13946

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024

Switching Frequency Control Strategy of Inverter for
Multifrequency Multiload WPT System Based on
Hysteresis Current Control

Chenyang Xia"Y, Member, IEEE, Yuhang Chen

Abstract—Due to the complexity of current variation of the
multifrequency and multiload (MFML) wireless power transfer
(WPT) system based on hysteresis current (HC) control, resulting
in a wide range of switching frequency variation, high frequency,
and high switching losses of the inverter. This article proposes a
blocking delay switching frequency control strategy. Based on the
design of blocking delay module, the time division blocking delay
and full-time fixed frequency blocking delay control modes are
investigated, which can reduce the inverter switching frequency
fluctuation range and fix the inverter switching frequency respec-
tively. First, the structure and working principle of the MFML
WPT system based on HC control containing passive compensation
network are analyzed. Second, the system switching frequency
characteristics are analyzed. Third, for different system switching
frequency limitation requirements, time division blocking delay
control mode and full-time fixed-frequency blocking delay control
mode are proposed. Finally, an experimental platform is built
to verify the proposed control strategy, the experimental results
show that the system switching frequency of different parameters
is reduced to within 200 kHz and 180 kHz in the time division
blocking delay control, and the system switching frequency is fixed
to 150 kHz and 250 kHz in the full-time fixed-frequency blocking
delay control.

Index Terms—Blocking delay control, fixed switching frequency,
hysteresis current control, low switching frequency, multifrequency
and multiload (MFML), wireless power transfer (WPT).

I. INTRODUCTION

OMPARED with the traditional wired power transfer
method, wireless power transfer (WPT) technology does
not require physical contact or wired connection, which has the
advantage of being more flexible and convenient [1], [2]. WPT
technology has been gradually penetrated into the fields of elec-
tric vehicles [3], rail transportation [4], and high-performance
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medical devices [5], and has a wide range of application
prospects.

With the development of WPT technology, the research and
application of WPT system operating modes have been gradually
extended to the multifrequency and multiload (MFML) syn-
chronous transmission modes [6]. MFML power synchronous
transmission modes can be generally classified into four modes:
1) multiple primary-side inverters operating in parallel [7], [8],
[9], 2) fundamental-harmonic parallel utilization mode [10],
[11], 3) multifrequency load power supply in time slots [12],
and 4) multifrequency power superposition output mode [13],
[14], [15], [16].

In the previous work, the authors of this article proposed a
MFML WPT system based on hysteresis current (HC) control
[17]. This system achieves independent stable and efficient
power transmission for each load by designing command current
directly according to each load frequency and power demand.
At the same time, it offers advantages of simple system struc-
ture, flexible control, and fast response speed compared with
other multifrequency power superposition utilization methods.
However, as loads with different frequency and power demand
are added, the switching frequency of inverter is high, with a
wide and complex variation range. This places high demands
on the design of the high-frequency inverter, and concurrently
affects the efficient and stable operation of the MFML WPT
system based on HC control. Therefore, in order to comply with
the development trend of high-frequency and miniaturization
of inverters, as well as to meet the wide and efficient appli-
cation of the MFML WPT system based on HC control, it is
urgent to study the switching frequency control strategy of its
inverters.

Currently, the research on the switching frequency control
strategy of HC controlled inverters mainly includes digital vari-
able loop width fixed frequency control, resonant soft switch de-
sign, and so on. For example, Zhu et al. [ 18] set a fixed switching
frequency for H-bridge cascade type inverter, calculates the re-
lationship between switching frequency and loop width through
digital control, and dynamically adjusts the loop width to achieve
a fixed switching frequency. Wang and Zhang [19] proposed
a fixed frequency control method based on double triangular
carriers, which achieves the fixing of switching frequency for the
HC control of grid-connected inverters by superimposing double
triangular carriers as a new loop width band on the traditional
fixed loop width.
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In summary, it is found that the current research for digital
variable loop width fixed frequency control in the command
current frequency is low and only contains a fundamental fre-
quency. But in the MFML WPT system based on HC control,
command current change law is no longer sinusoidal, while each
subcommand current frequency is relatively high. So subject to
the command current change speed and the calculation module
computing speed, through the digital control dynamically adjust
the loop width to achieve real-time fixed switching frequency is
more difficult to achieve. Similarly, due to the complexity of the
multifrequency resonant soft-switch circuit design, the system
resonant soft-switch design will be more difficult to achieve.

Since the high-frequency inverter will only produce large
switching losses during the periods of higher switching frequen-
cies or larger currents in the switching process. Furthermore,
achieving a fixed switching frequency of the system will facil-
itate the filter design. Therefore, it is of great significance to
investigate the inverter switching frequency control strategy for
the special characteristics of the MFML WPT system based on
HC control.

In this article, the switching frequency control strategy of the
MFML WPT system based on HC control is investigated. First,
the system structure and working principle are analyzed, and the
inverter switching frequency characteristic model is established
and analyzed. Then, a blocking delay switching frequency con-
trol strategy is proposed, and the time division blocking delay
control mode and the full-time fixed-frequency blocking delay
mode are investigated, which effectively achieve the reduction
of the inverter switching frequency fluctuation range and the
fixed switching frequency, respectively. Compared with other
fixed-frequency control strategies, the blocking delay switching
frequency control strategy can effectively reduce the inverter
switching frequency for multifrequency systems with different
parameters and under different working conditions, which is
flexible and universal. Then, the parameter design process is
proposed for the two operating modes, which can optimally
reduce the inverter switching frequency and fix the switching
frequency under the premise of guaranteeing the power quality
received by the load. Finally, the correctness of the blocking
delay switching frequency control strategy is experimentally
verified.

II. STRUCTURE AND WORKING PRINCIPLE OF MFML WPT
SYSTEM BASED ON HC CONTROL CONTAINING PASSIVE
COMPENSATION NETWORK

The structure of the MFML WPT system based on HC control
containing passive compensation network is shown in Fig. 1.

As shown in Fig. 1, the system structure specifically includes
a primary-side dc power supply Uq, switching devices S1—S4,
and diodes D—D, to form a high-frequency full-bridge inverter.
The WPT system has a single transmitter and multiple receiver
structure. Lp is the inductance of transmitting coil. Rp is the
equivalent internal resistance of Lp. Lg1, Lgo, , Lgn(n is
the number of loads at different operating frequencies) are the
inductance of multiple receiving coils on the secondary side.
Mpsg; is the mutual inductance between the receiving coil and
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Fig. 1. Structure diagram of MFML WPT system based on HC control
containing passive compensation network.
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Fig. 2. Schematic diagram of secondary side passive compensation network.

the transmitting coil of the i(i = 1, 2, ..., n.) secondary loop.
Ms;s; is the cross mutual inductance between the receiving coil
of the i secondary loop and the receiving coil of the j (j = 1,
2, ..., n. i#j) secondary loop. Rg; is the internal resistance of
the receiving coil of the i secondary loop. R; is the load of the
i secondary loop. Cg; is the compensation capacitance of the i
secondary loop. f; is the operating frequency of the i secondary
loop. The secondary side also includes n passive compensation
networks with different resonant frequencies.

The structure of the secondary passive compensation network
is shown in Fig. 2.

As shown in Fig. 2, the passive compensation network consists
of several LC passive compensation branches at frequencies
other than their own resonant frequencies, which are con-
nected in parallel to the loads. X;1, X;o,....X;, are the dy-
namic compensation reactance of the n receiver circuits. Lpy,1,
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Lpma, -...Lpmn(m#n) are the inductances of the n-1 LC pas-
sively compensated branches of the receiver circuit m that are not
attheir own resonant frequencies. Cpm1, Cpm2, - - -»CDmn (M*n)
are the capacitances of the n-1 LC passively compensated
branches of the receiver circuit m that are not at their own
resonant frequency.

A bipolar fixed bandwidth current modulation mode is used to
control the high-frequency full-bridge inverter switching tubes
S1-S4, in which S7 and Sy is a group and S5 and S3 is a group,
with the same control signals for each group of switching tubes,
and the two groups of control signals conduct complementar-
ily. First, the frequency of the load side and the power level
requirement are determined. Then, the subcommand current
amplitude-phase parameter is set by establishing the mapping
relationship between each subcommand current function and
the corresponding load received power. Finally, the design of
the command current ip is given in the following equation:

ip = i)

=arsin(2rfit + p1) + - - + an sin(27 fut + ¢n)

+i® +i®

n
= > aisin(2rf; + i) (1)
i=1
where ip®, ip@, ..., ip™ are the subcommand currents at each

frequency component f;, a1, as, ...,a, are the amplitude of each
subcommand current component, respectively, 1, ©2,...,¢on
are the initial phases of each subcommand current component,
respectively.

First, the designed ip is inputted. Then, ip is compared with
the primary side transmitter coil inductance current /1, to gener-
ate an error current Ai = ip-Iy, to be fed into the hysteresis loop
comparator. When Ai reaches the upper loop width of hysteresis
band, indicating that the commanded current size ip is larger
than the inductance current I1,, control switch tubes Sy, S4 turn
ON, while S5, S5 turn OFF. This results in the rise of inductance
current Iy, reducing Ai. Until it reaches the hysteresis loop
comparison lower loop width, ip is smaller than the inductor
current Iy, control switch tubes S5, S3 turn ON, while Sy, S,
turn OFF. This causes /1, to decreases. When Aj is in the range
between the loop widths of +4 and -h, the switching mode
of the system stays unchanged. As a result, /1, will follow the
command current ip in the form of a sawtooth wave. Therefore,
it is considered that the high frequency inverter output current
waveform is the command current waveform, which contains
multiple frequency components of electrical energy.

The command current HC control operating waveform and the
driving signal Ug; of the inverter switching tube S; are shown
in Fig. 3.

The secondary receiver circuit needs to filter out the rest of
the power other than the frequency component required by the
load to ensure that the load receives power quality. Therefore,
the secondary side satisfies the following resonance conditions:

(27 fi)?LsiCs; = 1. (2

For the MFML WPT system based on HC control, the higher
the switching frequency, the better the current tracking effect
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Fig. 3. Command current HC control operation waveform and drive signal
Usy waveform.

and the higher the power quality received by the load. However,
reducing the switching frequency will inevitably cause the actual
inductor current harmonic distortion rate to increase. In order to
minimize the effect of the increase in the harmonic distortion
rate of the inductor current on the quality of the power received
at the secondary side, the passive compensation network of each
receiver circuit should further filter out the rest of the power in
addition to the frequency components required by the load, so
that the n-1 LC passive compensation branches in each receiver
circuit are required to filter out the n-1 frequency components of
the power in addition to their own resonance frequencies, which
should be satisfied by the LC passive compensation branches of
each receiver circuit

(27 f2)2Lp12Cp12 = 1
: (myi=1,2,...n;m#14). (3)

(27 f1)2 Lpmi Comi = 1

After adding the LC passive compensation branch, in order
to make the equivalent impedance of each receiver circuit still
present pure resistive under its own resonant frequency, and
tends to infinity under the nonself-resonant frequency, so the
passive compensation network needs to contain dynamic com-
pensation reactance X,,,. When the LC passive compensation
branch presents inductance under its own resonant frequency, it
should make dynamic compensation reactance present capaci-
tive under its own resonant frequency, and it should be made to
present inductance conversely.

III. MODELING AND ANALYSIS OF MFML WPT SYSTEM
BASED ON HC CONTROL CONTAINING PASSIVE
COMPENSATION NETWORK

A. System Model Analysis

The MFML WPT system based on HC control containing
passive compensation network is modeled and analyzed as an
example of a dual-frequency dual-load WPT system. According
to the analysis of the HC control principle in Section II, under the
condition that the /1, can track the ip and only the load operating
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Fig. 4. Equivalent models of circuits with current sources of different operat-

ing frequencies acting alone.
gle
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Fig. 5.

Decoupling equivalent circuit diagram.

frequency power component is considered, it is considered that
the output current of the inverter is ip. Since the command
current function is determined by the demand of each load, it
is independent of the external circuit structure. Therefore, the
system complies with the current source characteristics [20],
[21], it can be assumed that the inverter is a current-source in-
verter. According to the theorem of superposition of the circuits,
the system shown in Fig. 1 is transformed into an equivalent
model of circuits under the action of current sources of different
frequencies, respectively, as shown in Fig. 4.

Where I is the current in receiver circuit 1 when the current
source with operating frequency f] is acting alone, I is the
current in receiver circuit 2 when the current source with oper-
ating frequency f; is acting alone, Al is the current in receiver
circuit 1 when the current source with operating frequency f>
is acting alone, and Al is the current in receiver circuit 2
when the current source with operating frequency f; is acting
alone. Ipm1, Ipm2 are the current values of the two LC passive
compensation branches of the receiver circuit 12 that are not at
their own resonant frequencies, respectively, and Iy, Iro are
the load R;, R» values of load currents.

The decoupling equivalent circuit of Fig. 4 is shown in Fig. 5.

According to Fig. 5, the KVL equations are written for
each vice-side receiver circuit and primary-side loop under the
separate action of the current source at f; and f> frequencies,
respectively, and the voltage-current relationship matrices are
obtained at two frequencies f; and f,
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where Zp(" and Zp® are the equivalent impedances at the trans-
mitter side at the operating frequencies f, >, respectively, Zg; (")
and Zg;® are the equivalent impedances at the receiver side of
the secondary receiver circuit 1 at the operating frequencies fi,
fo, respectively, Zgo" and Zgo® are the equivalent impedances
at the receiver side of the secondary receiver circuit 2 at the
operating frequencies f, f2, respectively, U, and U;,® are
the sinusoidal fundamental components of two frequencies of
the square wave voltage obtained after inversion of Uy, respec-
tively. Due to the addition of passive compensation network,
while limiting the transmission of nonresonant power, it should
be ensured that the receiving coil is still overall in resonance at
its own resonant frequency. The equivalent impedance of each
receiver circuit at different frequencies is

z{) = B (Xsia) +JR2(XD12) +iX4 + Rsi

1(%j+<X832>
(2) _ Rai(X3)) +JR2(X )
ZSI R %%}(XSBQ . +JW2L81_]W2051
. 2
e
1 - 1
ZSZ) - FalXpz) 4775 (Xpz) +]W1Lsg _]w1Cs2

REH(X55)
+ixy + Rgs
Zég) _ RZ(XDzl) +J(21“)32(XD21) +-]Xr(2) + Rgo

1 R§+(XD21 2
2 = jurLp + Ry, Z( )
XI()ll)Q =wilpiz —

(6)

= jwaLp + Rp

X](321)2 =wylpia — L

w2Cpi2

wch12

X( Da1 = wilpor — ,X](322)1 = wolpaol —

w1Cpa1 w2Cpa21

where Xpmn? is the equivalent impedance of the n-1 LC passive
compensation network of the receiver circuit m at frequency f;.

From (4) and (5), it can be obtained that the currents in each
receiver circuit are shown in (6) when the current sources of
different frequencies act alone

Iio = Zélg)((lj;w1<fl\/)IP51)+(jw11WPs2)(jw1Mslsz) .(1)
Zgy Zgy —(jw1Msis2)(jwi Msis2)
Al = Zézz)((g)WQ(];)IPSI)+(jW2MPS2)(jW2]\/131SQ) g)
25y Zgy —(jwa Msis2)(jw2 Msis2) (6)
Loy = Z( )(]szPsz)-‘r(jwzJWPm)(jszs1sz) -(2)
Z(2>Z(2) (jws Msis2) (jwo Ms1s2)  ©
Al = 51((lj)wl(JlV)[Ps2)+(Jw1MP51)(JW1Ms1sz) g)
Zg) Zgy —(jwi Msis2)(jwi Msis2)

The LC passive compensation branch current in the secondary
receiver circuit is

1) R 1)
11(312 =5 0% ;(u) J 1(321 = Al Rty X}()lzgl
2) (2) R
11(312 AIl Ritj X(2) Ipar = E

205 (2
0 R JrJX1(322)1

(N

(1) x
1) jX 1 _
I( — Il D12 I AI2 Xbay
R1 OR Hix D TR2 R2+]X](312>1
X 2) (2)
2) _ (2) JX
1 = AL LS ST S Tog =225
R1 Ri+jx ), R2 20 R 1ix3),

From (5), (6), and (7), taking the receiver circuit 1 as an
example, due to the high impedance characteristic of the LC
passive compensation branch at frequency fi, all the current
1o flows to the load R;. Similarly, due to the resonance state
of the LC passive compensation branch at frequency f, all the
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TABLE I
PARAMETERS OF THE SECONDARY SIDE SYSTEM
Parameter Value Parameter Value
Ls; 233.5 uH Cp12(50 kHz) 43.43 nF
L 233.28 uH Cp12(90 kHz) 13.41 nF
Lpi2 233.28 uH Cp21(5 kHz) 4.33 uF
Loy 233.5 uH Cp21(20 kHz) 271.2 nF
Cs1(5 kHz) 4.33 uF X:1(5 kHz,15 kHz) 542.76 nH
Cs1(20 kHz) 271.2 nF | Xu(5 kHz,15 kHz) 208.1 uF
Cs(15 kHz) 482.59 nF | X.i(5 kHz,25 kHz) 180.97 nH
Cs2(25 kHz) 173.57 nF | X2(5 kHz,25 kHz) 224.34 uF
Cs2(30 kHz) 120.65 nF | X;1(20 kHz,30 kHz) 217 nH
Cs2(50 kHz) 43.43 nF | X»(20 kHz,30 kHz)  129.94 uF
Cs2(90 kHz) 13.41 nF | X,1(20 kHz,50 kHz)  51.704 nH
Cpi2(15 kHz) 482.59 nF | X»(20 kHz,50 kHz)  196.19 uF
Cpi12(25 kHz) 173.57 nF | X:1(20 kHz,90 kHz)  14.102 nH
Cp12(30 kHz) 120.65 nF | X;»(20 kHz,90 kHz)  221.98 uF
10.00%
9.17%
8.00%- [ U, pre-compensation
[ Uk, post-compensation
Il U, pre-compensation
6.00%- [ ¢, post-compensation
a s
o
F
0/,
4.00% 3.36%
2.00%+
0.00%-

fi=5kHz fi=5kHz fi=20kHz fi=20kHzf,=20kHz
£, =15kHz f=25kHz f+=30kHz f=50kHz=90kHz

Fig.6. Harmonic distortion rate of load voltage before and after compensation.

current A/ is absorbed by the LC passive compensation branch,
which reduces the harmonic content in the load R, and further
improves the receiving power quality of the load R;. Meanwhile,
the output power of R; is mainly provided by the frequency f;
component power. And after adding the passive compensation
network, Xp12® is much larger than R; and Zg P basically
keeps R, unchanged, so In1 @ is still equal to I;¢y. Therefore,
adding the passive compensation network will not affect the
output power and efficiency of the system. Receiver circuit 2 is
similar with receiver circuit 1, passive compensation network
also further improves the quality of power received by load Rs.

To analyze the effect of the passive compensation network, the
parameters of the secondary system are set, as shown in Table I.

Based on Simulink, the harmonic distortion rate of load
terminal voltage before and after adding passive compensation
network under different command current frequencies is ob-
tained, as shown in Fig. 6.

As shown in Fig. 6, for the MFML WPT system based on
HC control, the addition of passive compensation network in
the receiver circuit can reduce the harmonic distortion rate of
the received power at the load side, which lays the foundation
for the switching frequency reduction.

Since the mutual inductance between the load receiving coil
is much smaller than that between the transmitting coil and
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Fig. 7. State diagram of the high-frequency inverter circuit. (a) Circuit
state 1. (b) Circuit state 2. (¢) Circuit state 3. (d) Circuit state 4.

receiving coil, it can be ignored. Therefore, according to (5),
the equivalent impedance of each receiver circuit is converted to
the primary side, and the equivalent impedance of the primary
side can be obtained as

Ze(ql) _ (w1 Mps1)® + (w1 Mps2)®

m m

Zsr Zer 8)
Z(Q) _ (w2 Mps1) + (w2 Mps2)
' =0 70

From (8), the system secondary side is converted to the
primary side equivalent voltage U, as

U=+ U = 2 + 9 2
=F; Sil’l(wlt + 91) + Es sin(wgt + 92) ©)

where U," and U,?® are the equivalent voltages of the sec-
ondary side of the system converted to the primary side at an
operating frequency of fi, fo, respectively. E; and E; are the
electromotive forces of U, of the different frequency compo-
nents. 0, and 0, are the initial phases of U, of the different
frequency components, respectively.

B. Inverter Switching Frequency Characteristics Analysis

Due to the high and variable inverter switching frequency of
the MFML WPT system based on HC control, it is necessary to
analyze the high frequency inverter switching frequency charac-
teristics in this system. The operating state of the high-frequency
inverter circuit based on HC control is shown in Fig. 7.

Circuit state 1: Switch tubes S; and S4 conduct, the inverter
output current is in the same direction as the current in the circuit,
and the current increases positively.

The KVL voltage equation is written according to the current
circuit state, as shown in

Lpdl =Uq - U,
iy, _dieg —9p (10
dt ‘1T Tar 1T Al

Circuit state 2: Switch tubes Sy and S3 conduct, the inverter
output current is opposite to the direction of the current in the
circuit, and the current decreases positively.



XIA et al.: SWITCHING FREQUENCY CONTROL STRATEGY OF INVERTER FOR MULTIFREQUENCY MULTILOAD WPT SYSTEM

The KVL voltage equation is written according to the current
circuit state, as shown in

LP% =—Ua = U

Al dipy
arte at t2 = 2h

(1)

where #1 is the time period when [y, is in the rising phase and 2
is the time period when Iy, is in the falling phase. /4 is the HC
control loop width. +7 is the upper loop width. -4 is the lower
loop width.

Circuit state 3: Switch tubes Sy and S3 conduct, the inverter
output current is in the same direction as the current in the circuit,
the current increases in the reverse direction, and its KVL voltage
equation is the same as that of circuit state 2.

Circuit state 4: Switch tubes S; and S4 conduct, the inverter
output current is opposite to the direction of the current in the
circuit, the current decreases in the reverse direction, and the
KVL voltage equation is the same as that of circuit state 1.

From (10) and (11), the high frequency inverter switching
frequency f; can be introduced as

dip\2
fo L _UR-WerLi)”
t1 + 1o 4LphUy

Assuming that the switching frequency change is much higher
than the command current change frequency, so it is consid-
ered that the command current remains unchanged during the
switching frequency change cycle, combining with (9), the
high-frequency inverter switching frequency f; can be obtained
as

Uq B E12 + E%
4Lph  8hLpUy

Average switching frequency fsay

fs:

E% cos(2w1t+201 )+ EZ cos(2wat+2602)
+ 8LpUgh

E, B sin(wyt+01) sin(wat+602)
- 2LpUqh

(13)

‘Wave switching frequency

where f,y is the average switching frequency.
The maximum switching frequency is

Uq
4Lph’

From (14), the maximum switching frequency of the system
is only related to Ug, h, and Lp. Based on the above analy-
sis, the relationship between the average switching frequency
and the dual-frequency composite command current amplitude,
frequency, and coupling coefficient of the receiving coil is
plotted, respectively, as shown in Figs. 8 —10. The maximum
switching frequencies of the system for the selected parameters
inFigs. 8—10are 859 kHz, 1.37 MHz, and 723 kHz, respectively.

As shownin Figs. 8 and 9, when the dual-frequency composite
command current amplitude and frequency are lower, the aver-
age switching frequency is closer to the maximum switching
frequency, and the switching frequency fluctuation range is
small. When the dual-frequency composite command current
amplitude and frequency are higher, the average switching fre-
quency differs greatly from the maximum switching frequency,

(14)

fsmax =

13951
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Fig. 8. Plot of the relationship between the average switching frequency and
the amplitude of the dual-frequency composite command current.

(Hz
Joa 1.)375E+6
1.256E+6
1.136E+6
AEH
1.4E+6 1.017E+6
1.2E+6 8.970E+5
~~~
N 1.0E+6 7.775E+5
T §.0E+s 6.580E+5
E 6.0E+5 5.385E+5
e
2.0E+5 ’
-B00E+S
0.0E+0 8.0E+

6.0E+4
4.0E+4
20E+4 f, (Hz)

2.0E+4
4.0E+4

6.0E+4
Ji (Hz) 8.0E+4

Fig. 9. Plot of the relationship between the average switching frequency and
the frequency of the dual-frequency composite command current.
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Fig. 10.  Plot of the relationship between the average switching frequency and
the coupling coefficient of the receiving coil.

and the switching frequency fluctuation range is large. As shown
inFig. 10, the fluctuation range of inverter switching frequency is
inversely proportional to the coupling coefficient. The negative
average switching frequency of the inverter does not indicate
that the actual switching frequency is negative, but is a theoret-
ical indication that the out-of-step phenomenon is occurring.
As shown in Fig. 11, at this time, Ai fluctuation range will
exceed h.

The main reason for the out-of-step phenomenon is that Uy
is less than Uy, and I, cannot track ip. In order to ensure that /1,
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can track ip, it is necessary to meet

Uq > U] (15)

max

where |Ug|max is the maximum value of the secondary equivalent
voltage.

From the above analysis, for the MFML WPT system based on
HC control, the variation of parameters such as command current
frequency, amplitude, load size, mutual inductance between
transmitter and receiver coils, and loop width can cause large
fluctuations in the switching frequency.

IV. BLOCKING DELAY SWITCHING FREQUENCY CONTROL
STRATEGY

For the MFML WPT system based on HC control, the tracking
effect is mainly affected by the switching frequency. The higher
the switching frequency, the better the effect of tracking com-
mand current. However, it will also produce large switching loss,
which affects the efficient and stable operation of the system.
In order to reduce the high-frequency inverter switching loss
in the MFML WPT system based on HC control as much as
possible, and comply with the development trend of inverter high
frequency, miniaturization, and low loss. At the same time, in
order to adapt to the special change rule of switching frequency
due to the special characteristics of tracking multifrequency
composite command current in this system, and to consider
the requirements of the system to receive power quality and
flexibility, a blocking delay switching frequency control strategy
is proposed to reduce the switching frequency of the inverter.

A. Blocking Delay Module Design

In order to meet the above blocking delay switching frequency
control strategy function, a blocking delay module is proposed.
The module is mainly composed of RS flip-flop, timer, and logic
gate circuit, as shown in Fig. 12.

The specific working principle of the blocking delay module is
as follows. It is assumed that the analysis starts when Ai reaches
h. The HC control module outputs a turn-ON signal, and the Q
terminal of the RS flip-flop outputs a high level, which serves
as the input signal for the timer and at the same time makes the
switching tubes S; and S4 conductive. I;, gradually increases.
At the same time, the timer detects the arrival of the rising edge
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Fig. 12.  Blocking delay module design structure diagram.

input signal and starts timing for the period T corresponding
to the switching frequency to which it is desired to reduce.
During the timer timing period, the timing value continuously
records the current timing period. The timing output of the timer
is connected to the negative input of the overzero comparator,
and the positive input of the overzero comparator is connected
to the zero level. The timing output of the timer is always greater
than the zero level before the timing is completed, so the overzero
comparator outputs a low level, and one of the inputs of the and
gate is always held low, and the and gate outputs a low level.
Therefore, the input S of the RS flip-flop changes from high
to low immediately after the timing starts, blocking the arrival
of the output drive signal of the HC control module in the next
cycle. Until the timer timing is completed, the blocking limit of
the gate is contacted. At this time, the turn-ON signal of the next
cycle is allowed to arrive, and the drive signals are reapplied to
the switching tubes S; and Sy4. The cycle repeats, the switching
frequency is forced down to 1/ T due to the forced blocking of
the arrival of the turn-ON signal for the next switching cycle.

During the blocking delay period, when the hysteresis loop
comparator outputs a high level, the RS flip-flop input is two
low levels, which keep the previous output state unchanged. I,
continues to rise. When the hysteresis loop comparator outputs
a low level, the RS flip-flop outputs a low level. I, continues to
fall. As aresult, after the timer starts timing, the blocking delay
module only blocks the arrival of the turn-ON signal in the next
cycle, so its essence is a variable loop width control in which
+h remains unchanged and —% changes.

In this blocking delay module design, if the timer has ended,
but the next cycle turn-ON signal does not come, it means that
at this time the theoretical switching frequency is lower than
the blocking delay switching frequency, and the inverter loss is
lower. Thus, the blocking delay is invalidated and the switching
period is unchanged. From the above analysis, the blocking delay
waveform at lower switching frequency and higher switching
frequency is shown in Fig. 13.

With the development trend of inverter high frequency, minia-
turization, and low loss, reducing the inverter switching fre-
quency fluctuation range can achieve the goal of inverter low
loss. Furthermore, fixing the switching frequency is conducive
to the design of subsequent inverter filters. Based on the require-
ments of high-frequency inverter withstanding characteristics
and the requirements of actual engineering application scenar-
ios, the two working modes of the blocking delay control strategy
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Fig. 14.  Switching tube turn-OFF waveform.

are proposed — the time division blocking delay control mode
and the full-time fixed-frequency blocking delay control mode.

B. Time Division Blocking Delay Control Mode

The blocking delay control strategy essentially further reduces
—h. It can further increase the time period in which the inverter
meets the controlled-type soft switching within one command
current cycle and further reduce the inverter turn-ON losses [22].
This article analyses the inverter switching losses using the
inverter turn-OFF process as an example. The inverter turn-ON
process is similar to the turn-OFF process. The switching tube
turn-OFF waveform is shown in Fig. 14.

The switching tube turns OFF when the gate voltage Uy falls to
Uysp- During the #o-#; phase, the drain voltage Uq rises linearly,
the drain current ip remains essentially unchanged, and the gate
voltage Ugs is maintained at Uggy,. Until the moment 7, the
switching tube drain voltage Uy rises to Uiy, the gate voltage
Uy falls. Until Uy <Ur, the channel disappears, ip falls to 0,
and the switching tube is completely turned OFF.

According to Fig. 14, in order to simplify the analysis, the
change process of both drain voltage Uy are regarded as linear
changes, then the inverter turn-OFF loss is

to
Fop — / in(t) - Uss(t)dt

to

0.5UalL - (t1 — to) + 0.5In(0)Uq(ty — t1).  (16)
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blocking delay.

In which, the size of Uy is related to Uq, and Ip represents the
switching tube drain current. Since the inverter adopts the HC
control, the switching tube drain current I is the same current
as Ir,, and, therefore, its value is related to the size of the multi-
frequency compound ip. Therefore, when the inverter switching
frequency is higher, the switching action of the switching tube
in one command current cycle is more, the switching loss must
increase. Similarly, when ip is larger, the drain current I flowing
through the inverter during the shutdown process is larger, the
shutdown loss generated in the primary switching tube shutdown
process is larger, and the switching loss must increase.

From the above analysis, in order to reduce the inverter
switching loss in the MFML WPT system based on HC control
as much as possible, and at the same time, and to consider the
requirements of the system load to receive the power quality
requirements and the flexibility requirements, the time division
blocking delay conditions are proposed as follows.

Time division blocking delay condition I: when the instanta-
neous theoretical switching frequency f; is higher than the first
preset frequency f;, the blocking delay module is intervened,
and the delay time is set to Ty (Tx1 > 1/fx1)-

Time division blocking delay condition II: when the instan-
taneous theoretical switching frequency f; is higher than the
second preset frequency fyxo and the current modulus of I, is
greater than the preset current I, the blocking delay module
is intervened, and the delay time is set to Txo (Txa > 1/fxo,
fxl fo?)-

Time division blocking delay condition III: when the time
intersection of time division blocking delay condition I and
time division blocking delay condition II occurs in one cycle,
time division blocking delay condition I prevails.

A schematic diagram of the time division blocking delay
moment selection within one command current cycle is shown
in Fig. 15.

Where t,,-1,,11 is the time period in which the theoretical
switching frequency f;(#) is higher than f;;; in acommand current
cycle, all of which satisfy the time division blocking delay
condition 1. #-fiy1 is the time period in which the theoretical
switching frequency f;(#) is higher than f.» in a command current
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Fig. 16.  Timing diagram for time division blocking delay control.

cycle, and the current modulus value of Iy, is greater than Iy, all
of which satisfy the time-split blocking delay condition II.

In a command current cycle, the original switching signal
output from the hysteresis loop comparator is partially reduced
to the corresponding frequency of the blocking delay in the
time division blocking delay control mode according to different
segmentation conditions. The switching signal after the time
division blocking delay control will realize the local frequency
fixing effect, and the maximum switching frequency is limited.
The time period without blocking delay control in the command
current cycle will maintain the original switching frequency in
the original fixed loop width mode. The method reduces the
range of inverter switching frequency fluctuation, and reduces
the impact of the increase in harmonic distortion of the tracking
current due to the reduction of the switching frequency as much
as possible. The control timing is shown in Fig. 16.

In the traditional HC control, the switching frequency of
the inverter is generally increased or decreased by adjusting &
empirically. However, from the above analysis, the time divi-
sion blocking delay control mode only reduces the switching
frequency of the inverter at high frequency, and reduces the
fluctuation range of the switching frequency of the inverter.
Compared with the overall reduction of the switching frequency
of inverter by adjusting £ directly, it further reduces the increase
of harmonic distortion of tracking current caused by the de-
crease of switching frequency at the low switching frequency
of inverter. Therefore, when the maximum switching frequency
of the inverter is limited to the same switching frequency level,
the time division blocking delay control mode has lower current
harmonic distortion and better receiving power quality.

C. Full-Time Fixed-Frequency Blocking Delay Control Mode

For the MFML WPT system based on HC control, when
the frequency fixing requirement is put forward for the high-
frequency inverter of the system, the switching frequency of the
high-frequency inverter can be fixed by adopting the blocking
delay control strategy with the same time for the whole period,
and the switching frequency of the whole period will be reduced
to the frequency fi corresponding to the time-delayed time.
Then, the switching frequency of the high-frequency inverter
can be fixed. Since the blocking delay strategy only reduces the
switching frequency where the theoretical switching frequency
is higher than the blocking delay frequency, the prerequisite
for the use of this control mode is that the minimum value of
the theoretical switching frequency should be greater than the
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blocking delay frequency
f x < f smin -

From the analysis of the switching frequency characteristics
in Section III, the maximum value of the theoretical switching
frequency is related to Uy and preset s, and the fluctuating
switching frequency is not related to U4 and preset /. Therefore,
when the desired switching frequency fx to be fixed is deter-
mined, the fixing of the switching frequency can be optimally
achieved by dynamically adjusting Uy and the preset & with the
objective of the power quality received by the load.

A7)

D. Parameter Relationship Studies

Blocking delay control is essentially an adaptive variable loop
width control in which +#h remains constant and -4 changes
dynamically with different rates of inductor current change.
Since it has no control effect at low switching frequencies,
there may be a resulting error. In the time division blocking
delay control mode, the variable parameters include a first preset
frequency fy1, a first delay time 71, a second preset frequency
fx2, a second delay time Tys, and a preset current /.. Parameter
constraints to avoid errors are discussed below.

E. Inherent Limitations on Parameter Selection

When f1, fx2, and I, are determined, in a command current
cycle, it can be determined that a total of 2M moments satisfy
the time-delay condition I, corresponding to the time period #y,-
tm+1,and a total of 2N moments satisfy the time-delay condition
II, corresponding to the time period #-f+1. In order to ensure
that it has at least one complete switching cycle in each time
period, Ty and Tyo need to satisfy the following equation:

{Txl < tm+1 - tm

mk=1,3..
T < try1 — Uy (

2M(N)—1). (18)

F. Parameter Selection Switching Limit

In taking the time division blocking delay, the delay time
selection T has an upper limit value. First, since the more the
system switching frequency is reduced, the more THD increases.
Second, when switching from not taking a blocking delay to
taking a blocking delay, assume that I7, rise and fall rate is kept
constant. When 7 is larger, for the previous switching cycle,
due to the role of blocking delay, f1, falls when the loop width
exceeds -h. Assume that Ai reaches -i’ at this time. For the
next switching cycle, Ir, no longer rises from -4, so the actual
single switching cycle time is slightly larger than the theoretical
calculation value. If the switching cycle time of this cycle is
greater than the blocking delay time 7, resulting in the blocking
delay is invalid. The switching frequency of this cycle is lower
than 1/T%, and time division frequency fixing cannot be realized.
However, this does not increase the switching frequency any
further. In order to avoid this situation as much as possible, it
is necessary to limit the two segmented delay time selection 7.
Taking U, larger than O as an example to analyze. The principle
of the inability to time division frequency fixing is shown in
Fig. 17.
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According to Fig. 17

_ 2hlp
tr = Uq—Ug

h+ B =ty — (T, — ;) Yot

Lp
y _ (h+h)Lp
T =T,

19)

2hLp
Uq +Ug :

In order to avoid a situation where the blocking delay is not
valid, it needs to be satisfied

T, >1T. (20)
Since Uq>|Ug| max, then
. 2hLp
Ty < min (Ug(Ud+Ug)) yUg >0 e

Ty > max (ﬁ) ,Ug < 0.

From (21), when Uy is less than 0, because at this time Iy,
rising rate is greater than the rate of decline, it is easy to know,
at this time, the next switching cycle time must be less than the
delay time T, so this error will not occur again.

In summary, when fy1, fx2, Ix and other parameters of the
system have been determined, the selection ranges of delay times
Ty1, Txo can be obtained based on (18), (21). The overall design
flow of the MFML WPT system based on HC control with time
division blocking delay control is shown in Fig. 18.
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For the time division blocking delay control mode, it can
effectively reduce the switching frequency fluctuation range of
the inverter. However, the tracking effect of I, and the quality
of received power at the load end will be affected to some extent
by the decrease of inverter switching frequency. Therefore, due
to the load receiving power quality has a certain limit, so the
inverter switching frequency fluctuation reduction range has a
limit. Then, combined with the above parameter design process,
a nonlinear relationship model between time-division blocking
delay control parameters and the receiving power quality of the
secondary side can be established. It is possible to optimally
select the time division blocking delay mode control parameters
for any system parameter to achieve the most reduction in
switching frequency under the premise that the power received
at the load side meets the requirements.

For the full-time fixed-frequency blocking delay mode, since
there is no blocking delay switching process, the starting mo-
ment of the blocking delay control for each cycle is not the
original -h. Rather, for each switching cycle, Ai are over -k, and
thus, there is no error due to parameter selection switching, as
described above. The parameter design flow is shown in Fig. 19.

However, since I, change rate is not a linear process. For
the full-time fixed-frequency blocking delay mode, after de-
termining the required frequency fixing rate in this system,
the system parameters corresponding to the minimum tracking
current harmonic distortion rate are selected by dynamically
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TABLE 11
SYSTEM PARAMETERS

Parameter Value Parameter Value
Lp 34.58 uH Rs, 02Q
Rp 0.092 Q L, 02Q
Ls; 233.5 uH Rs> 0.24 Q

MPIS] 18.019 ,LtH Mp]sz 1152,uH

Ry 1Q Ry 1Q

adjusting Uq and / under the conditions shown in (17). The
system parameter design is completed.

V. EXPERIMENTAL VERIFICATION

In order to verify the correctness of the designed control strat-
egy, an experimental setup was designed, as shown in Fig. 20.

An inverter designed based on GAN devices is used, which
can withstand high switching frequency with low switching
losses. The control module includes calculation circuit of f, time
division comparison circuit, HC control circuit, blocking delay
control circuit, dead zone circuit, and current sampling circuit.
All control modules are built using analogue circuits, which do
not require real-time computation and make the overall compu-
tational resources difficulty less. Meanwhile, common analogue
chips are used in the circuits, which are cheap. Therefore, the
overall cost increments of this control strategy are less. The
parameters in the circuit are selected, as shown in Table II, and
the parameters of the secondary system are the same as Table I.

A. Functional Verification of Blocking Delay Control Module

Set the delay frequency of the blocking delay control module
to 500 kHz and input 1 MHz square wave to get the blocking
delay module output, as shown in Fig. 21(a). The timer output
capacitor voltage and the blocking delay module output are
shown in Fig. 21(b).

Where Ui, is the blocking delay module input raw signal,
Usg; is the blocking delay module output signal, which is also
the inverter switching tube S drive signal. After being controlled
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Fig.21. Waveforms of the blocking delay module at high switching frequency.

(a) Input and output signal waveforms of the blocking delay module. (b) Timer
capacitor voltage and output waveform of the blocking delay module.
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Fig.22.  Waveforms of the blocking delay module at low switching frequency.
(a) Input and output signal waveforms of the blocking delay module. (b) Timer
capacitor voltage and output waveform of the blocking delay module.

by the dead zone circuit, it will be converted into the inverter’s
four drive signals. U, is the timer output capacitor voltage.

As shown in Fig. 21, after being controlled by the blocking
delay module, the original switching frequency is reduced to the
delay frequency set by the blocking delay module. Changing
the input signal to 200 kHz square wave, the delay frequency
of the blocking delay module is set to 400 kHz, and the output
of the blocking delay module is shown in Fig. 22(a). The timer
output capacitor voltage and the blocking delay module output
are shown in Fig. 22(b).

As shown in Fig. 22, for switching frequencies below the
blocking delay frequency, the blocking delay module will main-
tain the original switching signal output.

B. Validation of Time Division Blocking Delay Control Model

Due to the limitations of the sampling chip sampling rate and
other hardware conditions, the command current is selected as
ip = v/25sin(5000t) 4 /2 sin (25000t + 7/2), Uy is set to be
20V, and £ is set to be 0.5. Before the time division blocking
delay control strategy is adopted, I1, waveforms and the spectral
analysis are, as shown in Fig. 23.

As shown in Fig. 23, the inverter switching frequency fluctu-
ates from 90 kHz to 300 kHz before the time division blocking
delay control strategy is adopted. The parameters of the time
division blocking delay control mode are set to fx; = 196 kHz,
Jx2=180kHz, I, = 1.48 A, Tx1 = 6.7 us, Txo = 8.3 us. After the
time division blocking delay control, /1, waveform and spectrum
analysis are shown in Fig. 24.
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Fig. 25.  Error current Aj and actual current /1, waveforms.

As shown in Fig. 24, after the time division blocking delay
control, the inverter switching frequency is significantly reduced
to within 200 kHz, and the part of the original switching fre-
quency lower than the blocking delay frequency still maintains
the original switching frequency unchanged. Compared to the
original switching frequency fluctuation change is reduced, and
the inverter switching frequency is mainly concentrated in the
120 kHz—-150 kHz. At this time, Ai t waveform is shown in
Fig. 25. Ai waveform is shown in Fig. 25.

As shown in Fig. 25, the blocking delay control strategy is
essentially a part of 4/ is unchanged, and -/ is changed by the
variable loop width control. In the time division blocking delay
control mode, Ai will exceed -4 in a switching cycle in the part
of A, which is taken to be controlled by the blocking delay,
and the part of A/, which is not taken to be controlled by the
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Fig. 28.  (a) Dual-frequency composite command current and /1, waveforms.
(b) I, spectral analysis plot.

blocking delay will remain unchanged by -A. The load voltage
waveform is shown in Fig. 26.

As shown in Fig. 26, the two loads receive power as 5 kHz
and 25 kHz sinusoidal waveforms, respectively, which meets the
power quality requirements of the loads.

The command current is changed to ip = V2 sin(5000¢)
+\/§sin(15000t + 7/2), Uq is set to 20 V, and A is set to 0.5. Be-
fore adopting the time division blocking delay control strategy,
I1, waveforms and spectral analysis are shown in Fig. 27.

As shown in Fig. 27, the inverter switching frequency fluctu-
ates from 118 kHz to 300 kHz before the time division blocking
delay control strategy is adopted. The parameters of the time
division blocking delay control mode are set to f,; = 180 kHz,
fro=134kHz, I, =091 A, T;; = 6.4 s, Tyo = 9.7 uis. After the
time division blocking delay control, /1, waveform and spectrum
analysis are shown in Fig. 28.

As shown in Fig. 28, the inverter switching frequency is
significantly reduced to less than 180 kHz after the time division
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Fig.29. Load voltage waveform. (a) Load Ry voltage waveform. (b) Load R2

voltage waveform.
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Fig. 30. (a) Dual-frequency composite command current and /1, waveforms.
(b) I1, waveforms and switching tube drive signal waveforms.

blocking delay control, and the part of the original switching
frequency lower than the blocking delay frequency remains
unchanged from the original switching frequency. Compared
with the original switching frequency fluctuation change reduc-
tion, the inverter switching frequency is mainly concentrated
in 100 kHz—156 kHz. The load voltage waveform is shown in
Fig. 29.

As shown in Fig. 29, the two loads receive power as 5 kHz
and 15 kHz sinusoidal waveforms, respectively, which meets the
power quality requirements of the loads.

C. Validation of Full-Time Fixed-Frequency Blocking Delay
Control Mode

The command current is changed to ip =+/2 sin(5000t)
+\/§sin(15000t—|—7r/2), Uq issetto 25V, his set to 0.5, and the
rest of the parameters are the same as Tables I and II to validate
the full-time fixed-frequency blocking delay control mode.

As shown in Fig. 27, the system switching frequency fluc-
tuates from 118 kHz to 300 kHz before the full-time fixed-
frequency blocking delay control strategy is adopted. First,
the switching frequency is fixed to 150 kHz by adopting the
full-time fixed-frequency blocking delay control. /1, waveforms,
the error current waveforms, and the switching tube driving
signal waveforms are shown in Fig. 30.

I, spectrum is analyzed, as shown in Fig. 31.

As shown in Fig. 31(a) and (b), for the full-time fixed-
frequency blocking delay control mode, the essence is still
variable loop width control. However, since the blocking delay
module has the effect of lowering the switching frequency for
the whole time period, Ai will not be within 4. As shown in
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Fig. 31.  I1, spectral analysis plot.
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Fig. 31(c), the inverter switching frequency is fixed to 150 kHz.
The load voltage waveform is shown in Fig. 32.

As shown in Fig. 32, the two loads receive power as 5 kHz
and 15 kHz sinusoidal waveforms, respectively, which meets the
power quality requirements of the loads.

Furthermore, based on the design flow of the full-time fixed-
frequency blocking delay control strategy, and the switching
frequency is fixed to 250 kHz. [, waveform and spectrum
analysis are shown in Fig. 33.

As shown in Fig. 33, the inverter switching frequency is fixed
to 250 kHz. The load voltage waveform is shown in Fig. 34.

As shown in Fig. 34, the two loads receive power as 5 kHz
and 15 kHz sinusoidal waveforms, respectively, which meets the
power quality requirements of the loads. In summary, the experi-
ments verified the correctness of the time division blocking delay
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Fig. 35. Inverter switching loss and the change in inverter efficiency diagram
under different control modes.

control mode and the full-time fixed-frequency blocking delay
control mode, respectively.

D. Analysis of Inverter Switching Loss and Inverter Efficiency
Under Different Control Modes

From the analysis of the coil transfer efficiency in [17], after
the system adopts the switching frequency control strategy, ip is
unchanged, and the magnitude of the electric energy component
in I1, at the load operating frequency is basically unchanged
under the premise that /1, can track ip. Meanwhile, the structural
parameters of the receiving end are unchanged, so the coil
transmission efficiency is basically unchanged. Therefore, this
article mainly calculates the inverter switching loss and inverter
efficiency. As shown in Fig. 35, the curves of switching loss and
the change in inverter efficiency under different control modes
are plotted.

As shown in Fig. 35, when the command current frequency is
5 kHz and 15 kHz, in the time division block delay control mode,
the switching loss of the inverter is reduced by 2.452 W, and
the inverter efficiency is increased by 4.345%. In the full-time
fixed-frequency blocking delay control mode, the switching loss
of the inverter increases by 0.996 W, and the inverter efficiency
decreases by only 2.203%. When the command current fre-
quency is 5 kHz and 25 kHz, in the time division block delay
control mode, the switching loss of the inverter is reduced by

13959

1.915 W, and the inverter efficiency is increased by 3.402%.
In the full-time fixed-frequency blocking delay control mode,
the switching loss of the inverter increases by 1.62 W, and the
inverter efficiency decreases by only 1.041%.

After the time division blocking delay control, the switching
frequency and switching times of the inverter are reduced in
one command current cycle. Therefore, the switching loss of
the inverter is reduced, and the inverter efficiency is improved
significantly.

After the full-time fixed-frequency blocking delay control,
fixing the switching frequency to 250 kHz makes part of the
inverter switching frequency to be raised. Therefore, the switch-
ing loss of the inverter is slightly increased, but it is within
an acceptable range. What is more worth explaining is that in
the full-time fixed-frequency blocking delay control mode, the
inverter switching loss is mainly related to the fixed frequency,
the fixed frequency is low, the switching loss will be reduced.
However, its main advantage is to achieve a fixed inverter switch-
ing frequency within the range of acceptable inverter switching
loss changes, rather than reducing the inverter switching loss.
The realization of fixed switching frequency of inverter under
HC control is conducive to the subsequent filter design, the
reduction of the output high-frequency switching harmonics,
and the long-term application of the system. The significance
of these functions is far greater than the impact of the reduced
efficiency of the inverter currently.

E. Comparative Analysis of Existing Switching Frequency
Control Technologies

At present, due to the MFML WPT system based on HC
control has just been proposed, there are few inverter control
strategies in this system. Therefore, several switching frequency
control technologies under HC control are selected for compar-
ative analysis in this article.

As can be seen from Table III, Zhu et al. [18] and Wang and
Zhang [19] used digital variable loop width and double triangu-
lar carrier control, respectively, to achieve the fixed switching
frequency of the H-bridge inverter and the single-phase grid-
connected inverter by calculating the loop width in real time
through digital control. However, it does not consider the effect
of the command current change rate on the inverter switching fre-
quency, which reduces the accuracy of the control. Meanwhile,
the application area is only single-frequency system, and the
command current frequency and inverter switching frequency
are low. Xu and Liu [23] used a variable loop wide quasi-constant
frequency control, which considers the change rate of the com-
mand current and improves the accuracy of the control. However,
it is unable to completely fix the inverter switching frequency to
30 kHz, and there is a certain range of fluctuation. In contrast,
the control strategy in this article has a good effect of fixing
the frequency without obvious range fluctuations. [24] used
variable discourse domain fuzzy control to fix inverter switching
frequency, which improves the inverter fixed frequency rating to
a certain extent, but the inverter switching frequency rating is
still lower compared to that in the MFML WPT system. Xu and
Zhang [25] used hybrid boundary current control. The hybrid % is



13960

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024

TABLE III
COMPARISON OF DIFFERENT SWITCHING FREQUENCY CONTROL TECHNOLOGIES

Consider
Switching frequency Applicable scene Switching frequency f; and  Implementation method and  the ip Control effect
control mode PP ip frequency level /* difficulty change
rate
Digital variable loop width . . .. Digital control real-time .
[18] control Single frequency system /=50 Hz, f; is tens of kHz caloulation/ More difficult NO Fixed frequency 10 kHz
Double triangular carrier . . . Digital control real-time .
[19] control Single frequency system /=50 Hz, f; is tens of kHz calculation/ More difficult NO Fixed frequency 100 Hz
Variable loop width quasi- . fis a few hundred Hz, and f; Digital control real-time .
(23] constant frequency control Single frequency system is less than 20 kHz calculation/ More difficult YES Fixed frequency 30 kHz
Variable discourse domain Variable domain fuzzy
[24] fuzzy control Single frequency system /=50 Hz, f; is tens of kHz controller adjusts the loop width  NO Fixed frequency tens of kHz
y in real time/ More difficult
Hybrid boundary current . - .. Digital control real-time Reduced switching frequency
(23] control Single frequency system  f=50 Hz, f;is tens of kHz calculation/ More difficult NO fluctuation range
fis more than 1 kHz, f;is Analog circuit adaptive control Both reduce the range of switching
o 2JS ] H
Proposed  Blocking delay control MFML WPT system several hundred kHz to  without real-time calculation/  YES frequgncx fluctuations and'ﬁx the
several MHz Easier switching frequency / Fixed
frequency 250kHz
designed to reduce the inverter switching frequency fluctuation REFERENCES

range by mixing the boundary characteristics of multiple current
modulation modes. However, it is unable to fix the inverter
switching frequency.

Based on the above analyses, the existing switching frequency
control strategies are only for single-frequency systems, and
both the command current frequency and the inverter switch-
ing frequency are low. And its essence all need to use digital
control to calculate 4 in real time. However, in the MFML
WPT system, there are multiple command current frequencies,
which are usually above 1 kHz. Therefore, the inverter switching
frequency can reach hundreds of kHz to several MHz. However,
the control strategy proposed in this article does not require
real-time calculation and is simple to control. At the same time,
it can adaptively reduce the inverter switching frequency, which
is still applicable in high-frequency systems. In addition, this
article also considers the effect of the command current change
rate on the inverter switching frequency, which improves the
accuracy of control. Finally, the two working modes proposed
in this article can not only reduce the fluctuation range of
inverter switching frequency, but also fix the inverter switching
frequency, which can be flexibly applied to different working
conditions.

VI. CONCLUSION

In this article, a blocking delay switching frequency control
strategy is proposed for the MFML WPT system based on HC
control, and the time division blocking delay mode and the
full-time fixed-frequency blocking delay mode are investigated.
The time division blocking delay mode can limit the maximum
switching frequency of the inverter, reduce the fluctuation range
of the inverter switching frequency, and reduce the inverter
switching loss. The full-time fixed-frequency blocking delay
mode can fix the inverter switching frequency, which is con-
ducive to the subsequent filter design. In addition, this article
also proposes a passive compensation network design method
to further ensure the power quality of the load receiving when
the inverter switching frequency is reduced.
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