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Abstract: Considering that the excitation method of an electric excitation synchronous motor has
the disadvantages of the brush and slip ring, this article proposes a new brushless excitation system,
which includes two parts: a wireless charging system and a motor. To meet the requirements of
maximum transmission efficiency and constant voltage output of the system, a bilateral cooperation
control strategy is proposed. For the strategy, the buck converter in the receiving side of the system
can maintain maximum transmission efficiency through impedance matching, while the inverter
in the transmitting side can keep the output voltage constant through phase shift modulation.
In the control process, considering that the offset of coupling coils will affect the control results,
a grey wolf optimization—particle swarm optimization algorithm is proposed to identify mutual
inductance. Simulation and experimental results show that this identification algorithm can improve
the identification accuracy and maximize the avoidance of falling into local optima. The final
experimental result shows that the bilateral cooperation control strategy can maintain the output
voltage around 48 V and the transmission efficiency around 84.5%, which meets the expected

requirements.

Keywords: brushless excitation system; grey wolf optimization—particle swarm optimization
algorithm; mutual inductance identification; bilateral cooperation control

1. Introduction

Due to the scarcity of global oil resources and environmental pollution caused by
carbon emissions [1,2], traditional fuel vehicles are gradually withdrawing from the trans-
portation market, while new energy vehicles that use electricity instead of oil are rapidly
developing. New energy vehicles mainly include electric vehicles [3] and hybrid electric
vehicles [4,5]. Among them, electric vehicles are gradually occupying the transportation
market. The core components of electric vehicles are motors and batteries. Currently, the
most popular motors include permanent magnet synchronous motors (PMSMs) [6] and
electrically excited synchronous motors (EESMs). The PMSM dominates the automotive
market due to its advantages of high torque density and high efficiency [7]. However,
due to the high cost of permanent magnet materials, the production cost of PMSM is
relatively high. The EESM generates a magnetic field through an external excitation current,
which avoids the use of permanent magnets [8,9]. However, the excitation method of the
EESM requires a brush and slip ring, which will produce carbon powder during long-term
friction. This disadvantage will reduce insulation performance and seriously affect the
safe operation of the motor [10]. Therefore, there is an urgent need for brushless excitation
technology.

With the development of wireless power transfer (WPT) technology, wireless charging
technology has received widespread attention in recent years [11-13]. Based on wireless
charging technology, this article proposes a new brushless excitation system by combining

World Electr. Veh. ]. 2024, 15, 196. https:/ /doi.org/10.3390/wevj15050196

https:/ /www.mdpi.com/journal /wevj


https://doi.org/10.3390/wevj15050196
https://doi.org/10.3390/wevj15050196
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/wevj
https://www.mdpi.com
https://orcid.org/0000-0002-9451-3311
https://doi.org/10.3390/wevj15050196
https://www.mdpi.com/journal/wevj
https://www.mdpi.com/article/10.3390/wevj15050196?type=check_update&version=3

World Electr. Veh. ]. 2024, 15, 196

20f19

wireless charging technology and a motor. For the system, a coupling coil is installed on
each of the stator and rotor. When the stored electrical energy of the battery is transmitted
to the stator coil, an alternating magnetic field is generated around the stator. After being
affected by the magnetic field, the rotor coil also generates an induced magnetic field,
which interacts with the stator magnetic field to generate torque to drive the rotor [14,15].
During this process, there is no need for a brush and slip ring, so the motor achieves
brushless excitation, which is called magnetic coupled resonant brushless excitation (MCR-
BE) technology.

Due to the poor coupling between the transmitting coil on the ground and the receiving
coil of the car in the MCR-BE system, the leakage inductance phenomenon is obvious,
and will lead to low charging efficiency of the battery. Therefore, it is necessary to add a
resonant compensation topology. Traditional low-order compensation topologies, such
as SS and SP [16,17], are susceptible to the influence of circuit component parameters on
their output characteristics, while LCC-LCC topology [18] has complex structures and high
costs. In recent years, LCC-S topology [19] has become a popular research topic, and the
output voltage of the topology is less affected by component parameters, which is beneficial
for constant voltage charging. For the charging process, constant voltage charging and
maximum charging efficiency is crucially important. However, for the dynamic charging
process (i.e., during the driving process of the car), the mutual inductance between the coils
will undergo uncertain changes, which will affect the charging efficiency [20,21]. DC-DC
conversion is a classic method for achieving efficiency optimization [22]. The authors in
reference [23] added a step-down boost converter to the receiving side of the WPT system
and adjusted the input voltage on the transmitting side to track the maximum efficiency
point. In reference [24], a cascaded boost-buck converter with dual switch control is used
on the receiving side, and the maximum efficiency point is tracked through two duty cycles.
In reference [25], the buck converter on the receiving side changes the equivalent load by
controlling the current on the transmitting side, thereby achieving maximum efficiency
tracking.

However, these studies only considered efficiency optimization and ignored constant
voltage output. In order to achieve both goals simultaneously, the bilateral cooperation con-
trol strategy has become a popular research topic. Reference [26] proposed a collaborative
control strategy using a full bridge inverter and a semi-active rectifier, which eliminates
the wireless communication link between the two parts and greatly optimizes the system.
Reference [27] proposed a collaborative control strategy using a step-down converter and a
semi-active rectifier. The semi-active rectifier is used to maintain constant voltage/current
output, while the step-down converter is used to find the minimum input power. This
strategy achieves maximum transmission efficiency. However, when there is a deviation
between coupling coils, these control strategies need to optimize mutual inductance in
order to work properly.

Therefore, based on these studies, this article first identifies mutual inductance, and
then adopts a bilateral cooperation control strategy to achieve efficiency optimization
and constant voltage output. For mutual inductance identification, the authors in [28]
proposed a method to identify mutual inductance and load by measuring input voltage
and current under the same operating frequency. However, the accuracy of this method
decreased when approaching resonance. The authors in [29] developed a system for
mutual inductance identification by analyzing the voltage and current of fundamental and
harmonics waves, but its calculation process is complex. The authors in [30] proposed a
vision-based misalignment detection method, which estimates the mutual inductance by
finite element simulation of the relationship between magnetic field position and intensity.
However, differences between coil manufacturing and simulation can lead to differences in
actual results. This article proposes an improved particle swarm optimization algorithm
as the identification algorithm; for the bilateral cooperation control strategy, this article
proposes a cooperation control strategy using a buck converter and inverter.
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The structure of this article is as follows. Section 2 introduces the working principle and
mathematical model of the MCR-BE system. Section 3 introduces the bilateral cooperation
control strategy and GWO-PSO algorithm. Section 4 verifies the feasibility of the bilateral
collaborative control strategy and GWO-PSO algorithm. Section 5 presents experimental
validation.

2. Principle of MCR-BE System
2.1. Structure of MCR-BE System

Figure 1 shows the structural diagram of the MCR-BE system, which consists of a
wireless charging system [31,32] and a motor. In the wireless charging system, a transmit-
ting coupling coil is installed below the ground (or road), and a receiving coupling coil is
installed in the car chassis. The DC voltage provided by the DC power supply is converted
into AC voltage through an inverter device and transmitted to the transmitting coupling
coil. Subsequently, this AC voltage forms an alternating magnetic field around the transmit-
ting coil. When the receiving coupling coil is within the magnetic field range, an induced
electromotive force is generated inside the coil, which also generates a magnetic field and
interacts with the magnetic field of the transmitting coil, thereby generating an AC voltage
inside the receiving coil. The AC voltage is converted into DC voltage through a rectifier
circuit and ultimately transmitted to the battery. Through two non-contact coupling coils,
DC voltage is transmitted from the power source to the battery, thus achieving wireless
charging.

Rotary
transformer |_I |—|
c . - L
ompensation ompensation
topology % II'"-I] topology
Rectifier Inverter

Standard On-
board Charger
Motor = I I Wireless
Receiver
V Battery Pacl:_l

Tx side Converter with
H-Bridge Inverter

S

Figure 1. Structure diagram of the MCR-BE system.

The battery transfers the stored electrical energy to the motor to drive the car. During
this process, two coupling coils are also installed on the stator and rotor of the motor.
The DC voltage provided by the battery is converted into AC voltage through an inverter
device and transmitted to the stator coil. Subsequently, this AC voltage forms an alternating
magnetic field around the stator coil. When the rotor coil is within the magnetic field range,
an induced magnetic field is generated inside it, which interacts with the stator magnetic
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field to generate torque to drive the rotor. Through two non-contact coupling coils, DC
voltage is transmitted from the stator to the rotor, thus achieving brushless excitation [14,15].
By integrating these two systems, the MCR-BE system is obtained.

The mathematical model of an EESM in a three-phase stationary ABC coordinate
system can be expressed as follows.

(1) Mathematical expression of magnetic flux:

§=Li 1)

where 1, i, and L are the magnetic flux matrix, current matrix, and inductance matrix:

- T
¥ = [pavsicy i
- T

1= [lAlBlclleZQ:|

L aa Map Mac May Map Mag
Mpga L g Mpc Mps Mpp Mpg 2)
Mca Mcp L cc Mcy Mcp Mcg
Mga Mgp Myc Lgy Myp Mgq
Mpa Mpp Mpc Mpys L pp Mpg
Mqaa Mgp Moc Mor Mop L oo |

In the inductance matrix, L4a, Lpp, and Lcc represent the self-inductance of stator A,
B, and C three-phase windings, while Lg, Lpp, and Lgq represent the self-inductance of
rotor excitation winding and damping winding, respectively. The mutual inductance M
value of the relevant windings (Myy, Mgs, Mpg, Mgp) that are perpendicular to each other
under physical conditions is 0.

(2) Mathematical expression for voltage

The voltage expression of the stator three-phase winding is:

Uy = Roig + 24
up = Rip + 48 (3)

The voltage expressions for the excitation winding and damping winding are:

o . dlpf
ug = Ryig +F
0= RDiD -+ % (4)
0= Rgig+ dstQ

By integrating Equation (3) and Equation (4) together, the voltage equation for EESM
can be obtained as follows:
u=Ri+py (5)

where p is the differential operator, and u and R are the voltage matrix and resistance
matrix, respectively.

2.2. Mathematical Model of LCC-S Topology

Figure 2 shows the structure of the LCC-S topology. The blue arrow represents
the equivalent load Ry, and Ry, represents the equivalent load that R, reflected before
the rectifier circuit. The blue dashed represents the buck converter. According to the
characteristics of the rectifier circuit and the buck converter, the relationship between Ry,
and R} can be expressed as:

8

apr i (6)

RLeq =
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Figure 2. Principle diagram of the wireless charging system.

When L; and C; are in resonance (resonance frequency named wy), C1, Cy and L,
are in resonance (resonance frequency named wy), Ls and C; are in resonance (resonance
frequency named w3), and w1, wy, and w3 are equal to the system operation frequency
w, the system is in a completely resonant state. At this time, # can reach its maximum
value. Therefore, this article applies resonance state to the LCC-S topology, and w can be

expressed as:
= —_— = 7
v \/L1C1 \/clchp \/LSCS @

When the entire system is in a resonant state, the equivalent impedance Z; of the
receiving side can be expressed as:

. 1
Zy; =Rs+ RLeq +jwLs + i =Rs + RLeq 8)

wCs

The equivalent circuit of the receiving side is reflected to the transmitting side, and
the reflected impedance Z, can be expressed as:

2312 2712
w”M w M
ZI’ = = (9)
Z Rs + RLeq
The overall input impedance of the system Z;, can be expressed as:
V; ) 1/jwCy(1/jwCy + jwL, + Z, + R
Zon = Vit — Ry 1 juory ¢ LHJ0C/Cy T jLy 2+ Ry) (10)
iy 1/jwCi +1/jwCy + jwLy + Zy + Ry
iin, 11, and iy can be expressed as:
. Vi Vin(@®MP4RpyRp+RyRs)
ll}’l o Tm o szl 2(RLeq+R5)
. ij / jwCq _ Vin (11)
N = 17j0CF1/jwCy Tl ¥ ZA Ry — Jwls
i — jwMiyp MV;,
27 "7y T (RpgtRIL
V, can be expressed as:
. MVinRLeq
Vo =ipRpeg = ———~— 12
o0 2 LBq (Rqu + Rs)Ll ( )
Pj, can be expressed as:
Py = iy “Ro +11 “Rp + iz “(Rs + Rpeq) = (13)

w2L1 2 (RLeq+RS)
W?M?+RpeqRp+RpRs

Ro +



World Electr. Veh. |. 2024, 15, 196 6 of 19
Poyt can be expressed as:
47 2217 2
) w*Ly “M*V;, “Ry,
Pout = 1o ZRLeq = e “ 2 (14)
[Row?M? + (Rs + Rreg) (RoRp 4 w?Ly )]
1 can be expressed as:
B wW*Ly 2M?Rpeq 15)
1 (Rs + RLeq) (w4L1 2M2 + szMzRoRp) + Row*M* + (Rs + RLeq)2(w2L1 2Rp + R()Rp 2)
From Equation (15), it can be seen that 7 is affected by both M and R[;. By taking the
derivative of the Equation (15) on Rp,; and setting it to 0, R, can be obtained as:
\/ R,(Ly 20?2 + RoR,) (w2M2 + R, Rs) (w?Ly 2Rs + Row? M2 + RoR,Rs)
RLeq = R;ymax = (16)

w?L1 2R, + RoR, 2

When Rp; equals Ry max, 17 can achieve its maximum value, 17 max [33]-

3. Bilateral Cooperation Control Strategy
3.1. Mutual Inductance Identification

It can be seen from Equation (12) and Equation (15) that mutual inductance M affects
transmission efficiency and output voltage. Therefore, it is necessary to identify M. Ac-
cording to Equation (11), the variable factors that affect i;, are only R; and M. Hence, it is
reasonable to select the output current of the inverter i;, as the model for mutual inductance
identification.

The particle swarm optimization algorithm (PSO) is inspired by bird foraging behav-
ior [34,35]. From the principle of PSO, it is reasonable to use this algorithm to determine
the mutual inductance of the WPT system at a certain moment; however, conventional
PSO has the drawback of easily falling into a local optimum and has a low iteration speed.
Considering the above problems, a gray wolf optimization—particle swarm optimization
algorithm (GWO-PSO) is proposed to improve its search capability.

In the iterative updating process of GWO, an elite-group guidance strategy is em-
ployed, which means selecting the best three individuals in the population for the guided
update, instead of relying on the best individual. Moreover, the GWO algorithm adopts a
surrounding-guidance strategy, which means that other particles in the search process will
surround and approach the elite group [36,37]. Therefore, combining PSO with GWO can
further improve the search capability of PSO. The most important search strategy in the
GWO algorithm is the surrounding-guidance strategy, and its mathematical model is as
follows:

{ X(t+1) = Xp(t) = Ax D )

D =[C x X,(t) - X ()|
where t represents the iteration number, Xy (t) represents the position vector of prey, and
X(t) represents the position vector of gray wolves. Figure 3 shows the surrounding effect:

Figure 3. Diagram of wolves surrounding prey.
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Assuming the position of the prey is (X', Y’) and the position of the gray wolf is (X, Y),
when 7 = (1,0),& = (1,1), the gray wolf will move to (X’ X, Y') based on the position of
the prey. Therefore, when the values of vectors 7 and Z are different, the surrounding
effect can be seen, as shown in Figure 3. = and Z are coeff1c1ent vectors with the following

meanings:
A =2pu; —p
{ C= 2112 (18)

where 11 and u; are random numbers in [0,1], and p is a control parameter that linearly
decreases in [0,2].

The three elite individuals, the best solution &, suboptimal solution , and third-
best solution ¢, can estimate the approximate position of the prey and then lead the entire
population to encircle the prey. Combining the elite guidance strategy with the surrounding
strategy in Equations (17) and (18), specific formulas can be obtained as follows:

Dy =|Cq x Xu(t) — X(H)]
Dg =|C1 x Xp(t) — X(t)| (19)
D;s =|Cy x X5(t) — X(1)]

where Equation (19) represents the distance of each gray wolf individual to the three best
solutions «, B, and J. The first three equations in Equation (20) represent the directions
in which the gray wolf population moves towards the three elite individuals. The fourth
equation in Equation (20) represents the update formula of GWO combined with the
guidance of the three elite individuals.

Xl(t> = Xa(i') — Al X Dy
Xz(t) = Xﬂ(f) — Ay X Dﬁ (20)
X3(t) = X;(t) — A3 x Dy
X(t+1) = X1 (H)+Xo(H)+X5(t)
Adding the surrounding update strategy to the updated formula of PSO yields:
vl = w(Xt] —x;;) +car(Poest ' — Xi ;) + c2r2(gbest | — X ;) 1)
xt-}-l _ x I th]rl

From Equation (21), it can be seen that in the updated process of GWO-PSO, not
only are the individual experience and the best particle guidance of PSO retained, but the
update strategy of GWO is also introduced. This means that the improved particle swarm
optimization algorithm possesses the elite-group guidance strategy and the surrounding-
search strategy. By introducing GWO, the drawback of PSO can be overcome. Figure 4
shows the flowchart diagram of GWO-PSO.

Meet iteration
requirements?

No

Update position and speed
—>{ based on surrounding
research startegy

Start Initialize Calculate Select three elite
particle swarm fitness individuals

Figure 4. Flowchart diagram of GWO-PSO.

3.2. Bilateral Cooperation Control Strategy

According to Equation (16), it can be inferred that when Rieq equals Ry yax, the system
can achieve #7,,4x. However, R;, will change in the process of charging, which will directly
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affect Rpeg- This article utilizes impedance matching of a buck converter to track Ry yax. If
Rpeq can track Ry mqx in real-time, then, according to Equation (6), D can be represented as:

8R;

D pr— —_—
772R;7max

(22)

Therefore, by adjusting D, the system can still track the maximum transmission
efficiency point even when R changes.

Based on Equation (12) and characteristics of the buck converter and rectifier circuit,
and the fundamental component effective value of V;, [38], Vi, can be derived as follows
(considering that the parasitic internal resistance of the coil is very small, and in order to
reduce computational complexity, this article considers both inductance and capacitance as
ideal components in subsequent control strategies):

0.9DM 2+/2E,, os ]

Vot =
out I p C 5

(23)

In this article, 8 is adjusted to maintain a constant output voltage under D variation
and M variation.

Vour and iy, are sampled to determine R;. Then, the output signal is sent to the
transmitting DSP controller through wireless communication. If the output voltage V,;
is greater than the set voltage Vref/ 0 will increase; otherwise, 6 will decrease. When V,,;;;
equals V,,, the voltage closed-loop control process can stop. The output equation of the

PID controller is: .

u(t) = Kpe(t) + Kiz e(t)+Kyle(t) —e(t—1)] (24)
k=0
When V,,; is not equal to V., the deviation is input into Equation (24) and compared
with a triangular wave to dynamically change 6. The control block diagram of phase shift
modulation is shown in Figure 5.

Sawtooth wave

-

Vi

—\ () PI u(t) k&
Controller

A 4

PSM Mosfet

V()M t

Figure 5. Flowchart of phase shift modulation.

In conclusion, the bilateral cooperation control strategy can be illustrated using
Figure 6.

In the control process, the parameters that need to be sampled are output voltage Vs,
output current ipy, and inverter output current i;,. The real-time value of the load R, can
be obtained from V,,; and i,,;.

For mutual inductance identification, i;,, and R} are added to the mutual inductance
identification algorithm to monitor whether the mutual inductance M has changed. Then,
the identified M is used to obtain the optimal equivalent load Ry x through Equation (16),
and the duty cycle D can be adjusted by combining Equation (16) and Equation (22). When
D changes, Vout and the reference output voltage Vs are compared, and the difference
e(t) between them is used to generate error information u(t) through the PI controller. u(t)
along with D and M are transferred to the transmitting side of the system through wireless
communication link. Finally, the inverter adjusts the phase shift angle f based on the
receiving circuit information, if Vi is greater than Ve, increasing 0; otherwise, reducing 6.
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Figure 6. Strategy diagram of bilateral cooperation control strategy.

4. Simulation Analysis

In order to verify the accuracy improvement of GWO-PSO, MATLAB simulation was
used for verification. Considering the resonance requirements of MCR-BE system, all
parameters are set as Table 1.

Table 1. Parameter values of MCR-BE system.

Parameter Value Parameter Value
Ei (V) 310 Ls (uH) 158
Ly (uH) 48.2 Lo (LH) 196
Cy1 (nF) 13.2 Co (nF) 1320
Cp (nF) 39.5 C, (nF) 470
Cs (nF) 4 M (nH) 35.5
L, (nH) 64 R (Q) 10

This article designs a WPT experimental device. The rated power is 200 W, the
operating frequency f is 200 kHz, the input voltage E;. is 310 V, and the rated output
voltage Vo is 48 V. The voltage acquisition circuit adopts the TL082 operational amplifier,
the DSP control circuit adopts the TMS320F28035 chip, and the Bluetooth module adopts
the CC2540 chip. All of them are produced by Texas Instruments (TI) in Dallas, TX, USA

In this paper, the transmitting and receiving coils are wound with Litz wire. The
outer diameter of the transmitting coil is 26.5 cm, and the inner diameter is 20.5 cm. The
“0.1 mm x 200 strands” specification of the Litz wire wound into a planar disk spiral is used,
and the number of turns is 12; the outer diameter of the receiving coil is 22.5 cm and the
inner diameter is 10.5 cm. The “0.1 mm x 150 strands” specification of the Litz wire wound
into a planar disk spiral is used, and the number of turns is 28.

The coupling coil used in this article was wound with Litz wire and the inductance
values of the two coils were measured using an LCR tester. After measurement, the
inductance values of the two coils were 64 pH and 158 pH, respectively, and the parasitic
resistances of the two coils were 0.075 (2 and 0.46 (), respectively. When the two coils were
0.8 cm apart, M was 35.5 pH.
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According to the Litz wire manual, the maximum operating current of the Litz wire
model with 0.102 mm x 162 strands is 6.6 A. According to Equation (11) and f(, the minimum
value of L can be obtained as:

310V

The actual inductance value selected for L, is 48.2 pH.
C;y and L; are resonant; therefore, the value of C; is:

1
Cl= ——5— —13.19nF (26)
(27 fo)” * Ly

The actual capacitance value of C; selected is 13.2 nF, which basically meets the design
requirements of this article.
Resonance occurs between C,,, C1, and Lp ; therefore, the value of Cp is:

C

Cp= . = 3952 nF 27)
(27fo)* ¥ LyCy — 1

The actual capacitance value of C, selected is 39.5 nF, which meets the design require-
ments of this article.
Resonance occurs between Cs and Ls. Therefore, the value of C; is:

C = ;2: 401 nF (28)
(27Tf0) * Lg

The actual capacitance value of C; selected is 4 nF, which meets the design requirements
of this article.
When 6 is 0, V, can achieve the maximum value. First, calculate the maximum value
of V,:
V.
% = 22927V (29)
1

VOZ

Therefore, the design specifications of the buck converter are as follows: the operating
frequency f1 is 100 kHz, the maximum input voltage V, is 229.27 V, the rated output power
Pyt is 360 W, the rated output voltage V¢ is 48 V, and the maximum output current ipy; is
75A.

The inductance L, of a buck circuit is determined by the ripple rate of the inductor
current. This article considers the relationship between the magnitude of ripple rate,
inductance size, and output voltage ripple. A compromise is made by selecting a ripple
rate of 0.27. Therefore, the ripple of the maximum inductance current is about 2 A, and the
minimum value of L, is 196 uH.

4.1. Identification Comparison between PSO and GWO-PSO

First, the two coils were set 0.8 cm apart and the load resistance was set to 20 (2. A
square wave signal with an amplitude of 310 V was selected to operate the WPT system
model. After the system ran stably, the two inverter output currents one period apart
were collected as test data and the data were input into PSO and GWO-PSO for iterative
optimization. Then, the two algorithms were iteratively simulated, and the simulation
results are shown in Figure 7.
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— PSO
— GWO-PSO

Fitness

. .
0 5 10 15 20 25
[teration

Figure 7. Iteration results of PSO and GWO-PSO.

From the iteration results, it can be seen that although GWO-PSO has a larger fitness
function than conventional PSO in the initial stage, as the iteration number increases,
GWO-PSO achieves smaller fitness values than conventional PSO after the 12th iteration.
After the 13th iteration, GWO-PSO has become stable. This result indicates that GWO-PSO
can not only achieve a more accurate mutual inductance identification result, but also a
faster identification speed. In addition, GWO-PSO has the elite-group guidance strategy
and surrounding-search strategy of GWO, which greatly improves the drawback of easily
falling into a local optimum. The final mutual inductance identification value is 35.43 pH,
with a relative error of 0.19% compared to the preset mutual inductance value, which meets
the accuracy requirements of the system.

To further verify the effectiveness and accuracy of GWO-PSO, the load resistance
R was changed based on a mutual inductance value of 35.5 uH, and identification was
performed again. The results are shown in Table 2.

Table 2. Identification value of M under different load R; (PSO and GWO-PSO).

Load PSO Mutual Relative le?tfaslo Relative
Resistance/() Inductance/uH Error/% Error/%
Inductance/pH

15 35.03 1.32 34.99 1.44

20 35.80 0.85 35.70 0.56

25 35.16 0.96 35.22 0.79

30 36.09 1.66 36.00 1.41

35 34.73 2.17 34.82 1.92

According to the test results in Table 2, it can be found that within a certain range of
load variations, the error of the identification results of PSO can reach a maximum of 2.17%
and a minimum of 0.85%, whereas for the identification results of GWO-PSO, the error can
be maintained within 2% and the minimum error can reach 0.56%. By comparison, it can
be found that the overall identification accuracy of GWO-PSO is higher than that of PSO.

4.2. Bilateral Cooperation Control Strategy

Involving the bilateral cooperation control of the WPT system, this article designs a
clock control module, which includes an impedance matching algorithm and PID control
algorithm, respectively used to provide the drive signals for the buck converter and the
full-bridge inverter. The drive signal for the buck converter is duty cycle D, while for the
full-bridge inverter, the drive signal is phase shift angle 6. The drive signal of the inverter
is 200 kHz, while for the buck converter, it is 100 kHz. Other circuit parameters are shown
in Table 1.

When the mutual inductance is 24.72 uH and 35.5 pH, the input power P;, and
output power Py of the WPT system are shown in Figure 8. According to the impedance
matching principle, the optimal equivalent load after rectification Rycymax (i-€., before the
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buck converter) can be calculated as 95 () and 136 (), respectively. The duty cycle D is
provided by the clock control module, and the phase shift angle 0 is initialized to zero. The
values of P, and Poy at the optimal equivalent load R jnqx can be measured by removing
the buck converter and directly connecting the load to the rectifier circuit, and the load can
be set to 95 () and 136 (), respectively. The measured values of P;, and Py are 270.2 W
and 250.3 W under the mutual inductance of 24.72 uH, and 388 W and 359.5 W under the
mutual inductance of 35.5 pH.

P;y/W Py /W Pi/W Pou/ W
450F ™

400F
00 Load change Load change

3501

270.7W 271.3W 387.8W 386.5W 388.4W |

3001

250F

248.6W
R, =15Q

249.5W
R, =20Q

359.8W 358.6W
R, =20Q R =25Q |

358.4W
R, =15Q

200F R, =25Q 1 300

150]

100

5 I I I I 1 150 1 1 1 1 I
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
Time/s Time/s
(a) M=24.72pH (b) M=35.5uH

Figure 8. Impedance matching results under different mutual inductances: (a) M = 24.72 pH;
(b) M =35.5 uH.

After measuring the values of P;, and Py, the buck converter can be connected after
the rectifier to perform impedance matching. From Figure 8a (M is 24.72 pH), it can be
seen that when Ry is set to 15 ), P;,, and P,y stabilize at 270.7 W and 248.6 W, respectively.
At 0.03 s, R, switches from 15 Q) to 20 (), and P;,, and P,,; change to 271.3 W and 249.5 W
after a brief oscillation. Compared with P;, and P, before the load switched, the relative
errors are 0.22% and 0.36%, respectively. Similarly, at 0.07 s, when R;, switches from 20 () to
25Q), Pj, and P, become 270.1 W and 249 W. Compared with P;, and P, before the load
switched, the relative errors are 0.22% and 0.16%, respectively.

Similarly, the impedance matching situation of 35.5 uH is shown in Figure 8b, and
the operation steps and principles are the same as those in Figure 8a. Based on the above
simulation results, it can be concluded that when the load is randomly switched within a
certain range, using a buck converter for impedance matching can maintain a relatively
high transmission efficiency of the WPT system. When the mutual inductance changes, the
variation can be accurately identified through GWO-PSO, and then impedance matching
can be performed.

When R and M change, the optimal equivalent load after the rectifier Rjcnqx can be
calculated based on the identification mutual inductance; then, P;, and P,,; of the WPT
system can be measured at this time. Finally, the duty cycle D can be controlled by the clock
signal for impedance matching, so that the WPT system can maintain a high transmission
efficiency within a certain range of load variation. According to Equation (23), when the
mutual inductance M and duty cycle D change, the output voltage V,,: will also change.
Therefore, based on the maximum efficiency optimization, the system can achieve constant
voltage output through phase shift modulation. Figure 9 shows the waveform of the output
voltage V,,; after phase shift modulation under different mutual inductance conditions
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Figure 9. Output voltage of the WPT system under different mutual inductance values.

From the simulation results, it can be seen that after phase shift modulation, V,,; can
be basically stable at around 48V after a brief output fluctuation (about 0.06s), allowing
the system to maintain constant voltage output. In addition, for cases with different M
(taking 35.5uH and 24.72uH as examples), V¢ can be also maintained at around 48V after
0.06s. This indicates that even if M and R} undergo uncertain changes, the system can still
directly change V,,; through adjusting 0.

5. Experiment Verification

Based on the control framework designed in Section 4, an experimental platform
was built, and the component parameters of the WPT system are shown in Table 1. The
specific experimental equipment is shown in Figure 10. The experiment maintained a DC
input voltage of 310 V and a reference output voltage of 48 V throughout the experiment.
All resonant slots of the WPT system were in resonance state. Due to the limitations of
the experimental equipment, the WPT system equipment was used for the experimental
verification of MCR-BE system in this article.

Figure 10. Experiment equipment of the WPT system

5.1. Experiment of Mutual Inductance Identification

Considering that the experiment tends to be more practical, the lateral offset of the
coupling coils was added during the experiment, and the mutual inductance was measured
during the lateral offset of the receiving coil. According to the verification in Section 4, the
influence of load variation on the identification accuracy can be ignored within a certain
range, and considering the feasibility of the experiment, the load resistance was fixed at
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20 Q). The transmission distance between the transmitting coil and the receiving coil
was kept at 8 cm, and the mutual inductance was experimentally tested when the offset
distance was 1 cm, 2 cm, 3 cm, 4 cm, 5 cm, 6 cm, and 7 cm. The comparison between
the experimentally measured mutual inductance values and GWO-PSO identified mutual
inductance values is shown in Table 3.

Table 3. Identification values and experimental values of M under offset variations.

Offset Experimental Mutual Identification Mutual Relative Error/%
Distance/cm Inductance/uH Inductance/uH
1 31.74 33.12 4.35
2 29.06 30.25 4.09
3 25.90 27.14 4.79
4 22.53 23.58 4.66
5 18.61 19.36 4.03
6 13.72 14.40 4.96
7 8.43 8.88 5.34

From the comparison results in Table 3, it can be seen that when the lateral offset
distance is within 7 cm, the relative error between the experimental value and the identifi-
cation value can be kept within 5%, with a minimum of 4.03%. The error is mainly due to
the difficulty of achieving the ideal state in the experimental process; in addition, the exper-
iment neglects parasitic parameters of some components. Secondly, inevitable interference
will occur during the sampling process, which will result in lower identification accuracy
in the experiment than in the simulation. Finally, since the WPT system transfers energy
through electromagnetic coupling, there will be an unpredictable leakage magnetic field,
which also presents significant differences between the experiment and the simulation.
After excluding the above error factors, it can be seen from the experimental results that
GWO-PSO can accurately identify the mutual inductance under the condition of lateral
offset, which lays the foundation for bilateral cooperation control experiments. Figure 11
shows the deviation between identification values and experimental values of mutual
inductance M under different offset distances, and red triangles in Figure 11 represents the
error rate between identification values and experimental values of M.

5.4 T |

52T 7
5.0 ( 1
481 .

46 T

Deviation/%

44+t .

421 b

4.0 I l I l l l l
0 1 2 3 4 5 6 7 8

Offset distance d/cm

Figure 11. Deviation between identification values and experimental values of mutual inductance
under offset variations.

5.2. Experiment of Bilateral Cooperation Control Strategy

In order to verify the control effect of the bilateral cooperation control strategy, with
the receiving coil positioned 8 cm away from the transmitting coil, the output results were
compared under different loads R, (15 2, 20 (), and 25 )) and different lateral offset
distances d (1 cm, 3 cm, and 5 cm). Then, the bilateral cooperation control algorithm was
implemented. Figure 12 shows the experimental results. From the experimental results,
it can be observed that when R remains constant and d increases, D also increases. The



World Electr. Veh. ]. 2024, 15, 196

15 of 19

reason for this is that as the mutual inductance M decreases, the optimal equivalent load
Rymax becomes smaller, and D automatically follows the corresponding Rymqx. Meanwhile,
because d becomes larger, the output voltage V,,; decreases. In order to achieve a con-
stant voltage output, the phase shift angle 6 will decrease. From three sets of horizontal
comparative experiments (a~c, d~f, g~i), it can be observed that V,,; can stabilize at 48 V.
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Figure 12. Control effects of the bilateral cooperation control algorithm.

From the experimental results, it can also be seen that when d remains constant and
R;, gradually increases, the duty cycle D will increase accordingly, which is the result
of impedance matching. At the same time, the duty cycle D increases and the mutual
inductance M maintains constant. In order to achieve constant voltage output, 6 will
increase. From three sets of vertical comparative experiments (a~g, b~h, c~i), it can be
observed that V,,; can stabilize at 48 V.
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Figure 12 shows the changes in D and 6 under the bilateral cooperation control
strategy. In order to verify whether the strategy has achieved the goal of maximum
efficiency optimization, it is also necessary to verify whether the transmission efficiency
corresponding to the three different scenarios meets the requirements under different
values of d. Figure 13 shows the transmission efficiency under three different scenarios.

100 T T T T T T T T
90 .
c\o =S ————
> 80+ .
Q
5
E 70 L i
s — R, =15Q
60 L — R, =20Q| |
R, =25Q
50 l I l I I I I I
0 1 2 3 4 5 6 7 8

Offset distance d/cm

Figure 13. Transmission efficiency under different offset distances and loads.

From Figure 13, it can be seen that when the load is 15 (), 77;4¢ can reach 86%, with
a minimum of 84% and a fluctuation rate of 2%; when the load is 20 (), #,;sx can reach
85.5%, the minimum is 83.5%, and the fluctuation rate is 2%; when the load is 25 (),
Hmax can reach 85%, the minimum is 83%, and the fluctuation rate is 2%. From the three
sets of experimental results, it can be seen that the transmission efficiency can be main-
tained at around 84.5%. The above experiments ultimately prove that under the condition
of changing load and mutual inductance, the bilateral cooperation control strategy can
achieve maximum efficiency optimization and constant voltage output, with the output
voltage finally stabilizing at 48 V and the transmission efficiency being basically maintained
at 84.5%.

6. Conclusions

Electric excitation synchronous motors require a brush and slip ring during the exci-
tation process. In response to the adverse effects caused by the brush and slip ring, this
article proposes a novel brushless excitation system named MCR-BE system. The excitation
system consists of a wireless charging system and a motor, both of which are based on
WPT system. The DC power supply transmits electrical energy to the battery through
the wireless charging system, and then the battery transmits the electrical energy to the
motor. Through the magnetic coupling between the stator and rotor, the electrical energy
is transmitted from the stator to the rotor, driving the motor to operate. During the entire
operation, the motor does not require a brush and slip ring, thus achieving brushless
excitation. The main work achieved in this article is as follows:

(1) Aiming at the problem of coupling coil offset in wireless charging systems, an im-
proved particle swarm optimization algorithm GWO-PSO is proposed for mutual
inductance identification, and the GWO-PSO algorithm is compared with the PSO
algorithm. Through simulation and experimental results, it can be seen that the PSO
identification under the condition of fixed mutual inductance and load variation can
reach a minimum identification error rate of 0.85% and a maximum error rate of
2.17%. The GWO-PSO identification can reach a minimum identification error rate
of 0.56% and a maximum error rate of 1.92%. Therefore, the GWO-PSO algorithm
has improved identification accuracy. In the experimental process, we also conducted
mutual inductance identification under the condition of mutual inductance variation,
and the result showed that the identification error rate can reach a minimum iden-
tification error rate of 4.03% and a maximum error rate of 5.34%, which was higher
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than the identification accuracy under the condition of constant mutual inductance.
Therefore, further improvement in the GWO-PSO algorithm is needed to improve the
recognition accuracy.

This article proposes a bilateral cooperation control strategy to deal with the simulta-
neous changes in load and mutual inductance in wireless charging systems, aiming
to maintain maximum transmission efficiency while maintaining constant voltage
output. By impedance matching of the buck converter on the receiving side of the
system, the equivalent load can track the optimal equivalent load, thereby achieving
maximum transmission efficiency. The receiving side transmits circuit information
such as the duty cycle and mutual inductance to the primary side through wireless
communication links. Then, the transmitting side uses PID control to adjust the in-
verter through PSM to maintain constant voltage output. According to simulation and
experimental results, the output voltage of the system can be maintained at around 48
V, while the transmission efficiency can be maintained at around 84.5%.

Due to the limitations of the experimental equipment, this work did not incorporate
wireless energy transmission systems into wireless charging systems and motors.
Instead, it simulated the mutual inductance and load changes between coupling coils,
and proposed a bilateral cooperation control strategy to track the maximum transmis-
sion efficiency and maintain a constant voltage output of the system. Therefore, we
will strive to develop a complete brushless excitation system in the future and apply
the control strategy to actual experimental equipment.

Author Contributions: Conceptualization, K.L. and Y.L.; methodology, K.L.; software, K.L. and
X.T.; validation, K.L., Y.L. and X.S.; formal analysis, K.L.; investigation, K.L.; resources, K.L.; data
curation, K.L.; writing—original draft preparation, K.L. and Y.L.; writing—review and editing, Y.L.
and X.T.; visualization, K.L.; supervision, K.L. and X.S.; project administration, K.L. and X.S.; funding
acquisition, K.L. and X.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China under
Project 52002155.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

MCR-BE Magnetic coupling resonant brushless excitation
PMSM Permanent magnet synchronous motor
EESM Electrically excited synchronous motor
WPT Wireless power transfer

PSO Particle swarm optimization

GWO- Grey wolf optimization—particle swarm optimization
PSO

M Mutual inductance

Ry, Load

Rieg Equivalent load

Ry max Optimal equivalent load

D Duty cycle

0 Phase shift angle

Ej. DC input power supply

Vin Inverter output voltage

i Inverter output current

i1 Transmitting current

in Receiving current

Vo Equivalent output voltage

Vout Load voltage
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Pi, Input power

Pout Output power

7 Transmission efficiency

Himax Maximum transmission efficiency
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