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ABSTRACT

Aiming at the problems of unfixed switching frequency and complicated calculation in the control of
permanent magnet synchronous motor, a permanent magnet switch FNN-PID control strategy based
on deep learning technology is proposed. Based on the vector control of permanent magnet
synchronous motor, the resonant pole inverter is combined with permanent magnet switch control,
and then the fuzzy neural network and incremental PID algorithm are used to construct the
optimization strategy of permanent magnet synchronous motor switching frequency FNN-PID control.
And combined with the finite element simulation software, the permanent magnet switch finite
element model is constructed, and the effectiveness of the FNN-PID control strategy is illustrated by
verifying the permanent magnet switch control strategy and the temperature rise curve change. When
using the FNN-PID control strategy, the electromagnetic torque quickly reaches stabilization near the
given torque of 9 N-m after 0.03 s of startup, and the permanent magnet switch frequency of the FNN-
PID control strategy is reduced by 24.04%. The difference between the measured maximum winding
temperature and the calculated maximum temperature under rated operating conditions is less than
9°C, and the permanent magnet switching loss is reduced by about 35% with the FNN-PID control
strategy compared with the traditional MTPA control strategy. Therefore, the combination of deep
learning technology and finite element analysis can explore the optimization effect of PM switches
from the strategy and application dimensions and provide research ideas for the stable operation of
PM switches.

Keywords: deep learning, finite element model, fuzzy neural network, incremental PID, FNN-PID,
permanent magnet switch

1. Introduction

Permanent magnet switch, also known as permanent magnet controller, permanent magnet drive
module, etc,, is a kind of electrical switch that is controlled by using the force of permanent magnetic
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field, and its working principle is realized based on the interaction between the magnetic field
generated by the applied current and the permanent magnetic field, which mainly includes the
permanent magnet isolation switch and the permanent magnet limit switch [1]. Distribution network
is the end link to ensure the reliability of power supply to users, and transient faults account for most
of the distribution network, which is the main factor affecting the quality of power and the reliability
of power supply [2]. At present, most of the distribution networks use customer demarcation load
switches or circuit breakers to isolate customer faults, and these switch actuators are similar to the
line-out circuit breakers, which also use pop-up actuators [3-4]. When a fault occurs on the customer
side, even if a demarcation circuit breaker is used, the instantaneous quick-break action time of the
switch is usually slower than the action time of the substation outgoing circuit breaker, and it cannot
form a graded coordination, so the failure of the customer branch line often leads to the blackout of
the whole line [5-6]. While the permanent magnet disconnecting switch action speed, especially after
the installation of the user side, the user failure to ensure that do not go out, both to reduce the line
blackout, but also to reduce the other users of power outages, and at the same time to protect the line
other operating equipment [7-8].

Permanent magnet disconnect switches are widely used in power distribution devices, transmission
and distribution equipment, industrial and mining enterprises, rail transportation, wind power, solar
energy and other fields of the power system, to improve the reliability and safety of the power system,
to ensure the normal operation of the equipment is of great significance [9]. In addition, in coal mine
production, the in-use main and deputy shaft hoist is mainly used for lowering and lifting personnel,
raw coal, gangue and materials, which is one of the main equipments in coal mine production. And its
lifting capacity is usually consistent with the main production of the mine, once it can not operate
normally, it will inevitably trigger the mine shutdown, it can be said that the safe and stable operation
of the mine hoist is the cornerstone of mining production [10-11]. This shows the important role of
coal mine hoist in coal mine production. The speed reducer plays an exceptionally important role in
the operation of the mine hoist, and its deceleration point control is an important link in the
occurrence of faults or accidents [12-13]. The permanent magnet limit switch is widely used in the
deceleration point control of mine hoist because of its advantages of sensitive action and no additional
power supply. However, as a new type of switching device, the permanent magnet switch, in practical
application, suffers from magnetic degradation of the permanent magnet material due to the influence
of temperature, while the permanent magnetic field may degrade or even become demagnetized in
long-term use, and has poor adaptability under dynamic loads [14]. Therefore, the permanent magnet
switch performance and so on need to be optimized.

In this paper, a permanent magnet synchronous motor switching control strategy based on deep
learning and finite element software is proposed. In this strategy, the permanent magnet synchronous
motor switching control strategy is established based on the mathematical model of the permanent
magnet synchronous motor and the introduction of fuzzy neural network and incremental PID
algorithm combined with the resonant pole inverter. Then the motor solution domain model for PM
synchronous motor switching control is established and the corresponding boundary conditions are
designed. Finally, the effectiveness of the FNN-PID control strategy is verified in terms of the operating
state, steady state dynamic performance and average switching frequency, and the variation curve of
PM switching temperature rise is explored.

2. Mathematical modeling and switching control of permanent magnet
synchronous motors

With the emergence of new generation of permanent magnet materials, such as ferrite and NdFeB, the
development of permanent magnet synchronous motor (PMSM) has been greatly promoted. These
new permanent magnet materials have the advantages of high permeability and high magnetic energy
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product, which makes PMSM have stronger performance and stability. In many fields such as industrial
drives, electric locomotives, wind power, etc., PMSMs are widely used due to their high efficiency, high
control accuracy and low cost.

2.1. Mathematical model of permanent magnet synchronous motor

2.1.1. Coordinate system transformations for PMSMs. At present, the modeling coordinate system of
PMSM, in addition to the ABC three-phase natural coordinate system, also includes the commonly used
a-B-axis stationary coordinate system and d-g-axis synchronous rotation coordinate system. There
exists a certain transformation relationship between the coordinate systems, including the Clark
transformation of the stationary coordinate system and the Park transformation of the synchronous
rotation coordinate system [15].

Clark transformation, can realize the transformation of three-phase ABC natural coordinate
variables to two-phase a-f3 stationary coordinate variables. Clark transformation formula is:

(5, 1 £] =nn e £ AT (1)

where f isa generalized variable that can represent variables such as voltage, current, or magnetic
chain of the motor, and T;,,,, is the Clark transform matrix of coordinate variables of the form:
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The inverse Clark transform, which realizes the transformation of two-phase « - f stationary
coordinate variables to three-phase ABC natural coordinate variables, is given by:

e 1y f] =Tt 1 1] 3)

where T, . isthe inverse Clark transform matrix in the specific form:
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For a three-phase symmetric system, £, is negligible in calculating the variables in the stationary
coordinate system.

The Park transformation, which transforms the two-phase a-f3 stationary coordinate system
variables to two-phase d-q synchronized rotating coordinate system variables. the Park
transformation equation is:

(s 1] =05 5] 5)

where T is the Park transformation matrix. Then:

2s/2r
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The coordinate transformation of the two-phase d —¢q synchronized rotating coordinate system to
the two-phase « — 8 stationary coordinate system is called the inverse Park transformation, and the
transformation equation is:

[fa fﬁ':ITZTZr/2s|:fd fq]T (7)

The expression for the inverse Park transformation matrix 7,7/2s inEq:
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In summary, the transformation relationship between the three-phase ABC natural coordinate
system variables and the two-phase d ¢ synchronized rotating coordinate system variables can be
obtained as:

fq fozng/zy[fA fB fc] (9)
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The coordinate transformation matrix in Eq:
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2.1.2. PMSM mathematical modeling. Before establishing the mathematical model, the following
assumptions are made:

1) The stator and rotor core magnetoresistance is neglected, and the eddy current and hysteresis
loss are not counted.

2) The conductivity of the permanent magnet material is zero, and the permeability inside the
permanent magnet is the same as that of air.

3) There is no damping winding on the rotor.

4) The excitation magnetic field generated by the permanent magnet and the armature reaction
magnetic field generated by the three-phase winding are sinusoidally distributed in the air gap.

5) The waveform of induced electromotive force in the phase windings is sinusoidal during steady
state operation.

Under the above assumptions, the mathematical model of PMSM in each coordinate system is
established.

According to the method of coordinate transformation, the PMSM model in the three-phase
stationary coordinate system is transformed into the model in the two-phase stationary coordinate
system, and then the mathematical model of the PMSM in the « - S -coordinate system can be
obtained [16]. Namely:
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where i, isthe component of the stator currentin the «-axisand i, isthe component of the stator

current in the g -axis.
The PMSM voltage model in « - coordinate system is:
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where U, is the stator voltage component in a axis, U, is the stator voltage component in S
axis, L L, istheinductance component of the motorin both axes respectively,and o, istherotor's
electrical angular velocity. The inductive components on the two axes satisfy the following relationship:

3
La =Lﬁ ZELE (15)

Since the d-q coordinate system is rotating with the rotor, thus establishing the mathematical model
of the PMSM in this coordinate system helps to analyze the dynamic and steady state performance of
the whole control system of the PMSM, then the mathematical model of the PMSM in the d-q coordinate
system is:

1, (16)
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where, i, isthe component of stator currentin axis d and i, is the component of stator current

in axis ¢.Then:
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Similarly, the voltage equation of the PMSM in the d-q coordinate system is obtained as:
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The magnetic chain equation is:

V.

The torque equation is:
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where U, and U, are the components of stator voltage in the d and ¢ axes, y, and y, are
the components of stator magnetic chaininthe d and ¢ axes, L, and L  arethe components of
stator inductance in the d and ¢ axes, p, is the number of pole pairs, and 7 is the torque of
the permanent magnet synchronous motor.

2.2.  Permanent magnet synchronous motor switching control

2.2.1. Basic idea of vector control. Permanent magnet synchronous motor as a nonlinear, strongly
coupled, high-order multivariable system, each parameter in the motor is coupled with each other, so
for the switching control of the permanent magnet synchronous motor has a strong nonlinearity.The
basic idea of the switching vector control of the PMSM is to keep the base wave synthesized magnetic
potential equivalent, mimic the idea of the speed control of the permanent magnet synchronous dc
motor, and through the coordinate transformations, the three-phase currents of the motor, Voltage,
magnetic chain converted to the rotor magnetic chain oriented two-phase reference coordinate system
to decouple the physical quantities, respectively, the decoupled physical quantities to be controlled.
That is to say, the excitation component and torque component of the stator current vector are
controlled separately in the synchronous rotating coordinate system, and the switching vector control
of the permanent magnet synchronous motor is achieved through such a transformation process.

2.2.2. Principle of the resonant pole inverter. The resonant pole inverter topology is shown in Fig. 1,
which mainly consists of a rectifier circuit, an auxiliary resonant circuit, a driver circuit, and a
permanent magnet synchronous motor [17]. The emitters of the auxiliary switches S ,S,,S, are

connected together so that only an additional gate drive power supply is required. The buffer capacitor
C..C,.C.  slowsdown the voltage rise rate throughout the PMSM cycle and enables the three lower

bridge arm switching tubes to be turned off at zero voltage, thus reducing the turn-off power loss and
eliminating the turn-off voltage spikes. Before turning on the three lower bridge arm switching tubes,
the corresponding auxiliary switches must be turned on to release the power in the snubber capacitor
to zero so that the lower bridge arm switching tubes can be turned on at zero voltage. The common
resonant inductor (L)) is then utilized to resonate with the buffer capacitors connected in parallel

with the lower bridge arm switching tubes to achieve zero voltage and zero current turn-on of the
auxiliary switching tubes.

Soft Switching
Technology (Resonant
Instruction circuit)

YNNI JG JG J@

=
p— —E—' PMSM
[l

L N NN J[:%J[:%J[:%

Fig. 1. Topology of resonant pole soft-switching inverter

Rectifier circuit
(supply circuit)

Inverter circuit Permanent magnet
(drive circuit) synchronous motor
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For the convenience of analysis, the equivalent circuit of a particular switch can be obtained by
taking a switching cycle in which switching tube V1 is kept constantly on, switching tube V6 operates
under a PMSM modulation signal, and the rest of the switching devices are turned off. In the equivalent
circuit, U, isthe DCvoltage source, uy, is the voltage on switching tube V,, i.e., the voltage of buffer

capacitor C

»»and I, is the load current. Assuming that all devices are in ideal operation, the

resonant inductance is much smaller than the load inductance, the load current at the transition
moment of the switching state of the inverter bridge can be considered as a constant-current source,
the operating modes of the circuit are described according to different moments, and the starting
moment of each mode is taken as the zero moment of the mode. The details are as follows:

Mode 1 (0<1<¢,): Initial state, switching tube 7, is closed, ¥, is disconnected, the load current

flows through the continuity diode D;, the terminal voltage u, of switchingtube ¥, is equal to the
DC supply voltage U,, and the resonant circuit does not work at this time.

Mode 2 (7, <t <t,): To turn on the switching tube ¥, with zero voltage, it is necessary to release
the terminal voltage u, tozero before that, so at the momentof ¢, the auxiliary switch S, is closed,

and under the action of the inductor, the current flowing through the inductor can not undergo a
sudden change, realizing the auxiliary switch S, with zero current turn on. The inductor current

increases from zero, and the current on the continuity diode D, begins to decrease, the voltage and
current expressions for the inductor are:

ﬂ = ﬂ (23)
da L,
This mode ends when the inductor current reaches the load current 7 . The duration is:
L1
Aty =t,—t, = UO (24)

1

Mode 3 (¢, <¢<t,): At the momentof ¢,, the current flowing through the continuity diode D, is
zero, D, achieving zero-current shutdown, and thus solving the problem of D, reverse recovery

currents that cause large losses. From moment t, continues to increase, capacitor C, and

i
inductor L, begin to resonate, C, discharges, and L, is charged until the capacitor C, voltage
decreases to zero when this mode ends. The expressions for the voltage u, of the capacitor C, and

the current i, of the inductor are:

di,
0=t

| du, (1) (25)
i, ()=-C, ==,

where C, is the value of capacitance C,. The initial conditions are u,(0)=U,, i, (0)=/,, which
simplifies to:

u, () =U, cos(w)
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2.2.3. Strategy selection for vector control. Permanent magnet synchronous motor in operation will
inevitably exist a certain amount of energy loss, and the various parts of the motor body will be due to
the loss of heat generated by the overall temperature increases. When the motor structure switch is
poorly designed, the increase in motor losses will lead to a sharp increase in heat production, reducing
the life of the motor body, and the operating efficiency of the motor will also be reduced, which can be
improved through reasonable switching control strategies. The vector control strategies commonly
used for permanent magnet synchronous motors are i, =0 control, MTPA control, unit power factor

control and so on.
Substituting i, =0 into the electromagnetic torque equation of the motor given before, it can be

obtained:

3 .
T; 25 anlq (27)

[t can be seen that the electromagnetic torque output from the motor is only related to the motor ¢
axis current i, .

Under this control strategy, the magnitude and direction of the stator current i and the cross-axis
current j, are the same, the magnetic momentum space vector generated by the current vector is the

same as the cross-axis direction, the magnetic chain space vector direction generated by the
permanent magnets is the same as the straight-axis direction, and the phase relationship between the
two is orthogonal. However, since the reluctance torque of the motor is zero in the control process, the
permanent magnet synchronous motor is more widely used in the surface-mounted type, but the
reluctance torque of the motor cannot be used in the built-in permanent magnet synchronous motor
to improve the ability to carry loads, so in order to give full play to the advantages of the built-in type
motor, and from the point of view of improving the efficiency of the system, the MTPA control strategy
is usually adopted. Then:
Tzi "+lL—L'2'2
e = P Vidsiny 45 (L, —L,)i; sin2y (28)
When analysing the MTPA control strategy, it is necessary to obtain the trajectory of the motor stator
current. During the operation of the motor, the stator current is affected by the motor windings and
power device limits and can only vary within a certain area. The constraint that the motor stator
current vector receives the influence of the motor windings can become the current limit circle, which
is also the main constraint when the motor is operated in the interval below the rated speed, with the

relation equation:
. .2 .2 .
i, =i, +i, <i, (29)

where i is the maximum value of the motor stator current.

In addition to the current limit circle, the current vector trajectory is also limited by the voltage limit
circle, which is given by the relation:
2 2
u, =,Juy; +u, <u (30)

S_max

where, u is the limit value of the motor inverter output voltage.

Then:

s_max

(L, +v,) + (L) < (”w—m] 31)

q

The voltage limit circle is a cluster of ellipses defining the characteristic current 7, as the
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coordinates of the centre point of the voltage limit circle. Then:

Y
Ld

ch — (32)

There is also a cluster of constant torque curves during the operation of the motor, and the current
trajectory of the motor under the MTPA control strategy can be obtained by connecting the points with
the smallest stator current vector amplitude on the constant torque curve.

3. Optimisation strategies for switching frequency control of permanent
magnet synchronous motors

Permanent magnet synchronous motors have the advantages of low noise, high power density, etc.,
which can be widely used in aerospace, industrial production and other fields. The traditional control
strategy is difficult to meet the requirements of high-performance motion control system due to low
performance and poor anti-interference. The model predictive switching control strategy based on
deep learning technology has become a research hotspot of permanent magnet synchronous motor
switching control optimisation method due to its advantages of better dynamic performance and ease
of adding various types of constraints. Based on this, this paper proposes a permanent magnet switch
control optimization strategy based on fuzzy neural network PID controller, and combines the finite
element model to analyse the temperature rise change of the permanent magnet switch under this
strategy, which provides help for the efficient operation of permanent magnet synchronous motor.

3.1.  Fuzzy Neural Network PID Controller

3.1.1. Incremental PID control. P, I, D in PID control algorithm are proportional, integral and
differential respectively, which can realize proportional adjustment, integral adjustment and
differential adjustment. In industrial manufacturing control, PID controller is widely used due to the
advantages of simple structure, high stability and high reliability of the control algorithm. With the
development of science and technology, PID control algorithms have been improved, among which
there are incremental PID algorithms, which have been applied in the switching control system of
permanent magnet synchronous motors [18]. Then:

u(k) = u(k —1)+ Au(k) (33)
Au(k) = K [e(k) —e(k —1)]+ K,e(k) + K ,[e(k) —2e(k — 1) + e(k —2)] (34)

In the formula, u(k) isthe output signal of the controlled parameter at the moment of &, u(k-1)
is the output signal of the controlled parameter at the previous moment. Au(k) is the incremental
change of the controlled parameter at the momentof &, K, ,K,,K, isthe proportional, integral and

differential gain respectively, e(k) is the error of the current moment, e(k—1) is the error of the
previous moment, and e(k —2) is the error of the earlier moment.

The incremental type does not need to add up all the deviations, but only needs to calculate the
deviation of the last three times, this method has the characteristics of small calculation, low load on
the controller, high calculation accuracy, small influence on the actuator, and when the system has large
fluctuations, the influence on the adjustment of the control system is also relatively small.

3.1.2. Fuzzy Neural Networks. During system operation, temperature variations lead to fluctuations
in system parameters such as stator resistance and inductance, and at the same time, permanent
magnet synchronous motors tend to suffer from system modeling errors and are subject to external
perturbations, and these uncertainties can degrade system performance. To cope with these negative
effects and improve system robustness and immunity to perturbations, fuzzy neural networks (FNNs)
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with the ability of fuzzy systems to deal with fuzzy and uncertain information, as well as with the
powerful nonlinear mapping and learning memory capabilities of neural networks, are introduced for
approximating nonlinear unknown functions in the system with high accuracy [19].FNNs consist of
defuzzification, knowledge base, defuzzification, and fuzzy reasoning, and are altogether divided into
input layer, fuzzification layer, fuzzy inference layer and output layer.

Input Layer: x,x,,---,x,, isthe M input variables that feed into the fuzzy neural network. Each

node in this layer represents an input variable and passes the input values directly to the next layer.

Fuzzification layer: in this layer, each node represents an affiliation function. The Gaussian function
is chosen as the affiliation function for the fuzzification layer, therefore, the affiliation value for each
input can be calculated as:

o1, =exp(=(x, —¢,,)’/d2,) (35)

Where m=1,2,---,M,n=1,2,---,N is the total number of affiliation functions, ¢,, and d,, are

the center and width values of the Gaussian function that fuzzifies the input linguistic variables.

Rule layer: this layer is responsible for executing the inference mechanism of the fuzzy logic system
to accomplish fuzzy inference. Its inference process is based on nonlinear mapping through a series of
[F-THEN rules. The normalized trigger value of the fuzzy logic system is calculated as using product
inference, central averaging and single point fuzzy method:

_g G6)

Output layer: combining the output of the rule layer with the corresponding weight vector, the
output of the FNN can be obtained as:

F=w's (37)
where W =[W,,W,,---,W,

v]* is the weight vector of the FNN and S =[S,,S,,---,S,,]" is the basis
function vector of the rule layer output.

According to the universal approximation theorem, an FNN with learning ability can approximate
any continuous function f(x) with arbitrary accuracy within a tight set Q . Therefore, there exists
an FNN with:
sup | £(x)= WS |< £(x) 38)

xeQ,

The unknown optimal weight vector satisfies W*:argmin[sup|f(x)—WTS|} , and in the
xeQ),

subsequent controller design, the corresponding adaptive law will be designed to approximate the
optimal weight W~ in combination with the adaptive theory. &(x) is the approximation error that

satisfies ¢(x)<z,and & >0 isthe upper bound of the approximation error.

3.1.3. PID controller design. The structural block diagram of the PMSM fuzzy neural network PID
controller designed in this paper is shown in Fig. 2. As can be seen from the figure, the switching
control system consists of two parts: the fuzzy neural network PID controller and the parameter
recognizer, V" refers to the given value of the control speed, and » refers to the actual output speed
value of the PMSM. The fuzzy neural network PID controller consists of fuzzy neural network and
incremental PID controller, the former will be based on the recognition of the speed error e and its
error rate of change ec based on the algorithm for the calculation, and then the calculated parameter
changes in the PID controller Ak,,Ak, and Ak, output, to achieve the adjustment of the various
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parameters of the PID controller. Finally, the fuzzy neural network control parameters are adjusted by
the learning algorithm, and then the switching control of the permanent magnet synchronous motor
is realized. The parameter recognizer is a learning algorithm that recognizes the Jacobian information
of the PMSM and passes it to the fuzzy neural network.

. Jacobian — .
Learning . . Parameter Learning
. [=informationr—] . PR .
algorithm . identification algorithm
Matrix +
L ) V
| AKp, AKi, AKd
V_Fxe| | Fuzzy neural Speedloop |la| | C V
R y neural R peed loop |“q| | Current loop R R R
X network PID controller "1 controller SCPWM PMSM ”
K .
ec i, qT |
L du/dt

Fig. 2. Block diagram of PMSM FNN-PID switch control structure
3.2.  Switch Simulation and Finite Element Modeling

3.2.1. Simulation Design of Permanent Magnet Switches. Modeling and analysis using simulation
tools is an extremely critical step before validating the switching control system of a permanent
magnet synchronous motor based on a resonant pole inverter.Both MATLAB/Simulink and PLECS are
widely used simulation software in the research of permanent magnet synchronous motor control.
Among them, MATLAB/Simulink has obvious advantages in algorithmic function implementation and
embedded C code generation, while PLECS shows its unique expertise in analyzing electrical, thermal
and magnetic characteristics in the field of power electronics. In this paper, PLECS software is used to
co-simulate with MATLAB/Simulink and to construct a simulation model of a PMSM switching control
system based on a resonant pole inverter.

The MATLAB/Simulink part mainly includes the coordinate transformation module, the FNN-PID
control module and the MTPA control module.The PLECS part mainly includes the pulse width
modulation module, the inverter topology circuit and efficiency calculation module and the motor and
information acquisition module.

During the switching cycle, the switching device is not always on or off. Using the period average
module Periodic Average and the period impulse average module Periodic Impulse Average, the
conduction loss power and the switching loss power within the switching cycle can be calculated,
respectively, wherein the module parameters need to be set to the values of the switching cycle. Further,
in order to obtain the average loss power of the current fundamental cycle, it is necessary to add up
the average loss power in each switching cycle, and then utilize the Periodic Impulse Average module
for calculation, in which the module parameters should be set to the value of the current fundamental
cycle. Similarly, the input power of the current fundamental cycle can be calculated using the cycle
module.

3.2.2. Finite Element Modeling of Permanent Magnet Switches. COMSOL Multiphysics is a powerful
finite element multi-physics simulation and analysis software, which provides a rich material library
and predefined physical field equations, as well as a set of powerful built-in functions and operators.
The software adopts the finite element analysis method, users can build multi-physics field models of
electromagnetism, heat conduction and structural mechanics on the platform simultaneously or
separately, users can select different physics field modules through the intuitive user interface, and
flexibly combine them to solve specific problems. This software has the advantages of high accuracy,
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strong visualization, wide simulation, and fast simulation operation compared with the traditional
numerical differential solution method and other finite element simulation software. Based on the
switching control strategy of the permanent magnet synchronous motor proposed in this paper, the
electric-thermal coupling module in COMSOL is used to analyze the simulation effect of temperature
rise during the switching control process of the permanent magnet motor when the MTPA control
strategy and FNN-PID control strategy are introduced respectively.

1) Motor solution domain modeling. The research object of this paper is a PS series model of
permanent magnet synchronous motor provided by a manufacturer, and according to its datasheet,
the parameter properties of the structural materials of each layer of the module can be derived. Then
according to the dimensional parameters, combined with the actual physical characteristics of the
module, the three-dimensional model of the permanent magnet synchronous motor switching control
is established in COMSOL software as shown in Figure 3. By organizing the data related to the electrical
and thermal properties of each layer of the simulation material of the module, the property parameters
of its constituent material parts are set in COMSOL software to ensure the authenticity of the
simulation results.

Fig. 3. 3D model of permanent magnet synchronous motor switch control

2) Mesh Segmentation. The purpose of finite element mesh splitting is to discretize the motor model,
i.e., to split it into a finite number of cells. The results of finite element calculation are related to the
number of grid sections, generally speaking, the more the number of grid sections, the more accurate
the calculation results, but at the same time it will increase the calculation time, so the sparseness of
the grid sections should be determined according to the needs of the motor components. In this paper,
COMSOL software is used to perform grid dissection on the motor model, in which the number of
nodes has 723680 and the number of cells has 2538490.

3) Basic assumptions. Before simulating and analyzing the temperature rise of the motor; the following
basic assumptions are made in order to simplify the difficulty of the temperature field simulation and
improve the work efficiency:

H1: Neglect the heat transfer between the motor case and the external air.

H2: Motor stator and rotor iron losses and winding copper losses are uniformly applied at the heat
source.

H3: The effect of mechanical losses on the temperature field of the motor is neglected.

H4: The effect of temperature rise due to thermal radiation from the motor is neglected.

H5: Consider that the boundary conditions of the motor casing are consistent along the
circumferential direction.



OPTIMIZED DESIGN STUDY OF PERMANENT MAGNET SWITCH USING 2961

4) Determination of the heat dissipation coefficient on the outer surface of the casing. The outer
surface of the enclosure undergoes natural convection heat transfer with air, and the average value of
the heat dissipation coefficient % can be expressed as:

h = Nu i
l
N,=C(G.P)" (39)
3
G - gozvl2 At
A%

where, N, isthe Nussell coefficient, A istheair thermal conductivity, / isthe characteristiclength,
P is the Plante coefficient, G, is the Gerashov number, C,n is the constant coefficient, which is
generally taken as C=0.48,n=0.25. «,6 is the coefficient of volumetric expansion, Ar is the

convective heat transfer difference, and Vv is the kinematic viscosity of the air.

4. Validation of the effectiveness of switching control of permanent magnet
synchronous motors

Permanent magnet synchronous motors are widely used in life and industry because of their simple
structure, low manufacturing cost and high power density. In recent years, green energy-saving
development is the development concept advocated by the state, and reducing the inverter switching
frequency can not only reduce the switching loss, but also prolong the service life of the switch.
Therefore, it is of great significance to study the control strategy of permanent magnet synchronous
motor at low switching frequency. This chapter mainly focuses on the simulation analysis of the
effectiveness of the FNN-PID switching control strategy given in the previous section, and explores the
trend of the permanent magnet switch temperature rise under the switching control strategy in
combination with finite elements, so as to lay a foundation for protecting the switching stability of the
permanent magnet synchronous motor.

4.1. Validation of the permanent magnet switch control strategy

4.1.1. Performance in different operating states. In order to verify the performance of the permanent
magnet synchronous motor system under the FNN-PID control method under high-speed and low-
speed operating conditions, the permanent magnet synchronous motor system under the two control
strategies of traditional MTPA and FNN-PID are simulated and compared under the same conditions
respectively, and the response of the motor speed and torque are observed. The load torque is set to
be 9N-m at startup, which changes to 16N-m and 8N-m at 0.2s and 0.8s, respectively, and the system
is operated at a given speed of 1200rpm and 300rpm, respectively. The simulation results at a given
speed of 1200 rpm are shown in Fig. 4, where Figs. 4(a)~(b) show the speed response curve and
torque curve, respectively.

From Fig. 4, it can be seen that the speed of the FNN-PID switching control strategy can be stabilized
quickly at high speeds, and the overshooting amount and start-up time are smaller than those of the
traditional MTPA control strategy, and the speed is less affected when the load is disturbed, so it has a
strong anti-disturbance capability. Under the traditional MTPA control strategy, the electromagnetic
torque stabilizes around the given torque of 9N-m after about 0.08s of startup, and the torque
pulsation is large. When using the FNN-PID control strategy, the electromagnetic torque stabilizes near
the given torque of 9N-m after 0.03s of startup, and the electromagnetic torque fluctuates slightly after
two load changes. However, the time needed to recover to stability is shorter, and the suppression of
torque pulsation after stabilization is better, with better robustness.
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Fig. 4. Simulation results for 1200rpm

The simulation results for a given speed of 300 rpm are shown in Fig. 5, where Fig. 5(a)~(b) shows
the speed response curve and torque curve, respectively. During the low speed operation, the system
speed of FNN-PID control strategy has almost no overshoot, and it stabilizes after reaching 300 rpm,
the speed fluctuates when the load is disturbed, but the fluctuation amplitude is small, and the
restoration of stabilization is faster than that of MTPA control strategy, and the dynamic response is
better.The torque response of the FNN-PID control strategy is faster, and it can be stabilized at the set
value quickly, and the amplitude of the torque pulsation is small.
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Fig. 5. Simulation results for 300rpm
4.1.2. Comparison of steady state and dynamic performance:

1) Steady-state performance comparison. In the comparison experiments, the control period of both
MTPA and FNN-PID control strategies is set to 120 us, and the corresponding control frequency is
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about 6.4 kHz, in which the supply voltage on the DC side of the inverter is 60 V, and the rotational
speed of the motor is given as 200 rad/s. Fig. 6 shows the rotational speed, rotational torque, and
motor phase current waveforms of the two control strategies in the steady state, in which Figs. 6(a)~(b)
are the steady-state performances of the MTPA and FNN-PID control strategies, respectively.

In both control strategies, the rotational speed of the permanent magnet synchronous motor can
achieve effective tracking of the given value, and the stator current has good sinusoidal degree, both
of which show a more regular sinusoidal waveform. After actual measurements, the switching
frequency of the PM synchronous motor corresponding to the MTPA control strategy is 1.427 kHz
under such conditions, while the switching frequency of the PM synchronous motor supported by the
FNN-PID control strategy is 1.084 kHz. Compared with the traditional MTPA PM switching control
strategy, the optimized PM switching frequency of FNN-PID control strategy combining fuzzy neural
network and incremental PID algorithm in this paper is reduced by 24.04%. Therefore, the FNN-PID
control strategy can optimize the switching control of permanent magnet synchronous motors on the
basis of ensuring the steady state performance of permanent magnet switching.
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Fig. 6. Experimental waveforms of steady performance

2) Dynamic performance comparison. Figure 7 shows the dynamic response waveforms of the two
control strategies under the condition that the motor speed is stepped from 500 r/min to -500 r/min,
and then stepped back to 500 r/min after 2 s. Among them, Figures 7(a)~(b) show the dynamic
performances of the MTPA and FNN-PID control strategies, respectively. Comparing the experimental
waveforms of the torque response of the two permanent magnet synchronous motor switching control
strategies, it can be seen that the torque response time of both of them is about 2.2ms, and the speed
tracking accuracy of the MTPA control strategy is 4.38%, and the speed tracking accuracy of the FNN-
PID control strategy is 4.61%. It can be seen that the FNN-PID control strategy, which combines the
deep learning algorithm and the incremental PID algorithm, maintains the good dynamic performance
of the direct torque control in the switching control of permanent magnet synchronous motor. The
FNN-PID control strategy suppresses the common mode voltage and increases the torque fluctuation
at the same time, so the FNN-PID control strategy is more suitable for applications that emphasize on
reliability. However, compared with the MTPA control strategy, the torque fluctuation of the FFNN-PID
control strategy only increases by about 1/6, while the common-mode voltage is basically completely
suppressed. Therefore, considering the reliability and the control accuracy, the FFNN-PID control
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strategy is significantly better than the MTPA switching control strategy when switching control of the
permanent magnet synchronous motor is carried out.
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Fig. 7. Experimental waveforms of dynamic performance
4.1.3. Verification of Average Switching Frequency:

1) Average switching frequency curve. In order to verify the effectiveness of the FNN-PID control
strategy proposed in this paper in performing switching control of permanent magnet synchronous
motor, MTPA and fixed weight coefficients (GD-MPC) are selected as a comparison, and the average
switching frequency curves under different control modes are obtained as shown in Fig. 8, where Figs.
8(a) to (b) are the average switching frequency and the fuzzy weight coefficients under the speed
variation, respectively.

In the MTPA control strategy, the average switching frequency is about 16.28 kHz at a speed of 400
r/min, and the average switching frequency is about 11.65 kHz at a speed of 1600 r/min. In the GD-
MPC control strategy, the average switching frequency fluctuates between 6 and 9 kHz at a speed of
400 r/min, and the average switching frequency is about 9.57 kHz at a speed of 1600 r/min. In the
FNN-PID control strategy, the average switching frequency fluctuates between 5.82 kHz at 400 r/min
and 9.12 kHz at 1600 r/min, and the switching term weighting coefficient fluctuates between 0.28 and
0.28 at 400 r/min, and the switching term weighting coefficient fluctuates between 0.28 and 0.28 at
1600 r/min, and the switching term weighting coefficient fluctuates between 0.28 and 0.28 at 400
r/min, and it is 0.28 at 1600 r/min when the speed changes abruptly. /min, the switching term
weighting coefficient decreases to about 0.21.
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Fig. 8. Simulation result under speed change

2) Permanent magnet synchronous motor with load test. The conventional MTPA control strategy and
FNN-PID control strategy are respectively used to carry out the load test on the 35Hz permanent
magnet motor, and the results of the permanent magnet synchronous motor load test data are shown
in Fig. 9. It can be seen that compared with the conventional MTPA control strategy, the PM
synchronous motor with FNN-PID control strategy can reduce the switching control loss of up to
0.293W when carrying a light load of 100mN*m. With the increase of load, the switching control loss
can also be reduced by 0.108W at 240mN*m with heavy load. The experimental results verify the
effectiveness of the FNN-PID control strategy when applied to the switching control of permanent
magnet synchronous motors. The FNN-PID control strategy can reduce the switching loss of the drive
and further reduce the overall loss of the drive at the frequency point of 35Hz for the performance
evaluation of permanent magnet synchronous motors.
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Fig. 9. The loss comparison of the controller

4.2. Simulation analysis of temperature rise of permanent magnet switch

4.2.1. Rated operating condition temperature rise test. The test permanent magnet synchronous
motor is mounted on the dynamometer stand, connected to the high and low voltage wiring harness,
oil pipe, temperature acquisition equipment, etc. The test motor is a special prototype, with small holes
in the stator slot, and temperature sensors on both sides of the winding end and the winding in the
stator slot.

Based on the finite element model of the permanent magnet synchronous motor established in the
previous section, take 1500r/min, 60N-m working condition as an example, run for 20min to reach
thermal equilibrium, and then test the maximum temperature trend of the winding in the interval of
1000r/min, 60N-m rated torque condition, as shown in Table 1. The highest temperatures are found
in the stator slot. From the above results, it can be seen that the difference between the maximum
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temperature of the measured winding and the maximum temperature of the calculated winding under
the rated condition is less than 9°C, and the finite element calculation model under the switching
control support of the permanent magnet synchronous motor given in this paper has a certain degree
of accuracy. In summary, the finite element model calculates the winding temperature with the
measured comparison trend is consistent, and the maximum error between the two does not exceed
9 “C, the general motor calculation temperature error between 4.5% and 9.5% or errorlessthan9 C,
can meet the needs of the actual project. Therefore, the finite element calculation model of permanent
magnet synchronous motor designed in this paper has a certain degree of accuracy and can
significantly reflect the temperature rise change of the motor under switching control.

Table 1. The measured temperature is compared with the calculation temperature

Speed (r/min) Torque (N-m) Power (kW) Calculated (C) Measured (C) Error (C)
1500 60 10.42 122.48 118.51 3.97
2500 60 20.53 133.57 126.74 6.83
3500 60 31.19 135.28 132.43 2.85
4500 60 40.85 141.06 136.25 4.81
5500 60 51.38 150.47 141.69 8.78
6500 60 62.74 154.83 147.38 7.45
7500 60 71.97 156.92 150.46 6.46
8500 60 82.62 159.41 152.57 6.84
9500 60 90.05 161.35 157.63 3.72
10500 60 100.17 162.78 159.34 3.44

4.2.2. Temperature rise curves before and after optimization. The purpose of permanent magnet
switching control is to ensure that the permanent magnet synchronous motor generates minimum
loss during operation, and to ensure that the temperature variation of the permanent magnet
synchronous motor is within a reasonable range, so that the permanent magnet synchronous motor
can operate stably. Based on this, the finite element model established in the previous section is used
to test the temperature rise curves of the rotor permanent magnets of the permanent magnet
synchronous motor before and after the optimization of the FNN-PID control strategy, so as to clarify
the effectiveness of the control strategy applied to the switching control of the permanent magnet
synchronous motor. Figure 10 shows the transient temperature curve changes of the permanent
magnet rotor before and after optimization, and Table 2 shows the temperature comparison of each
winding of the permanent magnet synchronous motor before and after optimization.

When the motor is running at rated load, there is basically no eddy current loss in the rotor
permanent magnets. The temperature rise of the rotor permanent magnet mainly comes from the heat
transfer of the stator winding. Before the implementation of permanent magnet switching control
optimization, eddy currents are induced in the permanent magnets, generating eddy current losses; at
this time, the temperature rise of the permanent magnets comes from eddy current losses and heat
transfer from the stator windings. After the switching control of the permanent magnet synchronous
motor, the change rule of the temperature field is the highest temperature near the windings, and
compared with the pre-optimization, the temperature is reduced by about 31.99%, and the
temperature of the neighboring side windings is reduced by 32.29 C. Before the optimization of
switching control, the rotor permanent magnet is affected by the increase of eddy current loss and
stator winding heat transfer, and the temperature reaches up to 76.75 ‘C. The temperature was
reduced from 62.56°C to 47.68°C by the distance of the rotor from the heat source. The main heat
source causing the temperature rise of the motor before carrying out permanent magnet switching
control is the winding copper consumption of the faulty winding, and the heat is transferred to all
parts of the motor through the air gap, which increases the overall temperature of the motor. The
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permanent magnet switching control can significantly reduce the temperature of the air gap, thus
slowing down the rate of increase of the motor temperature rise curve.
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Fig. 10. The temperature rise curve before and after optimization

Table 2. Temperature contrast before and after optimization

Module Before optimize (C) After optimize (C)
Winding 107.69 73.24
Adjacent winding 104.48 72.19
Side winding 99.17 72.19
Air gap 85.32 61.51
Permanent magnet 76.75 54.43
Rotor 62.56 47.68

In addition, the room temperature of about 25.52C was captured using Fluke software, and after 20
min of stable operation of the system, the surface temperature of the device reached 45.282C with the
traditional MTPA control strategy, while the surface temperature of the device with the FNN-PID
control strategy was only 34.192C, which reduced the temperature rise significantly. In addition, due
to the reduction of the switching frequency, the permanent magnet switching loss of the FNN-PID
control strategy is reduced by about 35% compared with the traditional vector control. It can be seen
that the FNN-PID control strategy proposed in this paper can effectively reduce the switching
frequency of the system and the temperature rise of the system converter on the premise that it has
similar control performance to its current loop compared to the traditional MTPA control strategy,
which lays the foundation for further improving the control stability and reliability of the permanent
magnet synchronous motor inverter system.

5. Conclusion

The article proposes a permanent magnet switch control optimization strategy based on deep learning,
and analyzes the change of temperature rise under this control strategy with a finite element model.
Based on the simulation results, the following conclusions are drawn:

1) Under the MTPA control strategy, the electromagnetic torque stabilizes near the given torque of
9N-m after about 0.08s of startup, and the torque pulsation is large. With the FNN-PID control strategy,
the electromagnetic torque stabilizes around the given torque of 9N-m after 0.03s of startup.

2) The switching frequency of the PM synchronous motor under the FNN-PID control strategy is
1.084 kHz, which is 24.04% lower than that of the MTPA PM switching control strategy. In the FNN-
PID control strategy, the average switching frequency is at about 5.82kHz, 9.12kHz when the speed is
400r/min and 1600r/min respectively.

3) The difference between the measured maximum winding temperature and the calculated



2968 LIET AL.

maximum temperature under the rated operating condition is less than 9°C. The finite element
calculation model under the switching control support of the PM synchronous motor given in this
paper has a certain degree of accuracy, and the PM switching loss with the FNN-PID control strategy
is reduced by about 35% relative to the traditional MTPA control strategy.

In conclusion, the use of deep learning and finite element analysis can realize the optimal design of
the permanent magnet switch control, which can help to promote the stable operation of the
permanent magnet synchronous motor and enhance the service life of the permanent magnet
synchronous motor.
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