
����������
�������

Citation: Li, K.; Meng, X.; Sun, X.

Research on Output Voltage Stability

of Non-Contact Excitation Motor.

Appl. Sci. 2022, 12, 3666. https://

doi.org/10.3390/app12073666

Academic Editor: Alfio Dario Grasso

Received: 12 March 2022

Accepted: 31 March 2022

Published: 6 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Research on Output Voltage Stability of Non-Contact
Excitation Motor
Ke Li 1, Xuan Meng 1 and Xiaodong Sun 2,*

1 School of Electrical and Information Engineering, Jiangsu University, Zhenjiang 212013, China;
like@ujs.edu.cn (K.L.); 2222007021@stmail.ujs.edu.cn (X.M.)

2 Automotive Engineering Research Institute, Jiangsu University, Zhenjiang 212013, China
* Correspondence: xdsun@ujs.edu.cn; Tel.: +86-0511-8878-2845

Abstract: In recent years, electric vehicles have developed rapidly. However, many electric cars are
equipped with permanent magnet synchronous motors. Permanent magnet synchronous motors have
several disadvantages: For example, permanent magnets tend to demagnetize at high temperatures.
Electrically excited synchronous motors have several excellent properties. First, they are cheaper
because the stator and rotor of the motor only need to be wound, which is more affordable than
permanent magnets for speed regulation. When the armature current reaches the maximum value,
the excitation current can also be adjusted for speed regulation, which makes the speed regulation
more flexible. In the case of a short circuit, the corresponding direct-axis current is smaller than
the quadrature-axis current, so the fault tolerance is better. Since the traditional electric excitation
motor has brushes and slips rings, sparks will be generated during commutation. Therefore, a new
excitation method is adopted to make non-contact motor excitation, and the motor operation is
safer and more environmentally friendly. At the same time, to ensure that the output power of the
non-contact electric excitation motor remains stable, a step-down circuit and power-type fast discrete
terminal sliding mode control are added after the full-bridge rectifier circuit to make the excitation
current and voltage output of the motor more stable. That is, the output power reaches a steady
production. In this paper, an improved sliding mode control algorithm is used to stabilize the output
voltage of the non-contact excitation motor, which can still ensure the stable output of the voltage
when the equivalent load changes. It is confirmed that the non-contact excitation motor can be
applied to various complex situations, and the proposed algorithm is simulated and experimentally
verified to verify the accuracy of the proposed algorithm.

Keywords: contactless excitation; a resonant circuit; buck transform; power type fast discrete terminal
sliding mode control

1. Introduction

The increasingly severe exhaust emissions and fuel consumption of fuel vehicles in the
modern world exacerbate environmental pollution and the energy crisis. Most countries
have successively announced a complete ban on the sale of fuel vehicles in the next few
decades and regard the development of electric cars as a guarantee for environmentally
sustainable development and an effective way to improve energy security. Therefore,
electric vehicles will receive increasing attention [1–3]. Breakthroughs have been made
in critical technologies such as power batteries, drive motors, and in-vehicle operating
systems. The motor is the core component of electric vehicles and one of the critical
technologies in electric vehicle research. Therefore, the study of high-efficiency motors for
electric cars has significant scientific, economic, and practical social value [4–7].

With the development of new energy vehicles, increasing attention has been paid to the
drive motors used in electric cars. In the permanent magnet motor, the permanent magnet
provides the excitation, which has the advantages of simple structure, high efficiency,
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high power density, and low noise [8–10]. Nowadays, the drive motors installed in many
electric vehicles are permanent magnet motors. However, permanent magnet motors
also have inevitable shortcomings, such as expensive permanent magnet materials and
easy demagnetization at high temperatures [11]. In the electric excitation synchronous
motor, the stator and the rotor are separately excited. The rotor excitation can be adjusted
independently to realize the weak magnetic field speed regulation, and the speed regulation
is more flexible [12]. In addition, since permanent magnets are not required to provide
excitation, the cost of the electric excitation motor is lower. When running at medium
and low speeds, the excitation winding resistance of the electric excitation synchronous
motor is only about 1/10 of the armature winding resistance, so the efficiency is also high.
Compared with the permanent magnet synchronous motor, the excitation current and
armature current of the electric excitation synchronous motor are relatively independent.
When the power supply reaches the limit, the excitation current can be flexibly adjusted
to keep the motor’s output torque and power factor under control. Therefore, the electric
excitation synchronous motor can obtain a more comprehensive speed regulation than the
permanent magnet synchronous motor through the adjusted excitation current [13]. Under
different working conditions, the excitation can also be adjusted according to each working
condition to optimize the system efficiency. In some exceptional cases, the excitation can
even be turned off to ensure the system’s safety [14].

According to the excitation method, the electric excitation synchronous motor can
be divided into synchronous brush motor and brushless synchronous motor. When the
brushed electric excitation motor is working, the friction of the brushes will produce carbon
powder, which will affect environmental sanitation. It may also contaminate the base of
the bearing, which will reduce the insulation performance and directly affect the system’s
stability, resulting in a higher failure rate of the system [15]. Therefore, the motor housing
needs to be opened frequently for maintenance. Especially in some peaceful places, this
kind of friction is more harmful and affects the regular operation of electronic systems.
Therefore, a new excitation method is urgently needed to replace the brushes and slip rings
and complete the excitation typically.

Based on the above research basis, in the excitation process of the electric excitation
motor, we propose an innovative excitation method, that is, non-contact excitation, which
can replace the brushes in the traditional motor. In the non-contact excitation synchronous
motor, there is no friction from the previous brushes in the motor, and no carbon powder is
generated, so the working environment of the motor is safer, and the active life is longer.
In a non-contact excitation motor, the core components are a primary coil located on the
stator and a secondary coil located on the rotor, and the two coils transfer energy through
magnetic coupling, similar to a resolver [16]. Resolvers replace traditional brushes and slip
rings. A particular frequency of the alternating current is passed through the primary coil.
Due to parameter settings, the primary and secondary waves resonate in the secondary coil.
At this time, the primary coil and the secondary coil are not directly connected. Through
magnetic coupling, the energy in the direct wave is transferred to the secondary coil, which
is fixed on the rotor [17]. There is no direct electrical connection in the circuit. The secondary
coil then feeds the current into the rectifier module to rectify the alternating current into
direct current, and the rectified direct current is input to the rotor to complete the excitation,
avoiding the harm caused by brush friction [18].

In the non-contact excitation process, both the primary and the secondary sides need
coils to transmit energy, which will inevitably lead to the loss of reactive power, so it is
necessary to add compensation circuits on both sides [19]. Standard compensation circuits
include capacitors connected in series on both sides simultaneously. However, the primary
side current will be affected by the secondary side parameters, and the circuit is not easy
to control. Hence, a high-order compensation circuit needs to be used to compensate
for the loss of reactive power [20–23]. Since the stability of the output voltage needs to
be controlled after the full-bridge rectifier circuit, a DC circuit conversion link should be
added [24–28]. Standard DC conversion circuits include the BUCK, BOOST, and BUCK–
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BOOST courses [29–31]. As the BUCK circuit has a simple structure and convenient control,
it is more suitable for stabilizing the output voltage in the circuit [32–35].

When the motor rotates, the equivalent load of the rotor excitation winding will also
change with the change in the speed, so it is necessary to add a control link to stabilize
the output voltage. Standard control methods include traditional PI control and sliding
mode control [36–39]. The PI control method is simple and has applications in various
fields. However, higher accuracy needs to be guaranteed in the conversion circuit, and the
PI control has a significant overshoot, so it cannot be used in this article; this algorithm
does not meet the actual requirements. Compared with PI control, traditional sliding mode
control has no overshoot, but it also has shortcomings such as short adjustment time [40].
Reference [41] proposes a new control method called capacitor current and capacitor
voltage ripple (CCVR) control. It shows that the proposed CCVR control technique can
be applied to the SIDO CCM buck converter to extend its stable load range and suppress
its cross-regulate [41]. Reference [42] presents a new control method. The global robust
output voltage regulation problem for DC-DC buck converter systems is investigated using
sampled data and almost disturbance decoupling (ADD) control methodology. Aiming to
effectively restrain the output fluctuation caused by load variations, a physically realizable
robust controller is proposed by employing a linear discrete-time observer to generate
reliable, state-reconstructed information under the conception of sensorless control. The
proposed control strategy can achieve ADD by the output feedback domination approach,
i.e., the output voltage interference can be arbitrarily attenuated in the L2 gain sense [42].
Due to the limitations of the methods proposed above, an improved sliding mode control
algorithm is proposed. The simulation shows that the system performance is significantly
improved, the convergence speed of the system error tracking is accelerated, the robustness
is enhanced, and the steady-state error is reduced.

The structure of this paper is as follows: First, Section 2 introduces the working
principle of the non-contact excitation motor, including the structure and function of the
non-contact motor, and presents the configuration of the magnetically coupled resolver.
Section 3 The resonance model of wireless energy transmission includes the primary side
compensation circuit and the secondary side compensation circuit. At the same time,
the primary side current formula and the factors limiting the direct side current are also
deduced. Section 4 compares the two methods with the simulation software, builds an
experimental platform for wireless energy transmission, verifies the proposed sliding
mode algorithm and the improved sliding mode algorithm, and makes corresponding
adjustments when the load changes. Section 5 presents the simulation results.

2. Mathematical Model of Non-Contact Excitation Motor
2.1. The Working Principle of Non-Contact Excitation Motor

Conventional electrically excited motors are excited by brushes and slip rings. On
some special occasions, the wear of the meetings will produce carbon powder and cause
damage to the electrical equipment. To this end, a new motor excitation method is proposed,
which transfers energy through electromagnetic coupling, replacing traditional brushes
and slip rings, making the motor run more safely and environmentally friendly. As shown
in Figure 1, the motor’s structure, the motor’s stator, has a primary coil, and the rotor has a
secondary coil. The DC power supply provides DC power, transmits the DC power to the
full-bridge inverter module, and converts the DC power to AC power. The primary coil
resonates, and the parameters of the primary coil are equal to the resonant frequency of
the second wave. The primary coil transfers energy to the secondary coil without contact,
and the secondary coil also resonates. The alternating current generated in the secondary
coil continues to be connected to the full-bridge rectifier module. After the full-bridge
rectifier module, since the stability of the output voltage needs to be controlled after the
full-bridge rectifier circuit, the DC circuit conversion link should be added. Therefore, the
BUCK circuit is added to stabilize the output voltage.
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Figure 1. Structure diagram of contactless excitation motor.

The system assembly diagram is shown in Figure 2: one is the transmitter subsystem,
and the other is the receiver subsystem. The sending system is mounted on the stator and
remains stationary during motor operation, while the receiving subsystem rotates with the
motor rotor [43]. The size of the interval between the transmitter coil and the receiver coil
will affect the transmission efficiency of the motor, so it is necessary to ensure that the size
between the transmitter coil and the receiver coil is 2 mm.
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2.2. Analysis of Electromagnetic Coupling Device

As shown in Figure 3, the structure of the porcelain tank transformer. A magnetic
slot transformer is a rotatable and separable transformer. When the primary side or the
secondary side rotates relatively, the other side will not be affected so that the entire
transformer can still transmit energy typically. Due to the structural characteristics of the
porcelain tank transformer, slot transformers have good electromagnetic compatibility,
shielding, and interchangeability. In addition, the slot transformer also has the advantages
of a significant positive electrode area, small leakage inductance and distributed capacitance,
high inductance per unit space, and convenient installation. The slot loosely coupled
transformer used in the high-frequency transformer of this system is the core component of
the rotor excitation system of the contactless synchronous motor.
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3. System Topology and Principle

Since the inductance in the primary coil will consume reactive power when resonance
occurs, thereby reducing the transmission performance of the system, a compensation
circuit needs to be added to compensate for the reactive power. Standard compensation
circuits include series circuits and parallel circuits, adding a series circuit or similar to
the primary side circuit, and adding a series circuit and a secondary side circuit to the
secondary side circuit.

This compensation method has a simple structure, and the output current and voltage
are easy to calculate, but this has many shortcomings in the actual application process.
As the load increases, so does the wind in the primary coil, causing more unnecessary
losses and making the components more prone to burnout. Based on this, we adopt a
high-order compensation method. The primary side uses a compensation circuit that
combines inductance and capacitance. The compensation circuit of the secondary side is
still a series capacitor. It is found through a calculation that the current in the primary coil
is completely independent of the system load. The circuit model and calculation process
are explained in detail below.

The main circuit structure of the contactless excitation synchronous motor includes
the following modules. The circuit topology is shown in Figure 4. The primary circuit
consists of inductance LR, inductance LP, capacitors C1, CP, and resistance RP, in which
inductance LR and capacitor CP form a resonant loop, and inductance LP, capacitor C1, and
capacitor CP form a resonant loop. At this time, the resonant frequencies of the two loops
are equal. The secondary circuit includes inductance IS, resistance RS, and capacitance CS.
At this time, inductance LS, and capacitance form a resonant circuit. The secondary circuit
includes inductance IS, resistance RS, and capacitance CS. At this time, inductance IS and
capacitance CS form a resonant circuit. When the resonant frequencies of the three courses
are equal, electromagnetic resonance occurs in the circuit, and the energy in the primary
circuit will be transmitted to the secondary circuit through electromagnetic resonance. The
primary coil and the secondary coil transmit power through electromagnetic coupling. The
brush on the traditional motor is banned, the wear of the meeting is avoided, and the motor
works more stably.
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Req is the equivalent resistance after full-bridge rectification, ignoring the loss of the
rectifier. In the primary circuit, there are two resonant circuits, which are the resonant
circuit composed of the inductor.

Inductance LR and capacitor CP form the first resonant circuit. The other resonant
circuit is where inductor LP connects with capacitor C1 and then resonates with CP. The
primary coil has two resonant circuits: In the secondary coil, capacitor CS and inductor LS
form a resonant circuit, and the primary coil and the secondary coil resonate to meet the
above frequency requirements. Therefore, capacitance and inductance, respectively, satisfy
the following mathematical relationships:

ωLR =
1

ωCP
(1)

ωLP −
1

ωC1
=

1
ωCP

(2)

ωLS =
1

ωCS
(3)

According to the above relationship between capacitance and inductance, resonance
occurs in the circuit, and the energy in the primary coil can be transferred to the secondary
coil through electromagnetic resonance. The equivalent impedance of the secondary circuit
can be expressed as

ZS = Req + RS + jωLS +
1

jωCS
(4)

where Zr is the reflected impedance of the secondary side circuit to the primary side.

Zr =
(ωM)2

ZS
(5)

During resonance, Zr and Zs are substituted as follows; the fundamental part of the
equivalent impedance of the primary side is

Re(Zin) =
ω2LR

2

RP + Zr
(6)

where Uin is the input voltage of the primary coil. From the above equation, it can be
concluded that the current through inductor LR can be expressed as the ratio of the input
voltage to the input impedance as follows:

IR =
Uin
Zin

=
(RP + Zr)Uin

ω2LR2 (7)

According to the parallel shunt principle, the current through inductor LP is calculated
as follows:

IP =
Uin

jωLp
(8)
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According to the above analysis and calculation, the primary side adopts the LCC
compensation method, and the current of the primary side inductance LP is only related to ω
and Uin. Compared with the traditional series–parallel circuit, the change in the secondary
side will not affect the current of the primary side circuit, and the anti-interference is better.
Therefore, although the compensation circuit is more complex in this system, the primary
side circuit is relatively stable and is not limited by the secondary side parameters. The
following studies will employ this higher-order compensation method.

4. Comparison of Traditional Sliding Mode Control and Improved Sliding
Mode Control
4.1. Traditional Sliding Mode Control

For some occasions that require a constant voltage power supply, the system resonance
compensation network can meet the demand of the secondary side steady voltage power
supply without changing the operating frequency and structure of the system. During the
working process of the non-contact excitation motor, it is usually necessary to apply a stable
voltage across RL. However, when the rotor is excited by the wireless energy transmission
structure, the size of the equivalent load will also change with the change in the speed, so
it must be ensured that the output voltage of the non-contact excitation motor is stable.
To ensure the stability of the output voltage, a closed-loop control link must be added to
the original buck circuit. In the electronic power transformation, the sliding mode control
algorithm is often used to stabilize the output voltage, so on this basis, the sliding mode
control and buck transformation are used.

As shown in Figure 5, the full-bridge rectifier circuit is followed by a BUCK circuit, a
schematic diagram of a buck converter circuit. First, according to the working principle
of the buck converter, a continuous conduction mode is designed in this system. The
following state equations are listed according to whether the switch is turned on or off.
When the PWM drive circuit drives the switch Q to conduct, that is, the switch state u = 1,
the charge is transferred to the inductor L in the course under the action of the DC voltage
E, and D is in the cut-off state under the movement of the reverse voltage. Currently, the
differential equation for a buck converter is diL

dt
dvc
dt

 =

[
− 1

L 0

− 1
R

1
C

][
vc

iL

]
+

[ E
L

0

]
(9)
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When the switching state u = 0, the switch tube is turned off. At this time, the DC
power input cannot act on the circuit, diode D is in the state under the action of forwarding
voltage, and the energy absorbed by inductance L when the switch tube is turned on is
transferred to resistance R. At this time, the differential equation of buck converter is diL

dt
dvC
dt

 =

[
− 1

L 0

− 1
R

1
C

][
vC

iL

]
(10)
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4.2. Improved Sliding Mode Control

As shown in Figure 6, traditional sliding mode control is often used in circuit trans-
formation. Compared with PI adjustment, the adjustment time of sliding mode control
is shorter, and there is no overshoot. However, traditional sliding mode control can no
longer meet the actual conditions, increasing control accuracy and robustness requirements.
Therefore, to improve the convergence speed and robustness of the current, conventional
sliding mode control should be used.
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Through the state space method, the state equation of the buck circuit is derived. The
traditional sliding mode control has many shortcomings, so the improved sliding mode
control method is adopted. Two variables are designed in the system, in which the output
voltage is set to x1, and x2 is the derivative of the output voltage, which is expressed with
the following formula:

x1 = vc (11)

x2 =
.
x1 =

dvc

dt
=

1
c

ic =
1
c
(iL −

vc

R
) (12)

According to Equations (11) and (12), it can be calculated

iL =
∫ uE− vc

L
dt (13)

x2 =
.
x1 =

∫ uE− vc

LC
− vc

RC
dt (14)

Further, the derivative operation is performed on Equation (14) to obtain the derivative
of x2.

.
x2 = − vc

LC
− 1

RC
dvc

dt
+

uE
LC

= − 1
LC

x1 −
1

RC
x2 +

E
LC

u (15)

In summary, at this time, the state equation of the system can be expressed as{ .
x1 = x2.

x2 = − 1
LC x1 − 1

RC x2 +
E

LC u
(16)

where T is the sampling period, using the discrete rules, the state equation is rewritten as{
x1,k+1 = x1,k + Tx2,k

x2,k+1 = x2,k − T
LC x1,k − T

RC x2,k +
ET
LC uk

(17)

To facilitate the subsequent calculation, the formula is transformed

M(xk) = x2,k −
T

LC
x1,k −

T
RC

x2,k, N(xk) =
ET
LC

(18)

After the above formulas are replaced, the state equation of the system is more concise
and convenient. At this time, the new state equation is{

x1,k+1 = x1,k + Tx2,k
x2,k+1 = M(xk) + N(xk)uk

(19)
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In the sliding mode control algorithm, the algorithm of the sliding mode surface is a
core process, and a new sliding mode surface is designed at this time.

sk = he2,k + αg(e1,k−1) + βe1,k−1
q
p (20)

g(e1,k−1) =

{
g1(e1,k−1), i f

∣∣e1,k−1
∣∣ ≤ 1

g2(e1,k−1), i f
∣∣e1,k−1

∣∣ > 1
(21)

g(e1,k−1) =

{
g1(e1,k−1) = bsgne1,k−1 loga(2c

∣∣e1,k−1
∣∣− e1,k−1

2 + 1)

g2(e1,k−1) = g1(sgne1,k−1) + (e1,k−1 − sgne1,k−1)
h
g

(22)

According to Equations (20) and (21), we can obtain

sk+1 = he2,k+1 + αg(e1,k) + βe1,k
q
p (23)

sk+1 = h(r2,k+1 − (M(xk) + N(xk)uk)) + αg(e1,k) + βe1,k
q
p (24)

g(e1,k) =

{
bsgne1,k loga(2c

∣∣e1,k
∣∣− (e1,k

2 + 1)), i f
∣∣e1,k

∣∣ ≤ 1

g1(sgne1,k) + (e1,k − sgne1,k)
h
g , i f

∣∣e1,k
∣∣ > 1

(25)

In the above formula, e1 is the output voltage tracking error, and e2 is the current
tracking error of the capacitor.

To make the system state quickly reach the PFDTSMC sliding mode surface in a limited
time, the exponential reaching law was chosen.

sk+1 = sk − εTsgn(sk)− λTsk (26)

According to the above approach rate, an improved sliding mode control law is
designed as

uk
′ =

r2,k+1 −M(xk)

N(xk)
+

1
hN(xk)

(αg(e1,k) + β(e1,k)
q
p )− 1

mN(xk)
(sk − εTsgn(sk)− λTs) (27)

After the above analysis and calculation, when 0 < UK < 1,

uk = uk
′ (28)

When UK > 1 or UK < 0,

uk = 0.5 +
0.5uk

′

|uk
′| (29)

The following proves the stability of the system, using Lyapunov stability theory to
analyze. The chosen Lyapunov function is

Vk =
1
2

sk
2 (30)

The system can be stable if and only if the Lyapunov function satisfies the follow-
ing conditions:

∆Vk = sk+1
2 − sk

2 < 0, sk 6= 0 (31)

According to the Lyapunov theorem, the states in any initial position will approach
the sliding surface Sk. When T is sufficiently small, the existing and reaching conditions of
the discrete-time sliding mode can be expressed as follows:{

(sk+1 − sk)sgnsk < 0
(sk+1 + sk)sgnsk > 0

(32)
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sk+1 − sk = h(r2,k+1 − (M(xk) + N(xk)uk)) + αg(e1,k) + βe1,k
q
p − (he2,k + αg(e1,k−1) + βe1,k−1

q
p ) (33)

Substituting the control law (27) for PFDTSMC into Equation (33), we obtain

(sk+1 − sk)sgnsk = −λT|sk| − εT|sk| < 0 (34)

When the sampling period T is sufficiently small, we obtain the conclusion of
2 − λT >> 0. Therefore,

(sk+1 + sk)sgnsk = (2− λT)|sk| − εT|sk| > 0 (35)

As can be seen from Equations (34) and (35) above, the improved control law satisfies
the stability condition of Equation (32). Therefore, the stability of the system is proved
by derivation.

5. Simulated Analysis

To test the applicability of the controller, the simulation software MATLAB is used to
simulate and compare the traditional sliding mode control and power fast discrete terminal
sliding mode control methods. Compare how fast the output voltage stabilizes. The effects
of improved sliding mode control and traditional sliding mode control in stabilizing the
output voltage of the non-contact excitation motor are discussed in the following three
working conditions. The system parameters are shown in the Table 1 below.

Table 1. Non-contact excitation motor parameters.

Specification Value Specificatin Value

LR (µH) 20 CS (nF) 36
CP (nF) 175 RS (Ω) 0.075
C1 (nF) 45 E (V) 200
LP (µH) 0.076 L (µH) 544
RP (Ω) 0.075 C (nF) 8
LS (µH) 0.075 RL (Ω) 3

5.1. Voltage and Current Output by the Full-Bridge Inverter Circuit

In electromagnetic resonance, alternating current needs to be used to transmit energy,
so it is necessary to add a full-bridge inverter circuit after direct current to convert direct
current into alternating current.

As shown in Figure 7, it is a voltage simulation diagram output by the resonant
circuit. After stabilization, the output voltage amplitude is 245 V, and the output voltage
and current are both AC. Then, as seen in Figure 7b, the output current is approximately
sinusoidal alternating current, and the amplitude of the wind is 800 A.

5.2. Voltage and Current Output from Resonant Circuit

When the full-bridge inverter circuit converts the direct current into alternating current,
it is connected to the resonant circuit, and the primary circuit and the secondary circuit can
transfer energy through electromagnetic coupling.

As shown in Figure 8, it is a voltage simulation diagram output by the resonant circuit.
After stabilization, the output voltage amplitude is 225 V, and the output voltage and current
are both AC. By observing Figure 8b, it is evident that after the output current is stable,
the current is sinusoidal alternating current, and the current amplitude is 600 A. It can be
seen that the waveforms of voltage and current have ripples, so it is necessary to continue
to add conversion circuits to reduce the waves. In short, after a series of transformations,
the direct current is converted into alternating current through the full-bridge inverter and
then through electromagnetic coupling to achieve non-contact energy transmission, which
avoids the wear of the brushes inside the original motor, and significantly prolongs the life
of the motor.
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Figure 7. Simulation diagram of the output of the full-bridge inverter circuit: (a) the voltage sim-
ulation diagram of the result of the full-bridge inverter circuit; (b) current simulation diagram of
creating the full-bridge inverter circuit.
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Figure 8. Resonant circuit output simulation plot: (a) simulation of the voltage output from the
resonant circuit; (b) simulation of the current output from the resonant circuit.

5.3. Output Voltage Stability Comparison for Stable Loads

In the following, first, the difference between the two algorithms in stabilizing voltage
and current when the load is constant is analyzed. The non-contact excitation motor can
adapt to various working conditions and meet the actual requirements.

According to Figure 9, we can compare the simulation graphs of the output voltage
under the two algorithms. The red line represents the result of the system output voltage
under the traditional sliding mode control: the output voltage is stable at 110 V, and the
stabilization time is 0.001 s. The blue line shows the result of the output voltage under
the improved sliding mode control; it can be seen that in the simulated waveform of the
improved sliding mode control, the output voltage is finally stabilized at 110 V. Compared
with traditional sliding mode control, the settling time is faster, which is 0.0005 s, and the
time to reach stability is 50% faster. By comparing the simulation diagram of the output
voltage and the time required for the output voltage to stabilize under the control of the two
algorithms, it can be seen that the improved sliding mode control has obvious advantages,
compared with the traditional sliding mode control. The overshoot is also more minor.



Appl. Sci. 2022, 12, 3666 12 of 15

Appl. Sci. 2022, 12, x FOR PEER REVIEW 12 of 16 
 

 
Figure 8. Resonant circuit output simulation plot: (a) simulation of the voltage output from the 
resonant circuit; (b) simulation of the current output from the resonant circuit. 

5.3. Output Voltage Stability Comparison for Stable Loads 
In the following, first, the difference between the two algorithms in stabilizing 

voltage and current when the load is constant is analyzed. The non-contact excitation 
motor can adapt to various working conditions and meet the actual requirements. 

According to Figure 9, we can compare the simulation graphs of the output voltage 
under the two algorithms. The red line represents the result of the system output voltage 
under the traditional sliding mode control: the output voltage is stable at 110 V, and the 
stabilization time is 0.001 s. The blue line shows the result of the output voltage under the 
improved sliding mode control; it can be seen that in the simulated waveform of the 
improved sliding mode control, the output voltage is finally stabilized at 110 V. Compared 
with traditional sliding mode control, the settling time is faster, which is 0.0005 s, and the 
time to reach stability is 50% faster. By comparing the simulation diagram of the output 
voltage and the time required for the output voltage to stabilize under the control of the 
two algorithms, it can be seen that the improved sliding mode control has obvious 
advantages, compared with the traditional sliding mode control. The overshoot is also 
more minor. 

 
Figure 9. Simulation plot of the output voltage under controlled load variation. 

5.4. Output Voltage Stability Comparison of Variable Loads 
In the actual wireless energy transmission system, the load is not constant and 

sometimes changes, which requires real-time adjustment of the closed-loop system 

0 1 2 3 4 5

10-3

0

20

40

60

80

100

120

t/s

Th
e 

ou
tp

ut
 v

ol
ta

ge
 c

ur
re

nt
/（

V
）

Figure 9. Simulation plot of the output voltage under controlled load variation.

5.4. Output Voltage Stability Comparison of Variable Loads

In the actual wireless energy transmission system, the load is not constant and some-
times changes, which requires real-time adjustment of the closed-loop system structure to
keep the output voltage and output current stable within a specific load variation range.

According to Figure 10, the output voltage suddenly changes when the system is
disturbed by the load for 0.001 s. Due to the closed-loop regulation in the system, the
output voltage can still be maintained at 110 V. The red line represents the result of the
system output voltage under traditional sliding mode control, and it can be seen that
the overshoot of the output voltage is 30 V. The blue line shows the result of the output
voltage under the improved sliding mode control, where the load is subjected to the same
disturbance at 0.01 s; it can be seen that the output voltage overshoots, and compared with
the conventional sliding mode control, the amount is more minor; the overshoot is 25 V, the
time to stabilize is also shorter, and the adjustment time is 0.0002 s. Compared with the
traditional sliding mode control, the adjustment time is five times faster, so the improved
sliding mode control algorithm is more suitable for complicated situations.
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Figure 10. Simulation plot of the output voltage under a single load change.

5.5. Comparison of Output Voltage Stability under Variable Load for Two Consecutive Times

To enable the system to meet more complex conditions, the load was changed at
0.001 s and 0.003 s, respectively. The differences in stable output voltage and output current
between the traditional sliding mode control and the improved sliding mode control
are observed.

According to the simulation results of the output voltage in Figure 11, both algorithms
need a certain amount of time to stabilize the output voltage when the load is changed
twice in a row, and the output voltage has a certain amount of overshoot. Specifically, the
red line represents the result of the output voltage when the load changes twice in a row
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under traditional sliding mode control. After the first load change, the output voltage has a
sudden change, which takes 0.001 s to stabilize, and the output voltage overshoot is 20 V.
On the second load change, it takes 0.0005 s to stabilize. The output voltage overshoot is
25 V. The blue line shows the result of the output voltage under improved sliding mode
control. At the first load change, it takes 0.0005 s for the output voltage to stabilize, which
is two times faster than the traditional sliding mode control, and the voltage overshoot is
15 V. The second load change takes 0.00025 s to stabilize, and the voltage overshoot is 20 V,
which is smaller than the traditional sliding mode control. Therefore, the improved sliding
mode control has a shorter adjustment time and an overshoot when the load changes
continuously. The volume is smaller, and the efficiency is higher.
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6. Conclusions

In this paper, we focused on the non-contact excitation method of the electric ex-
citation motor and deduced the optimal reactive power compensation of the primary
and secondary sides of the non-contact excitation motor. Finally, an improved sliding
mode control algorithm was introduced to control the motor’s voltage output. The advan-
tages and disadvantages of the traditional sliding mode control and the improved sliding
mode control in stabilizing the output voltage were introduced in detail. Finally, after
the above theoretical analysis and mathematical derivation, the feasibility and accuracy
of the proposed method were verified through a series of simulations and experiments.
The simulation and experimental results show that the improved sliding mode control
algorithm has a better effect on stabilizing the output voltage of the non-contact electric
excitation motor.
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