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Abstract—Aiming at the problems that existing multifrequency
and multiload (MFML) magnetic coupling resonant wireless power
transfer (MCR-WPT) systems either the output power frequencies
are limited or a large amount of reactive power in them leads
to decreased power factor (PF). This article proposes an MFML
MCR-WPT system based on hysteresis current control, which con-
trols multifrequency current superposition output and has equiv-
alent current source characteristics. The system outputs multifre-
quency current by tracking the command current, which consists
of subcommand currents designed according to load frequency and
power requirements and raises PF without affecting power transfer
quality by adding power compensating capacitor (CP) with lower
cost and design complexity than existing technologies. First, the
system structure and working principle are introduced. Then, the
criterion of equivalent current source is deduced, based on which
the system model is established, and its characteristics are analyzed.
After that, the system parameter design methods are given. Finally,
an experimental platform is built to verify the proposed theory. The
simulation and experimental results show that the proposed system
can output multifrequency power, switch the frequency freely, and
raise PF by adding Cp without affecting power transfer.

Index Terms—Hysteresis current (HC) control, magnetic
coupling resonant wireless power transfer (MCR-WPT), multifre-
quency, multiload.

I. INTRODUCTION

MAGNETIC coupling resonant wireless power transfer
(MCR-WPT) technology is a kind of technology that

transfers power without direct connection of wires. Compared
with traditional wired transfer mode, it is more flexible and
convenient [1]. At present, this technology has been gradually
applied to numerical control robot [2], aerospace equipment [3],
marine engineering equipment [4], advanced rail transit [5],
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new energy vehicles [6], biomedicine and precision medical
instruments [7], and other fields, and has a huge application
demand in the future.

With the progress of MCR-WPT technology, the research
and application of its working mode have gradually expanded
to multifrequency multiload (MFML) transfer mode [8], [9].
Compared with the existing single-frequency and single-load
MCR-WPT system, the MFML MCR-WPT system mainly has
the following characteristics: on the one hand, due to the incon-
sistent development of the WPT system standards, the operating
frequencies of each load may be different. On the other hand,
since the application scenarios and requirements of loads may
be different, the power level of each load may be inconsistent.
Therefore, to further promote the development of MCR-WPT
technology, the research of MFML MCR-WPT system has been
paid more and more attention by researchers.

According to the research on the transmission mode of the
existing MFML MCR-WPT system, it can be mainly classified
into multiple-inverter parallel operation technology [10], [11]
and single-inverter operation technology [12], [13], [14], [15],
[16], [17], [18], [19]. For multiple-inverter parallel operation
technology, several inverters are used on the primary side, and
the operating frequency of each inverter is different. Although
this technology can be more convenient to generate and control
power of different frequencies, but the structure of emitter is
complex, which is difficult to miniaturize and make practical.
However, compared with multiple-inverter parallel operation
technology, single-inverter operation technology can output
multifrequency power by a single inverter, which is easy to
miniaturize and practicality of the system, so it has gradually
become a research hotspot of MFML MCR-WPT technology.

The existing single-inverter operation technology can be
mainly classified into fundamental-harmonic reuse technology
[12], [13], [14], multifrequency power time-sharing technology
[15], and multifrequency power superposition technology [16],
[17], [18], [19].

1) For the fundamental-harmonic reuse technology, the fun-
damental wave and its harmonic components can be selec-
tively used to achieve multifrequency power transfer. In
[12], the fundamental component of the inverter output
voltage is used for power transfer, and the third har-
monic is used as the carrier of the signal to transmit the
signal, which realizes the synchronous wireless transfer
of power and signal. In [13], by Fourier decomposition
of the output voltage of the inverter, the switching time
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corresponding to the required frequency component is
selected as the inverter switching signal to output fun-
damental wave and specific harmonics. In [14], a mul-
tifrequency power modulation method based on cosine
switch frequency modulation technology is proposed to
extend harmonic spectrum, which increases the number
of power frequencies that can be outputted. Although this
technology can make full use of the output voltage of
inverter, it can only realize the power transfer of specific
frequency, and there is an inherent coupling relationship
between output power, which is difficult to achieve flexible
adjustment of power.

2) For the multifrequency power time-sharing technology,
multifrequency power is outputted in different time. In
[15], three loads are charged at different time by switching
the operating frequency of the inverter. However, this
technology can only output power with a single frequency
at the same time, and cannot realize the synchronous power
supply of each load.

3) For the multifrequency power superposition technology,
it outputs multifrequency power by changing the inverter
control strategy. In [16], [17], and [18], the hybrid mod-
ulation waves sinusoidal pulse width modulation (HMW-
SPWM) strategy is used to form composite modulated
waves by superimposing multiple modulated waves of
different frequencies and then outputs multifrequency
power by modulating the composite modulated wave. In
[19], the two bridge arms of the inverter run at different
frequencies respectively, which uses a single inverter to
output dual-frequency power.

Compared to the other single-inverter operation technologies,
the multifrequency power superposition technology has the
characteristics of simple structure and flexible control between
different frequencies of power, which has attracted the attention
of more researchers. However, the existing MFML MCR-WPT
technologies output multifrequency power by controlling the
voltage of different frequencies to be superimposed, which needs
multifrequency resonance compensation (MFRC) network to
achieve a better transfer effect. However, with the increase in
the number of load frequencies, the order of the MFRC network
will also increase [20], which not only increases the system
volume but also greatly increases the design complexity. If the
zero-compensation strategy is adopted, there will be a large
amount of reactive power in the system, which will decrease
the system power factor (PF).

To solve the abovementioned problems in existing MFML
MCR-WPT systems, an MFML MCR-WPT system based on
hysteresis current (HC) control is proposed in this article, which
outputs multifrequency power by controlling the superposition
of currents at different frequencies. This system has the equiva-
lent current source characteristic that the existing control voltage
superposition systems do not have, which makes the external
circuit structure of the system only affect the overall power level
but not affect the frequency component of the output current. The
system can output multifrequency power steadily and switch the
power frequency freely, and at the same time, it can raise PF by
adding power compensating capacitance (CP). Compared with

Fig. 1. Structure diagram of MFML MCR-WPT system based on HC control.

the method of using the MFRC network, the use of CP has lower
cost and design complexity, and it does not need to add new
circuit structure with the increase of the number of load frequen-
cies, and the design complexity will not increase greatly. First,
the corresponding subcommand current is designed according
to the power and frequency requirements of each load, and the
subcommand currents are superimposed to form the command
current. Then the primary side current tracks the command
current based on HC control to output multifrequency power. If
the load requirements change, the corresponding subcommand
current can be adjusted to meet the changed requirements. Since
the output current of the system based on HC control is only
controlled by the command current, it has the characteristics
of the equivalent current source. Therefore, CP can be added
to the primary side to raise PF without affecting the frequency
component of the output power, which greatly reduces the design
complexity and cost of the system.

The rest of this article is organized as follows. In Section II,
the structure and working principle of the MFML MCR-WPT
system based on HC control are introduced. In Section III,
the criterion of equivalent current source based on HC control
is deduced, and then the system model is established and its
characteristics are analyzed. Section IV introduces the system
parameter design methods. In Section V, the experimental plat-
form is set up to verify the characteristics of the system. Finally,
Section VI concludes this article.

II. STRUCTURE AND WORKING PRINCIPLE OF MFML
MCR-WPT SYSTEM BASED ON HC CONTROL

A. System Structure

The structure of the MFML MCR-WPT system based on HC
control proposed in this article is shown in Fig. 1.

As shown in Fig. 1, the primary side of the system adopts
a single inverter structure, Ud is the dc source, LP is the in-
ductance of the transmitting coil, RLp is the equivalent internal
resistance of LP, and CP is the power compensation capacitance.
The HC control module is set on the primary side of the system.
The secondary side of the system has n receiving circuits (n is the
number of loads at different operating frequencies). MP1Si is the
mutual inductance between the transmitting coil and i (i = 1, 2,
… , n) receiving coil, and MSiSj is the cross mutual inductance
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between i receiving coil and j (j= 1, 2, … , n. i�j) receiving coil.
LSi is the inductance of the i receiving coil. CSi is the resonant
capacitance, RLsi is the equivalent internal resistance of LSi,
and RLi is the load equivalent internal resistance. CSi and LSi

form an S-type resonant network, satisfying the relationship as
follows:

(2πfi)
2LSiCSi = 1 (1)

where fi is the operating frequency of the i pick-up circuit.
Compared with the multi-inverter topology, the proposed

topology can realize the parallel output and decoupling control
of multifrequency power with fewer devices. It can meet the
application requirements of parallel power supply for different
frequency loads.

B. System Working Principle

The HC control is a closed-loop control method, which has
the characteristics of simple hardware circuits and fast circuit
response. The basic control principle is as follows: the expected
output current waveform is taken as the command current,
the actual current is taken as the feedback signal, and the
instantaneous value is compared to determine the ON-OFF of
the power switch device of the inverter circuit, so that the actual
output current tracks the command current within the hysteresis
width h.

In the MFML MCR-WPT system, since the power and fre-
quency levels of each load are different, and the corresponding
subcommand current is designed according to the requirement
of each load. All the subcommand currents are superimposed
to form a command current. By tracking the command current
within h, the multifrequency current required by the loads is
outputted. The command current is as follows:

iref =
n∑

i=1

irefi =
n∑

i=1

ai sin(2πfit+ ϕi) (2)

where irefi (i = 1, 2, … , n) is the subcommand current, which
includes frequency parameter fi, amplitude parameter ai, and
phase parameter ϕi.

Fig. 2(a) shows the dual-frequency command current and
its corresponding subcommand current frequency components.
The iref has the characteristics of each subcommand current at
the same time. Fig. 2(b) shows the simulation waveform of the
output current and voltage of the inverter based on HC control.
As we can see the output current iP tracks iref within h, and the
output voltage uin frequency is not fixed.

The system based on HC control has the characteristic that
the main frequency component of iP is only affected by iref.
Therefore, the output of multifrequency current can be realized
by tracking iref, which consists of subcommand currents at dif-
ferent frequencies. At the same time, adding CP will only affect
the overall reactive power of the system, but will not affect the
main frequency component of iP. Hence, the MFML MCR-WPT
system based on HC control can output multifrequency current
and raise PF by adding CP.

The secondary side pick-up circuits use a series resonance
network. Due to the different operating frequencies of each

Fig. 2. iref and corresponding iP and uin simulation waveform. (a) iref and
the frequency components it contains. (b) iP and uin simulation waveform.

pick-up circuit, there is a certain frequency isolation effect
between pick-up circuits. In addition, the circuit quality factor
is raised as much as possible in the process of parameter design,
to ensure that the interference conditions of power between
different pick-up circuits are met, and multifrequency power
decoupling transfer is realized [18].

To sum up, the characteristics of the MFML MCR-WPT
system based on HC control are as follows.

1) The system controls the current superposition based on
HC control to output multifrequency power. When the
equivalent current source criterion is met, system has
the characteristic of the equivalent current source, which
allows the external circuit structure of the system to af-
fect only the overall power level but not the frequency
component of the output current.

2) Each subcommand current corresponds to a load, and
there is no coupling relationship between subcommand
currents, which can realize flexible decoupling control
between the power of different frequencies.

3) Due to the equivalent current source characteristic, the
system can raise PF without affecting the main frequency
components of iP by adding CP in a way with lower cost
and design complexity than existing technologies.

III. SYSTEM MODEL ANALYSIS

It can be seen from Section II that the output current of MFML
MCR-WPT system based on HC control is only controlled by
iref and does not change with the parameters of the external
circuit, so the inverter can be equivalent to the current source
whose output is iref. However, the equivalent current source
characteristics of the system must be established conditionally.
In this section, the criterion that the inverter can be modeled as
an equivalent current source is deduced, and then the system
model is modeled based on this criterion, and its characteristics
are analyzed.
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Fig. 3. Equivalent models of MFML MCR-WPT system. (a) System model
based on the voltage source. (b) System model based on the equivalent current
source.

A. Modeling Criteria for Equivalent Current Source

According to Section II, the output current of the system based
on HC control tracks the iref within h. The output current of the
inverter is completely controlled by iref, the frequency of the
output voltage changes constantly with iref, and the change of
circuit parameters does not affect the frequency component of
the output current. When h is set reasonably, the output current
can be equivalent to iref. This HC-controlled inverter output
characteristic is completely different from other technologies
where the output voltage is fixed and the output current changes
with the current circuit impedance. However, the output current
of the inverter is different from the standard current source
type inverter circuit, it only has the equivalent current source
characteristic that the output current of inverter is independent
of the impedance angle of the external circuit.

Therefore, under the condition that the ip can track the iref, the
main frequency component of ip is only controlled by iref and
is independent of the external circuit structure, which conforms
to the current source characteristics [21], [22]. So, the inverter
model can be transformed from the voltage source to the current
source whose output is ip. The system models based on voltage
source and equivalent current source are shown in Fig. 3.

If the iP is outputted according to iref, iP is a multifrequency
hybrid equivalent current source, the uP is an ideal voltage
source superimposed by the frequency components contained in
the iref. The expression of iP is shown in the following equation:

iP = iref = iP1 + iP2 + · · ·+ iPn =

n∑
i=1

ai sin(2πfit+ ϕi).

(3)
According to Fig. 3(a), the KVL formula for the primary side

circuit is written as shown in (4) and (5)

up = uCP
+ uLP

+ uRP
+

n∑
i=1

uMP1Si
(4)

⎧⎪⎨
⎪⎩
uCP

= 1
CP

∫ t

0 iiref(s)ds

uLP
= LP

diref
dt

uMP1Si
= MP1Si

diSi
dt

. (5)

In the actual system, when the circuit parameters are deter-
mined, the parameters in the iref are also determined. When the
absolute value of uP is higher than Ud, Ud cannot meet the
demand of uP, which will force iP waveform distortion and iP

Fig. 4. Equivalent model of dual-frequency dual-load MCR-WPT system.

Fig. 5. Equivalent circuits at different operating frequencies. (a) I1 in acting
alone. (b) I2 in acting alone.

cannot track iref. On the contrary, when the absolute value of uP
is always less than Ud, iP can track the change of iref, and the
system model can be established based on an equivalent current
source model whose output is ip.

The derivation of (4) is shown as follows:

duP

dt
=

1

CP
iref + LP

d2iref

dt2
+RP

diref

dt
+

n∑
i=1

MP1Si
d2iSi
dt2

.

(6)
Let (6) be 0 to get k extreme points of the function, denoted

tj (j = 1, 2, … , k), then

Umax = max
{
|up (tj)|j=1,2,...n

}
< Ud. (7)

If the condition shown in (7) is met, the iP can track the
iref, and the system model can be transformed from based on
a voltage source to an equivalent current source. Subsequent
analyses in this paper are based on the current source equivalence
criteria shown in (7) is met, so a system model based on the
equivalent current source can be directly established.

B. System Modeling and Efficiency Characteristic Analysis

Taking the dual-frequency dual-load MCR-WPT system as
an example, based on the system shown in Fig. 1, the equivalent
model of the WPT system based on HC control is established,
as shown in Fig. 4.

In order to analyze the characteristics of the dual-frequency
dual-load MCR-WPT system under action of current sources
with different frequencies, based on the superposition principle,
the system model is established respectively in Fig. 5.

When the fi (i = 1, 2) frequency power supply acts alone,
the expressions of the pick-up circuit impedance are shown
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as {
Z

(i)
S1 = RS1 +RL1 + jωiLS1 +

1
jωiCS1

Z
(i)
S2 = RS2 +RL2 + jωiLS2 +

1
jωiCS2

. (8)

The KVL formulas are written as follows:{
jωiMP1S1Ii + jωiMS1S2I

(i)
S2 = Z

(i)
S1 I

(i)
S1

jωiMP1S2Ii + jωiMS1S2I
(i)
S1 = Z

(i)
S2 I

(i)
S2

. (9)

By substituting (8) into (9), the pick-up circuit current can be
solved as⎧⎪⎨

⎪⎩
I
(i)
S1 =

Z
(i)
S2 (jωiMP1S1)+(jωiMP1S2)(jωiMS1S2)

Z
(i)
S1 Z

(i)
S2 −(jωiMS1S2)(jωiMS1S2)

Ii

I
(i)
S2 =

Z
(i)
S1 (jωiMP1S2)+(jωiMP1S1)(jωiMS1S2)

Z
(i)
S1 Z

(i)
S2 −(jωiMS1S2)(jωiMS1S2)

Ii

. (10)

The output power is shown as

P (i)
o =

[
Re

[
I
(i)
S1

]]2
RL1 +

[
Re

[
I
(i)
S2

]]2
RL2. (11)

The system losses are as follows:

P
(i)
loss =

[
Re

(
I
(i)
S1

)]2
RS1 +

[
Re

(
I
(i)
S2

)]2
RS2 +

(
I
(i)
P

)2

RP.

(12)
The reactive power of the system is shown as

Q(i)
sys =

[
Im

(
I(i)
p

)]2
Im

(
Z

(i)
Lp + Z

(i)
Cp + Z(i)

eq

)
. (13)

The system output power Po and loss Ploss are shown as{
Po = P

(1)
o + P

(2)
o

Ploss = P
(1)
loss + P

(2)
loss

. (14)

The system efficiency is shown as follows:

η =
Po

Po + Ploss
. (15)

It is can be seen that there is a unique mapping relationship
between command current and output power, which can be used
as the basis for the design of command current.

The reactive power of the system is shown as

Q = Q(1)
sys +Q(2)

sys . (16)

The system PF is shown as

PF =
P√

P 2 +Q2
. (17)

If a zero-compensation strategy is adopted, there will be a
large amount of inductive reactive power in the multifrequency
system, and adding CP to compensate for inductive reactive
power can effectively reduce Q.

IV. DESIGN METHOD OF MFML MCR-WPT SYSTEM BASED

ON HC CONTROL

According to the working mechanism of the system, the
parameters to be designed mainly include control parameters
and circuit parameters. The control parameters include iref and
h. The design of iref determines whether the iP can meet the load
requirements, and the value of h affects the control effect and

TABLE I
SIMULATION PARAMETERS OF MFML MCR-WPT SYSTEM

switching frequency at the same time. The circuit parameters
mainly include the design of CP, which can compensate for the
reactive power of the system. Therefore, the design method of
MFML MCR-WPT system based on HC control mainly includes
the following three aspects: command current design method,
HC width design method, and power compensation capacitor
design method. Taking a dual-frequency dual-load WPT sys-
tem as an example, the system parameters design methods are
described in detail in this section.

A. Command Current Design Method

According to the working mechanism of the system shown
in Fig. 1, the core idea of the design of iref can be summarized
as follows. First, the frequency and amplitude parameters of the
corresponding subcommand current are designed according to
the frequency and power requirements of each load. Then, the
optimization model is established and solved from two aspects
of system energy and command current change rate, and the
subcommand current phase parameters are obtained. Finally, the
subcommand currents are superimposed to form iref. Detailed
command current design steps are shown below.

Step 1: Given the power and frequency requirements of each
load, and the other parameters are shown in Table I.

Step 2: fi is set to the working frequency of load;
Step 3: ai is designed according to the mapping relationship

between load power and subcommand current amplitude. There
is a relationship between ai and Ii, as shown in the following
equation:

ai =
√
2Ii. (18)

For receiving circuits with different resonant frequencies,
the cross-coupling between the receiving coils is much smaller
than the mutual inductance between the transmitting coil and
receiving coils, which can usually be ignored. Therefore, the
load currents are shown as⎧⎨

⎩
I
(i)
S1 = jωiMP1S1

Z
(i)
S1

Ii

I
(i)
S2 = jωiMP1S2

Z
(i)
S2

Ii

. (19)

The load power expression can be further simplified as{
Po1 = [[Re(ω1MP1S1

Z(1)
S1

I1)]
2
+ [Reω2MP1S1

Z(2)
S1

I2]
2
]RL1

Po2 = [[Re(ω1MP1S2

Z(1)
S2

I1)]
2
+ (ω2MP1S2

Z(2)
S2

I2)
2
]RL2

. (20)

In order to meet the inter-frequency interference suppression
criterion [18], the pick-up circuits should maintain a good fre-
quency selection characteristic, then the loop impedance meets
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Fig. 6. Change curve of H(ϕ1, ϕ2).

the conditions shown as⎧⎪⎪⎪⎨
⎪⎪⎪⎩
Z

(1)
S1 = RL1 +RS1

Z
(2)
S1 → ∞

Z
(1)
S2 → ∞

Z
(2)
S2 → RL2 +RS2

. (21)

Substitute (21) into (20) to further simplify the load power{
Po1 = (ω1MP1S1I1

RL1+RS1
)
2
RL1

Po2 = (ω2MP1S2I2
RL2+RS2

)
2
RL2

. (22)

In combination with (19) and (23), the ai can be obtained by
solving the formulas as

ai =
RLi +RSi

2πfiMPSi
·
√

2Poi

RLi
. (23)

Step 4: The objective functions of inverter output energy and
command current change rate are established, respectively.

1) Energy Equivalent Model: Combined with the dual-
frequency dual-load WPT system model shown in Fig. 4, the
mathematical model h(ϕ1, ϕ2) between the output energy of
the inverter in one cycle and phase of subcommand currents is
established

h(ϕ1, ϕ2) =

∫ T

0

[iref(t)]
2 · Re[Zin]dt (24)

where Zin is the input impedance of the system.
It can be seen that the system energy h(ϕ1, ϕ2) in a period is

related to the ϕ1 and ϕ2, and Zin is a constant when the system
circuit parameters are determined, so the model can be further
simplified as

H(ϕ1, ϕ2) =

∫ T

0

[iref(t)]
2dt. (25)

The variation curve is shown in Fig. 6.
As can be seen from Fig. 6, under the premise that the load

power requirements have been met, the values of H(ϕ1, ϕ2) are
also different as ϕ1 and ϕ2 form different phase combinations,
and in the process of change, there is a combination ofϕ1 andϕ2

to make H(ϕ1, ϕ2) obtain the minimum value, and the system
energy is also the lowest. Therefore, the energy efficiency of the
system can be further improved through the phase design.

Fig. 7. Change curve of G(ϕ1, ϕ2).

2) Command Current Rate of Change Model: According to
the introduction of the HC control in Section II, the command
current change rate will affect the tracking control accuracy
when the sampling frequency and accuracy of the system are
limited, so reducing the instantaneous command current change
rate is helpful to improve the control stability of the system.
Therefore, the sum of the instantaneous current change rate of
ϕ1 and ϕ2 in a period is established as

g(ϕ1, ϕ2) =

∫ T

0

∣∣∣∣ ddt iref(t)

∣∣∣∣ dt. (26)

In order to facilitate calculation, the model can be further
simplified

G(ϕ1, ϕ2) =

∫ T

0

[
d

dt
iref(t)

]2
dt. (27)

According to the parameters in Table I, the change curve of
G(ϕ1, ϕ2) is shown in Fig. 7.

It can be seen from Fig. 7 that under the premise of meeting
the load demand, the value of G(ϕ1, ϕ2) are different with the
different phase combinations, and the influence of ϕ1 and ϕ2 on
G(ϕ1,ϕ2) is also different. The combination ofϕ1 andϕ2 makes
G(ϕ1, ϕ2) take the minimum value, and the current change rate
of the system in a period is the lowest. Therefore, the control
stability of the system can be further improved by adjusting the
phase of iref.

3) Biobjective Optimization: According to the above-
mentioned analysis, the optimization model as shown in the
formula is established

minFRn(ϕ1, ϕ2) = min[G(ϕ1, ϕ2), H(ϕ1, ϕ2)] (28)

s.t.

⎧⎨
⎩
f1 �= f2,
ϕ1, ϕ2 ∈ [0, 2π] ,
max |uP| < Ud.

(29)

NSGA-Ⅱ, as a typical representative of multiobjective op-
timization algorithms, introduces a fast nondominated sorting,
and congestion operator to reduce algorithm complexity and
better retain excellent individuals [23]. Therefore, this algorithm
is chosen in this article to solve the model.

The initial population size is set to 50, and after 1000 iter-
ations, the Pareto frontier nondominated solution set shown in
Fig. 8 is generated. The optimized Pareto frontier contains 50
groups of optimal solutions. After weighing the values of the two
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Fig. 8. Pareto frontier nondomination solution set.

Fig. 9. iref comparison before and after phase adjustment.

objective functions, the parameters marked in blue in the solution
set in Fig. 8 are selected as the optimization result. The objective
function values at this point are 6.37 × 10-3 and 1.567 × 108,
respectively, and the objective functions are both locally optimal.
The performance of the system is further improved, and the
solution of the model is set as a phase parameter.

Fig. 9 shows the comparison of iref before and after phase
adjustment. Compared with the command current before ad-
justment, although the peak value of the command current after
phase adjustment is increased, the interval between the poles is
larger. According to the characteristics of HC control, the actual
current change rate at the command current pole is highest, and
the current change rate is very high if the command current pole
interval is too close, which easily leads to poor control effects.
Therefore, under the same hardware condition, the command
current after phase adjustment can obtain a better tracking effect.

Step 5: In the actual use process, subcommand currents are
calculated offline or online in the primary controller after the
load requirements are sent to the primary controller by commu-
nication technology. Then the signal generator is used to output
subcommand currents directly or the primary controller drives
the D/A chip to output the subcommand currents. Finally, the iref
is formed by superimposing the subcommand currents through
the adder circuit. Fig. 10 shows the structure of the adder circuit.

uC = −
(
Rf

RA
uA +

Rf

RB
uB

)
. (30)

As shown in (30), the superposition output of uA and uB
can be realized by adjusting the resistance in the adder circuit.

Fig. 10. Schematic diagram of adder circuit.

Fig. 11. Circuit mode based on HC control. (a) Circuit mode1. (b) Circuit
mode 2. (c) Circuit mode 3. (d) Circuit mode 4.

Therefore, subcommand currents can be superimposed into the
desired iref through the adder circuit.

B. HC Width Design Method

The switching frequency of the inverter based on HC control is
not fixed and high, and the selection of h has a great influence on
the switching frequency. Therefore, it is necessary to analyze the
characteristics of switching frequency under this control mode
to guide the design of h. The circuit state based on HC control
is shown in Fig. 11.

ug is the equivalent voltage of the system and Zeq is the
equivalent impedance of the circuit.

Circuit mode 1,2 is like mode 3,4, except that the current
direction in the circuit is different. Therefore, state 1,2 is taken
as an example for analysis.

Circuit mode 1: inverter output voltage and circuit current
direction are the same, and inductor current increases. The KVL
voltage formula according to the current circuit state column is
shown as

LP
diP
dt

= Ud − ug. (31)

Suppose the circuit state duration is t1, the switching fre-
quency is very high, and the current change is 2h in the period
t1, (31) can be further simplified as

t1 =
2LPh

Ud − ug
. (32)
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Circuit mode 2: inverter output voltage is opposite to the cur-
rent in the circuit, and the inductor current is reduced. The KVL
voltage formula according to the current circuit state column is
shown as

LP
diP
dt

= −Ud − ug. (33)

Let the circuit state duration be t2, similarly, the current
change is 2h during the t2 period, and (31) can be derived as

t2 =
2LPh

Ud + ug
. (34)

The switching frequency is shown as

fs =
1

t1 + t2
=

U2
d − u2

g

4LPUdh
. (35)

When the system current contains two frequency components,
ug is shown as

ug = E1 sin(ω1t+θ1) + E2 sin(ω2t+ θ2) (36)

where E1 and E2 are electromotive forces of different frequency
components, and θ1 and θ2 are voltage phases at different
frequencies respectively. There is a relationship between Ud and
ug as shown in the following equation:{

E1 = λ1Ud

E2 = λ2Ud
(37)

where 0 ≤ λ1, λ2 ≤ 1.
The instantaneous switching frequency fs expression can be

further derived as

fs =
Ud

4LPh

(
1− λ2

1 + λ2
2

2

)
︸ ︷︷ ︸

Average switching frequency

+
Ud

8LPh [λ
2
1 cos(2ω1t+ θ1) + λ2

2 cos 2(ω2t+ θ2)

−4λ1λ2 sin(ω1t+ θ1) sin(ω2t+ θ2)]︸ ︷︷ ︸
Fluctuating switching frequency

. (38)

As can be seen from (38), the switching frequency of the
inverter is not a fixed value and can be divided into average
switching frequency and fluctuating switching frequency. In
terms of switching loss, it is mainly determined by the aver-
age switching frequency, while fluctuating switching frequency
affects the upper and lower thresholds of switching frequency.
It can be seen from (35) that the maximum switching frequency
during operation is shown in the following equation:

fsmax =
Ud

4LPh
. (39)

It can be seen from (39) that the maximum switching fre-
quency of the system is affected by Ud, LP, and h, while the
real-time switching frequency is also related to the load state
of the secondary side. With the increase of sampling frequency,
the inverter switching frequency will be more consistent with
the theoretical switching frequency, and will not exceed fsmax.
Therefore, the sampling frequency of iP should be increased as
much as possible to obtain a good current tracking effect.

According to the principle of HC control, ip always changes
with iref within h. So, the maximum current change within a
switching cycle is 2h, and the maximum current ripple is 2h.
The ratio between the maximum ripple current value and the
absolute value of iref is defined as σ, as shown in the following
equation:

σ =
ΔiPmax

|iref| =
2h

|iref| (40)

where σ is proportional to h and inversely proportional to the
absolute value of iref. If σ is smaller, ip waveform is smoother,
and current tracking effect is better. However, the decrease of σ
will also lead to the increase in fsmax. In the application process,
the selection of h should fully consider the bearing capacity
of the switching device, the current tracking effect, and the
processing speed of the controller. A small h should be selected
as far as possible under the premise of ensuring the safety of the
device to obtain a better current tracking effect.

C. Design Method of Power Compensation Capacitor

According to the analysis in Section III, for an MFML MCR-
WPT system, there are large amount of multifrequency power in
the system at the same time, and if power quality management
is not carried out, there will be a large amount of reactive
power in the system, which will decrease PF. The reactive
power compensation of the MFML MCR-WPT systems with
voltage superposition technologies requires a multifrequency
resonant network, which has high design complexity. However,
the current output of the system based on HC control is only
controlled by iref, and adding CP will not affect the main
frequency component of the output current. Therefore, reactive
power can be compensated by adding CP in a way with low cost
and design complexity. The parameter design process includes
the following steps.

According to the system circuit model shown in Fig. 4, when
the power supply with operating frequency fi acts, the reactive
power gap in the system is shown in the following equation:

ΔQ(i) = I2i · Im
(
Z

(i)
Lp + Z

(i)
eqS1 + Z

(i)
eqS2

)
. (41)

The expression of the capacitive reactive power generated by
CP is shown in the following equation:

Q
(i)
CP

=
I2i

ωiCP
. (42)

The total reactive power gap of the dual-frequency dual-load
WPT system is shown in the following equation:

ΔQ = ΔQ(1) +ΔQ(2). (43)

The expression of total capacitive reactive power emitted by
CP at multiple frequencies is shown in the following equation:

QCP
= Q

(1)
CP

+Q
(2)
CP

. (44)

The reactive power gap of the system is compensated from the
perspective of the overall reactive power balance of the system
while maintaining the weak inductivity of the system, CP can
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Fig. 12. Structure of the SCC and the relation between the α and Ceq.
(a) Structure of SCC. (b) Relation between α and Ceq.

be obtained as shown in the following equation:

CP = (0.9− 0.95) ·
∑n

i=1
I2
i

ωi

ΔQ
. (45)

To ensure that the system always maintains a high PF when
the load changes, the CP value can be changed by a capacitance
matrix or switch-controlled capacitor (SCC) [24].

Where α is the on-angle of the switching tube, and Ceq is the
equivalent capacitance between A and B.

The basic unit of SCC is shown in Fig. 12(a). A fixed-value
capacitor Ca is connected in parallel with two switching tubes
to form a basic SCC. Ceq can be changed by controlling α, and
the relationship between α and Ceq is shown in the following
equation:

Ceq =
Ca

2− (2α− sin(2α))/π
. (46)

Fig. 12(b) shows the relationship between Ceq and α. Ceq

can be equivalent to different capacitance values as α changes.
Therefore, according to different load requirements, combined
with (46) to solve α, to achieve the increase of PF when the load
demands change.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

To verify the correctness of the theory proposed in this article,
we built the experimental device as shown in Fig. 13.

The inverter is designed based on a GAN device, which has the
characteristics of high switching frequency and low switching
loss. The control module includes an HC control circuit and dead
zone circuit. The operational amplifier of HC control circuit uses
AD826 of Analog Devices, and the voltage comparator uses
AD790, which can realize fast voltage comparison and has a
built-in hysteresis function, which can minimize the oscillation
of the comparator output when the comparator input voltage
is close to the comparison threshold, contributing to the stable
output of the switching signal. R/S flip-flop is composed of
SN74HC132 of Texas Instruments, which is quadruple 2-Input
NAND Gates with Schmitt-Trigger inputs. The dead zone of
the switching signal is generated by the dead zone circuit, and
the dead zone time is set to 150 ns. Current sampling adopts
MCA1101 series current sensor of Aceinna, which supports

Fig. 13. Dual-frequency dual-load WPT experimental device based on HC
control.

TABLE II
SYSTEM PARAMETERS

current bandwidth up to 1.5 MHz. Other parameters of the
experimental device are shown in Table II.

A. Verification of Equivalent Current Source Characteristics

The equivalent current source characteristics of the MCR-
WPT system based on HC control mainly include the following
two aspects. First, under the condition that the remaining circuit
parameters are determined, if Ud is higher than the equivalent
voltage threshold Umax, iP can track iref. On the contrary, if Ud

is lower than Umax, the iP is distorted and cannot change with
iref. Second, under the condition that the system parameters meet
the equivalent current source criterion, iP is only controlled by
iref, and the inverter can output the current of any frequency, and
switch power frequency freely.

According to the equivalent current source criterion, when
the Ud does not reach the threshold voltage, it will be difficult
for iP to effectively track the iref. Set iref = 2sin(20 000t),
and according to the current source equivalence criterion, the
Umax is 10.08 V. In order to ensure that the inverter switching
frequency is within the allowable range of the switching device,
h is selected as 0.3. As shown in Fig. 14, when Ud is set to
7 V, the current source equivalence criterion is not met, the iP
waveform is distorted, and it is difficult to track iref. After ts,
the iref can be tracked iP within h. From the waveform of uin,
the inverter switching frequency is not fixed, which is consistent
with the typical characteristics of HC control.
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Fig. 14. Experimental waveform of uin and ip when Ud is switched at ts.

Fig. 15. Experimental waveform of uin and iP when iref frequency is switched
at ts.

Under the condition that the equivalent current source cri-
terion is met, the circuit structure is not changed, and the iref
frequency is switched from 20 to 30 kHz at ts. The uin and
iP waveforms are shown in Fig. 15. The inverter can switch
the current between different frequencies with rapid response
freely. It is shown that the external circuit topology does not
affect iP under the condition that the equivalent current source
criterion is met, so the system model be established based on
the equivalent current source model, and it is also proved that
adding CP can directly compensate the reactive power without
affecting the inverter output current.

B. System Multifrequency Output Characteristic Verification

In order to verify the multifrequency output characteristics
of the system based on HC control, the dual-frequency dual-
load is taken as an example to control the inverter to output the
dual-frequency current of 20 and 60 kHz superposition at the
same time. According to the iref design steps described above,
set iref = 2sin(20 000t + 0.1) + sin(60 000t + 1.58). Ensure
that the switching frequency of the switching devices is within
the allowable range of the switching device, h is set to 0.3, and
the equivalent current source criterion is met, then Ud is set to
25 V, RL1 is set to 1 Ω and RL2 is set to 3 Ω.

Fig. 16 shows the system simulation waveform obtained by
building a simulation model according to the above-mentioned
parameters. It can be seen from Fig. 16(a) that iref is tracked by iP
within h, and the frequency of uin also changes with the current.

Fig. 16. System simulation waveform and the FFT analysis result of iP.
(a) Simulation waveform of iref, iP, and uin. (b) FFT analysis result of iP
which fundamental is 20 kHz.

From the FFT analysis result of iP as shown in Fig. 16(b), iP
mainly contains 20 and 60 kHz frequency components.

Fig. 17 shows the simulation waveform and FFT analysis
results of the load current. From the current waveform, the load
can achieve stable reception of the corresponding frequency
current, and from the FFT analysis results of the load current,
there are almost no other frequency components in the load
current, and the load current are standard sine wives.

Fig. 18 shows the system output experimental waveform with
the same parameters. By comparing the experimental waveform
with the simulation waveform, it can be found that they are
basically consistent, indicating that the multifrequency power
output can be realized based on the theory proposed in this
article.

Similarly, change the frequency composition of iref, let
the inverter output 30 and 60 kHz superposition current. Set
iref = 2sin(30 000t + 0.2) + sin(60 000t + 1.9), RL1 = 1 Ω,
RL2 = 3 Ω h = 0.3, Ud = 25 V, the load current simulation
and experimental waveform are shown in Fig. 19. The load can
receive sinusoidal current of corresponding frequency, and the
experimental current is basically consistent with the simulation
current waveform, indicating that the proposed method can
realize flexible switching of output current frequency under
multiload condition.

To verify that decoupling control can be achieved between
different frequency powers, Fig. 20 shows the load current
experiment waveforms of 60 kHz frequency power added at
ts during 20 kHz power transmission. When the inverter output
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Fig. 17. Load current simulation waveform and the FFT analysis results.
(a) Simulation waveform of is1, is2. (b) FFT analysis result of is1. (c) FFT
analysis result of is2.

Fig. 18. System experimental waveform when 20 and 60 kHz frequency
components are superimposed (a). uin and iP waveform. (b) iS1 and iS2
waveform.

current is added to the 60 kHz frequency current at ts, the 20 kHz
frequency channel can still maintain stable power reception,
and the load of 60 kHz frequency channel can also receive
corresponding frequency power.

As shown in Fig. 21, before ts, the inverter outputs 20 and
60 kHz currents at the same time, and the amplitude of the
subcommand current corresponding to the 20 kHz current is
reduced to 2/3 of the original value at ts. The amplitude of iS1
drops to 2/3 of that before switching, while the amplitude of iS2
does not change, which indicates that the WPT system based
on HC control can realize the decoupling transmission of power
between different frequencies.

According to the principle of HC control, when the command
current does not change, the inverter output current is constant.
Consequently, the MFML MCR-WPT system based on HC
control can keep the primary current and the secondary induced
voltage constant. Because the coil in the actual system is not

Fig. 19. Load current simulation and experimental waveform when 30 and
60 kHz frequency components are superposed. (a) Simulation waveform.
(b) Experimental waveform.

Fig. 20. Load current experiment waveforms of 60 kHz frequency power is
added at ts during 20 kHz power transfer.

Fig. 21. Load current experimental waveforms when a1 is switched at ts.
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Fig. 22. Simulation waveform of uRL1 and uRS1. (a) Waveform of uRL1 and
uRS1 when RL1 = 1 Ω. (b) Waveform of uRL1 and uRS1 when RL1 = 5 Ω.

Fig. 23. Load voltage variation curve with the same iP.

a pure inductance, it is composed of equivalent resistance and
inductance. The equivalent resistance relates to the load in series
and has a voltage division effect on the load voltage. Taking the
20 kHz channel as an example, a1 is set to 5 A, the peak of
secondary induced voltage uout1 is 11.32 V. As shown in Fig. 22.
When RL1 = 1 Ω, the voltage division of RS1 cannot be ignored,
resulting in a large difference between uRL1 and uout1. The peak
voltage after adding uRS1 is 11.21 V, which is almost the same
as uout1. When RL1 = 5Ω, the peak voltage on RS1 is only 0.4 V,
and the peak after adding uRL1 is 11.26 V, which is almost the
same as uout1.

As shown in Fig. 23, when RLi (i = 1, 2) is small, the Rsi

is relatively close to RLi, and the voltage division effect of Rsi

is obvious, which leads to a large gap between uRLi and uouti.
With the increase of RLi, the voltage division effect of Rsi has
less influence on uRLi, so uRLi gradually approaches uouti, which
can achieve constant voltage output on the secondary side.

Since the secondary side of the proposed system can be
equivalent to a constant voltage source, short circuits on the load

Fig. 24. System load power comparison diagram with different design power
values.

Fig. 25. Calculation and experimental transfer efficiency curves and PF com-
parison curves.

side should be avoided as much as possible in the actual system.
Because it may cause the inverter dc power supply to output
too much power and damage the system. Although the system
based on HC control has the current limiting characteristic, it
has a protective effect on this situation, but short circuits on the
load side should be avoided as much as possible.

Where P∗
o1, P∗

o2, P∗
loss are calculation value, and Po1, Po2,

Ploss are experimental value.
Set RL1 = RL2 = 5 Ω, the comparison diagram between the

experimental load power and the calculation power of the system
at different design values is shown in Fig. 24. The experimental
load power can basically reach the design power value. Because
the load voltage is slightly lower than the theoretical voltage,
the experimental power of the system is slightly lower than the
calculation value, but these differences are so small that they are
considered negligible.

In this article, inverter loss is not considered when calculating
system efficiency, and only transfer efficiency is calculated. As
can be seen from Fig. 25, the change trend of the experimental
value of the system transfer efficiency is the same as that of the
calculation value, but the experimental value is slightly lower
than the calculation efficiency due to the instrument measure-
ment error. The PF of the system without CP is all lower than 0.3,
after CP is added, the PF increases more than 0.9, indicating that
the MFML MCR-WPT system based on HC control can raise
PF without affecting the power transmission.
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TABLE III
COMPARISON OF DIFFERENT MFML MCR-WPT TECHNOLOGIES

C. Comparative Analysis of Existing MFML MCR-WPT
Technologies

According to the classification of existing MFML MCR-WPT
technologies in Section I, a representative paper in each category
of technologies is selected and compared with the proposed
system.

In Table III, the existing technologies are compared from
five aspects: efficiency, transmission mechanism, power output
mode, independent power control, and compensation mode.

In [10], multiple inverters are controlled in parallel operation
to output multifrequency power and decoupling control of each
frequency component, but it brings a larger system volume. In
[14], the fundamental harmonic reuse technology is adopted
to output multifrequency power by controlling the frequency
component in the output voltage of the inverter, and the MFRC
network is adopted to make the system work in a resonant state.
However, this technology requires a large amount of off-line
calculation when calculating the switch angle, which is not
conducive to closed-loop regulation. At the same time, the
structure and design complexity of the MFRC network increases
greatly when the number of loads is increased. In [15], the idea
of time-sharing is used to output power of different frequencies
at different times, but it is difficult to achieve parallel output
of multifrequency power, and the system needs to be retuned
when switching the frequency of power. In [18], HMW-SPWM
is adopted to realize parallel transmission and decoupling control
of multifrequency power, but the zero-compensation strategy is
adopted on the primary side, resulting in more reactive power in
the system.

Compared with the above-mentioned technologies, the pro-
posed system realizes the parallel transmission and decoupling
control of multifrequency power, and adopts compensation ca-
pacitor to keep the high PF of the system. Compared with the
system using a zero-compensation strategy, the system PF is
higher. Compared with the system using the MFRC network,
the proposed system compensation structure and design method
are simpler, and there is no need to change the circuit structure
as the number of loads increases, and the design complexity
changes little.

VI. CONCLUSION

This article presents an MFML MCR-WPT system based
on HC control. First, the structure and working mechanism

of the system are introduced in detail, which outputs multifre-
quency power by tracking the command current, which consists
of subcommand currents designed according to different load
requirements. Second, the condition that the system can realize
current tracking is analyzed. Based on this condition, the system
model is established and its characteristics are analyzed. Then,
this article gives detailed parameter design methods, including
the command current design method, HC width design method,
and power compensation capacitor design method. Finally, the
correctness of the proposed technology is verified by simulation
and experiment results.

However, the proposed system still has some shortcomings,
which need to be further studied in the future.

1) Only the power supply demand of ac loads is analyzed,
however, the research on dc loads and its voltage regulation
strategy is insufficient. Therefore, the closed-loop voltage
regulation strategies should be studied for different loads
to dynamically meet the needs of loads in the future.

2) To achieve better tracking performance, the inverter in
the MCR-WPT system based on HC control must main-
tain a high switching frequency, which increases switch-
ing losses. So, the methods to reduce switching losses
should be studied to further improve the efficiency of the
system.
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