
various loads under k = 0.15 or k = 0.096. The maximum
error 1P is 4.10% corresponding to output power 191.8 W
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FIGURE 12. Experimental results of output power and errors when
Po,ref = 200 W under different load Ro: (a) d = 15 cm; (b) d = 20 cm.

FIGURE 13. Experimental waveforms when Po,ref = 200 W under
different conditions: (a) Ro = 20�, d = 15 cm; (b) Ro = 40�, d = 15 cm;
(c) Ro = 20�, d = 20 cm; (d) Ro = 40�, d = 20 cm.

at Ro = 10�, while the minimum error 1P is 1.75% corre-
sponding to output power 196.5 W at Ro = 55�. Similarly,
the output power can also be controlled at Po, ref = 400 W
under different loads and coupling coefficients, experimental
results and waveforms of which are shown in Fig. 14 and
Fig.15. Experimental results show that the maximum error
1P is 3.40% corresponding to output power 386.4 W at
Ro = 10�, while the minimum error 1P is 1.68% corre-
sponding to output power 393.3 W at Ro = 55�.
As can be seen from the experimental waveforms,

the working frequency self-regulates at different operating
points by the negative resistance control, but there are minor
phase differences between the current i1 and voltage u1 at
certain operating points, which are caused by the variation

FIGURE 14. Experimental results of output power and errors when
Po,ref = 400 W under different load Ro: (a) d = 15 cm; (b) d = 20 cm.

FIGURE 15. Experimental waveforms when Po,ref = 400 W under
different conditions: (a) Ro = 20�, d = 15 cm; (b) Ro = 40�, d = 15 cm;
(c) Ro = 20�, d = 20 cm; (d) Ro = 40�, d = 20 cm.

of leading time of the compensator at the different operat-
ing frequency. The VSI can be regarded approximately as
a negative resistance since the errors are quite small and
experimental results nearly correspond to the theory. The
digital control will be explored further in our future work
to help controlling the system to work at low frequency
branches. The voltage u1 will automatically change to sustain
stable output power at each operating point without using the
information of coupling coefficient k . The output power error
1P tends to decrease as the load resistance Ro increases. The
experimental results indicate that output power is stable when
the loads and coupling coefficients vary, which validates the
correctness of proposed output power stabilization control
strategy.
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TABLE 3. Reported WPT prototypes with output power stabilization control methods.

FIGURE 16. Experimental results of overall efficiency and losses when
Po,ref = 400 W: (a) overall efficiency; (b) loss breakdown of Ro = 55�,
d = 15 cm.

C. ERROR, EFFICIENCY AND LOSSES ANALYSIS
There are errors in load estimated values and output power
compared with the actual Ro and reference Po, ref. It further
points out that the errors mainly originate from the assump-
tion that losses of rectifier are ignored during the equation
derivation in (25) and (26). If the minor switching losses
are neglected and conduction losses are into consideration,
the equivalent input resistance RL seen into the full-bridge
rectifier is estimated as

RL ≈
8
π2Ro +

4UfIf
I22

, (34)

where Uf is the forward voltage of the rectifier diode, If is
the average forward current of each diode, and I2 is the RMS
value of the secondary-side AC current [35]. Actually, due to
the losses of the rectifier, a part of the power obtained by RL
are consumed by the rectifier. Thus, the power delivered to
Ro decreases which causes the errors finally. The losses of
the rectifier are variable because the average forward current
If is not constant with different Ro. At the same output power
level, the If decreases and the loss reduce as the Ro increases,
thereby the error decreasing. On the other hand, the measure-
ment noise also has some influence on accuracy. The pro-
posed strategy can be further explored to improve accuracy.

The overall efficiency is calculated by Pin
/
Po, where

Pin is the system input power read from DC power sup-
ply directly. As shown in Fig. 16(a), the maximum overall
efficiency is 91.9% at Ro = 55� when Po, ref = 400 W.
Generally, system losses mainly consist of buck converter

losses Pbuck(switching & conduction losses), inverter losses
Pinverter (switching & conduction losses), resonator losses
Presonator, rectifier losses Prectifier (switching & conduction
losses) and other losses Pothers. The system losses are mea-
sured at the maximum overall efficiency point, the results of
which are plotted in Fig. 16(b). It shows that the losses Pbuck
and Pinverter account for a large proportion of system losses.
Hence, the design of the inverter and buck converter is vital
to improving system performance.

D. COMPARISON WITH EXISTING METHODS
Table 3 compares the performances of output power stabi-
lization control methods for WPT systems reported in recent
years. The key introduces of their systems are listed in the
table. Unlike the existing methods, the output power sta-
bilization control strategy proposed in this paper considers
the variation both of the load and coupling coefficient, and
the stable values of output power can be flexibly regulated
according to the load identification results, without the need
for the information of mutual inductance and the secondary-
side measuring or control circuit. According to the table,
the WPT system with the control strategy proposed in this
paper has competitive advantages due to its flexibility, sim-
plicity and high power-efficiency.

V. CONCLUSION
In this paper, a novel primary-side-only control strategy that
realizes stable output power against the variation both of
load and coupling condition is proposed for series-series
compensated WPT system. The output power is coupling-
independent in the exact PT-symmetric region and can be
stabilized at specified values when the load varies. The pro-
posed strategy has the advantage of eliminating the need
for coupling information, dual-side wireless communication,
as well as secondary-side control circuits, which simplifies
the control algorithm and makes the receiver compact and
lightweight. Experimental results validate the performance
of the proposed control strategy and system with enough
accuracy and high overall efficiency. This paper provides a
simple but effective solution to restrain output power fluctua-
tion, and it is suitable for applications such as constant power
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charging, dynamic powering and kitchen heating appliance,
where the stable and flexible output power is needed with a
variation of load and some degree of free positioning.
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