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ABSTRACT:  In this paper, based on the vector control of axial field flux switching permanent magnet 
(AFFSPM) motor, an optimized field-weakening control method of AFFSPM motor is proposed. A new 
AFFSPM motor with 12 stator slots (S) and 19 rotor poles (P) is taken as the object to simulate and 
optimize the flux-weakening speed control. The AFFSPM motor adopts constant torque control with the 
maximum torque per ampere below the base speed, which reduces motor losses, improves the efficiency 
of the inverter and adopts constant power and sub-regional speed control above the rated speed. By 
combining the cross-axis current and direct-axis current in the flux weakening control method, the power 
factor of the AFFSPM motor can be improved and speed range can be extended. By considering the 
speed fluctuation in field weakening control, and the fuzzy self-tuning PI control method is proposed 
to improve the performance of the AFFSPM motor field weakening control. To verify the feasibility of 
proposed control method, Co-Simulation is used. Finally, the control algorithm of the drive system is 
implemented in a prototype of AFFSPM motor.
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1- INTRODUCTION
The axial field flux switching permanent magnet 

(AFFSPM) motor as an efficient drive system, has been 
widely used in the electric vehicle industry in the recent 
years [1-5]. The use of rare earth magnet materials with 
high remanence and high coercivity, such as neodymium 
iron boron have greatly improved the performance of the 
permanent magnet synchronous motors and promoted the 
development of the permanent magnet synchronous motors 
[6]. With the advantages of high-power density, low loss, 
high efficiency, large torque density, low vibration and noise, 
AFFSPMs are highly valued by electric vehicles and become 
the mainstream of the most competitive electric drive systems 
for electric vehicles Motor [7- 9]. Due to constant limitation 
of the permanent magnet flux linkage, the field weakening 
speed regulation of permanent magnet synchronous motors 
is much more complicated than other motors. In addition, 
the AFFSPM motors for electric vehicles require constant 
torque output in the constant torque region, which may be 
stable, fast tracking of input commands, and require high 
control accuracy of factors such as position, torque ripple, 
etc., to meet the functions of starting and climbing of electric 
vehicles. In the constant power zone, a wide speed range is 
required to meet the acceleration of electric vehicles at high 
speeds and other functions [10]. Therefore, the drive system 
is required to have better dynamic response capabilities and a 

wider range of field-weakening speed regulation. 
The improvement of the speed regulation performance 

of PM synchronous motor is mainly devoted to the motor 
structure and control method. For the motor structure, 
researchers have proposed various PM materials and 
structural improvements to promote the speed control system 
[9]. For the control method, the control strategy of vector 
control and field weakening control are proposed to improve 
the speed control system [10, 11].

A method based on six-step voltage is proposed in [12]. 
In this method, the phase angle of the motor is controlled to 
weaken the magnetic field and adjust the output torque of the 
motor. 

The most widely used method in the field-weakening 
area was presented in [13]. It uses a voltage controller to 
improve the reference of id. Therefore, the current would 
not lose control. Three controllers work together in the 
field-weakening area. The control performance is specified 
by the parameters of the controllers; therefore, it is very 
hard to acquire the best parameters for the three controllers 
simultaneous. Based on single current regulator and variable 
q-axis voltage, a field weakening control method is presented 
in [14]. By full use of the DC voltage, the motor runs at the 
optimum operating point. Therefore, the efficiency and load 
capacity of the moto are improved.

An adaptive field weakening control method is presented 
in [15]. The important purpose is to get field weakening 
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control by repressing the current controller from reaching 
saturation. 

The current controller begins to saturate as soon as the 
inverter voltage reaches the maximum value of the DC 
voltage. The adaptive field weakening controller generates a 
demagnetizing current to warrant that the motor operates in a 
field-weakening area.

By transforming the q-axis voltage to single current 
regulator, a field weakening control method is presented in 
[16]. The q-axis voltage reference value of the motor can 
trace the output torque and the speed of the motor in real time 
to warrant that the motor runs stably. 

This article takes the axial field flux switching permanent 
magnet (AFFSPM) motor as the object, and combines the 
field weakening control and fuzzy self-tuning PI control 
to further improve the speed regulation performance and 
stability of the motor.

2- THE AFFSPM MOTOR CONTROL PRINCIPLE
2.1) Configuration and operation principle

Figures 1 and 2 show the configuration and operation 
principle of the 12Slots/19Poles YASA-AFFSSPM machine. 
The design and the operation principle are proposed with 
details in [11].
2.2) 3-D FEM model

The equations solved in the 3D-FEM are as follows

B ψ= ∇×  (1)

0 (air and cores)
1 (PMs)

 (coils)
c

s

B H
J

µ


∇× = ∇×



 

(2)

s
dBJ
dt

σ∇× = −
 

(3)

where B  and ψ  are magnetic flux density and magnetic 
vector potential. µ  and σ are magnetic permeability and 
electrical conductivity. sJ  and cH  are current density and 
coercive field strength. The 3-D FEM model of the 12S/19P 
YASA-AFFSSPM motor is provided in the “Ansys Maxwell 
16” software. The 3D mesh of the 12S/19P YASA-AFFSSPM 
motor is illustrated in Fig. 3.

The open-circuit magnetic flux density distribution is 
shown in Fig. 4.

Fig. 5 shows the three-phase self-inductances and mutual 
inductances of a 12/19 YASA-AFFSSPM motor obtained by 
finite element simulation. The inductance changes twice in 
the electric cycle but the amplitude changes are small. 

Fig.6 shows the calculated d and q axes inductances. It can 
be seen that the difference between dL  and qL  is minor, and 

/q dL L  is about 1.13. Therefore, the 12/19 YASA-AFFSSPM 
motor has a salient pole effect ( )d qL L≠ . Furthermore, the 
saliency can be tracked to perform sensorless control of the 
high-frequency injection method.

A1 A2 B1 B2

 

Fig. 1. Motor topology. 

  
Fig. 1. Motor topology.
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Fig. 2. Operation principles (a) Maximum positive flux linkages, (b) Maximum negative flux 
linkages 

   

Fig. 2. Operation principles (a) Maximum positive flux linkages, (b) Maximum negative flux linkages
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Fig. 4. Open-circuit field distribution 

   

Fig. 4. Open-circuit field distribution

 
Fig. 5: Three-phase self-inductances and mutual inductances 

   

Fig. 5. Three-phase self-inductances and mutual inductances

 
Fig. 3. 3-D mesh of the 12S/19P YASA-AFFSSPM motor. 

  

Fig. 3. 3-D mesh of the 12S/19P YASA-AFFSSPM motor.
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2.3) Mathematical Model of AFFSPM Motor
Using the traditional permanent magnet synchronous 

motor (PMSM) modeling analysis method, the mathematical 
model of the AFFSPM motor in the d-q coordinate system is 
obtained. The basic equation is as follows:

 d d d f

q q q

L i
L      i    

ψ ψ
ψ

= +
 =  

(4)

The voltage equations are as follows

( )
 

d
d d r q q s d

q
q q r d d f s q

           diu L L i R i
dt

di
u L L i R i

dt

ω

ω ψ

 = − +

 = + + +
  

(5)

The electromagnetic torque and motion equations can 
express as

( )3 3
2 2 

e f q q d d q

r
e l r

T p i p L L i i

dJT T B
p

       
dt

        

ψ

ω ω

 = + −

 − = +
  

(6)

In the equations, sR and fR are stator resistance and field 
winding resistance. dL  and qL  are the d-q axes armature 
inductances. di , qi  are d-q axes armature current. du  and 

qu  are d-q axes armature voltage. dψ , qψ , fψ  are d-q 
axes flux linkage, the permanent magnet flux linkage. lT is 
load torque, rω  is the mechanical angular velocity, p  is the 
number of pole pairs, J  is the moment of inertia and B is the 
coefficient of friction.

2.4) Voltage Limit Ellipse and Current Limit Circle
The maximum voltage provided by the inverter to the 

AFFSPM motor is affected by the DC side voltage and 
the conversion efficiency of the inverter, and meets certain 
constraints.

For stator voltage 2 2
s d qu u u= +  

Combined with the mathematical model of the AFFSPM 
motor, we have:

( ) ( )
2

2 2 maxs
d q f q q

r

uL i L iψ
ω

 + + ≤  
   

(7)

where, maxsu   is the allowable limit value of us.
Similarly, the output of the current capacity of the inverter 

is also limited by its capacity, and the motor stator current 
also has a limit value. which follows:

2 2 2
maxd q si i i+ ≤

 
(8)

Where, maxsi   is the maximum stator current, generally 
set maxsi  equal to the rated value. Equations (3) and (4) 
constitute the voltage limit ellipse and the current limit circle, 
as shown in the Fig. 7 [17, 18]. 

Since si  has to satisfy both the current limit and the 
voltage limit equation, the stator current vector must fall 
within the common range of the voltage limit ellipse and the 
current limit circle.

2.5) Maximum Torque Current Ratio
When running in the constant torque state, any point on 

the constant torque curve corresponds to a pair of di  and qi  
for the AFFSPM motor. The stator current vector formed by 
each pair of di  and qi  can produce the same magnitude of 
electromagnetic torque, and there is a stator current vector 
with the smallest amplitude. Connecting points that meet this 
condition, the corresponding curve is called the Maximum 
Torque per Ampere (MTPA) curve [18]. According to the 
mathematical model of AFFSPM motor

 
Fig.6: d/q axes inductances 

   

Fig.6. d/q axes inductances
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The auxiliary function is defined as:

( )

2 2
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Therefore, there is the equation satisfied by the di  and 
qi  currents with the smallest amplitude under the same 

electromagnetic torque in the case of the maximum torque 
per Ampere, which follows as

( )
( )

2 24
2

d qf f q
d

d q

L L i
i

L L
ψ ψ −− + +

=
−

 

(11)

When the AFFSPM motor is running at a constant torque 
on the MTPA curve, the stator current amplitude is the 
smallest, which is beneficial in reducing the copper loss in 
the motor operation, improving the efficiency of the inverter, 
and reducing the energy loss.

3- FIELD WEAKENING CONTROL STRATEGY
For AFFSPM, compared to a motor with an electrically 

excited rotor, the rotor magnetic field cannot be directly 
weakened. Field weakening is usually performed by adjusting 
the amplitude and phase angle of the stator current. Essentially, 
it increases the di  of the direct-axis demagnetization current 
component of the motor, to counteract the magnetic field 
generated by the permanent magnet. Thereby, weakening the 
air gap magnetic field of the motor to equivalently directly 
weaken the excitation magnetic field to achieve the purpose 
of field weakening control or by reducing the quadrature 
axis demagnetization current component qi  to weaken the 
magnetic field [14]. The combination of the two methods, 
which have better magnetic weakening effect, can be seen in 
Fig. 8.

 

Fig. 8: Vector diagram of field weakening control mode 
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Fig. 8. Vector diagram of field weakening control mode

 

Fig. 7: Voltage limit ellipse and current limit circle 
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There are many field weakening control methods, and 
the field weakening methods used for different permanent 
magnet synchronous motors are also different. In this paper, 
the current regulator method is used for field weakening 
control, and the stator quadrature axis current is modulated by 
the difference between the actual value of the motor angular 
frequency and the given value, and the stator direct axis current 
is determined by the maximum torque current ratio scheme. 
On the basis of the original double closed-loop structure, 
one more field weakening loop is added, and the difference 
between the given voltage and the DC terminal voltage is 
used as the adjustment to control the demagnetization current 
setting, and the deep field weakening control is performed by 
controlling the direct axis demagnetization current. During 
the operation, the constant torque area is controlled to switch 
to the field weakening area by comparing the real-time 
voltage of the stator and the maximum voltage of the inverter.

The specific control process can be divided into three areas:
According to MTPA control at different speeds, in the 

constant torque area and on the curve of maximum torque to 
current ratio, any point of the OA curve (as shown in Fig. 9) 
is constant torque. In the field weakening zone I, when the AC 
output side voltage of the inverter reaches its maximum value, 
it will cause the saturation of the current inner loop regulator. 
By increasing the demagnetization current component of the 
direct axis, the stator current trajectory of the motor can run 
along AB, and the motor speed will increase accordingly. The 
control method is as follows

Fig. 10. Negative current compensation control based on id

2 2
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2 2
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0

0

d q s d
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(12)

The specific implementation is shown in Fig. 10.
In zone II field weakening, when the motor reaches the 

position corresponding to the coordinate of point C, the 
quadrature axis current component can be continuously 
adjusted to perform field weakening.

4- FUZZY SELF-TUNING PI
The traditional PI control is greatly affected by uncertain 

factors such as motor parameter changes and load disturbances, 
and the PI parameters are fixed, and also the anti-interference 
ability is poor, resulting in a decrease in control quality. 
Therefore, the high-performance fuzzy adaptive PI control of 
control theory is adopted to improve the control performance 
of the system [15]. Fuzzy self-tuning PI uses fuzzy inference 
to adjust PI parameters online. By judging the speed deviation 
value and the rate change of the input speed deviation value, 
the fuzzy control rules are used to set pK  and iK  of the PI 
regulator online, so that the control system does not sacrifice 
the fast response. Under the premise of ability and dynamic 
tracking performance, it has a high anti-disturbance ability 
and certain adaptive ability. 

There are many field weakening control methods, and the field weakening methods used for 

different permanent magnet synchronous motors are also different. In this paper, the current 

regulator method is used for field weakening control, and the stator quadrature axis current is 
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value, and the stator direct axis current is determined by the maximum torque current ratio scheme. 
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to control the demagnetization current setting, and the deep field weakening control is performed 

by controlling the direct axis demagnetization current. During the operation, the constant torque 

area is controlled to switch to the field weakening area by comparing the real-time voltage of the 

stator and the maximum voltage of the inverter. 
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4) Fuzzy Self-tuning PI 

The traditional PI control is greatly affected by uncertain factors such as motor parameter changes 

and load disturbances, and the PI parameters are fixed, and also the anti-interference ability is 

poor, resulting in a decrease in control quality. Therefore, the high-performance fuzzy adaptive PI 

control of control theory is adopted to improve the control performance of the system [15]. Fuzzy 

self-tuning PI uses fuzzy inference to adjust PI parameters online. By judging the speed deviation 

value and the rate change of the input speed deviation value, the fuzzy control rules are used to set 

pK  and iK  of the PI regulator online, so that the control system does not sacrifice the fast response. 

Under the premise of ability and dynamic tracking performance, it has a high anti-disturbance 
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Denote the speed deviation by e , deviation change rate by ( )ec k  and PI parameter adjustment by

pK , iK . Each pK , iK contains 7 fuzzy subsets {NB (negative large), NM (negative medium), 

NS (negative small), ZE (Zero), PS (Positive Small), PM (Positive Middle), PB (Positive Large)}, 

and the continuity domain is [-6, 6]. 

The fuzzy PI parameter calculation follows as 
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Now the introduced quantitative factors eK  and ecK , e  is multiplied by the quantization factor 

eK , and ec  is multiplied by ecK  and input into the two-dimensional fuzzy controller. Output PI 

Controller increment pK  and iK  are used to adjust the original values of poK  and ioK  of the 
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Fig. 11. e , ec , pK∆  and iK∆ membership function

Table 1. Rules of  pK∆

Table 2. Rules of iK∆
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controller. For the convenience of calculation, e , ec , pK∆  
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Fig. 12. Block diagram of fuzzy control principle

system and must be defuzzified. By using the center of gravity method for defuzzification, the real 

precise value of pK  and iK are obtained, and the PI parameter self-tuning are realized. The 

fuzzy control process is shown in Fig.12. 
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The overall control block diagram of the system is shown in Fig. 13. 
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5) Co-Simulation Results and Analysis 

In this study, we use Co-Simulation to investigate the performance of the proposed method. 

Certainly, a simple linear model is not sufficient for a precise analysis. If the magnetic saturation 

and time/space harmonics and other factors have been considered, the motor model will be 

nonlinear and the analysis will be much closer to reality. In this study, we provide the 3-D FEM 
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and time/space harmonics and other factors have been considered, the motor model will be 

nonlinear and the analysis will be much closer to reality. In this study, we provide the 3-D FEM 

Fuzzy 
controller 

e 

de 
dt 

Correction 
of Kp, Ki ΔKi PI 

Controller Ki 
Kp 

Control 
Object 

ΔKp 

The 49 inference sentences in the following form are 
inputted into the Mamdani fuzzy controller. 

If ( e  is NB) and ( ec  is NB) then pK  is PB and iK
is NB

In operation, different inputs will result in different fuzzy 
outputs. However, these inference sentences correspond to 
the fuzzy output of pK∆  and iK∆ , which cannot directly 

control the system and must be defuzzified. By using the 
center of gravity method for defuzzification, the real precise 
value of pK∆  and iK∆ are obtained, and the PI parameter 
self-tuning are realized. The fuzzy control process is shown 
in Fig.12.

The overall control block diagram of the system is shown 
in Fig. 13.
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Table 3: Parameters of 12S/19P YASA- AFFSSPM motor

model of the proposed motor in the “ANSYS MAXWELL” software. Then, in order to create the 

electrical and electromechanical parts of drive system, the “ANSYS SIMPLORER” software is 

employed. Finally, the control algorithm of the drive system is implemented in 

“Simulink/MATLAB”. circuit and control system at the same time. ANSYS MAXWELL and 

ANSYS SIMPLORER are coupled in the same environment, ANSYS Workbench. For linking 

Simplorer to Simulink/MATLAB, a compiler running in Matlab is needed. Ansys Path in 

MATLAB must be set. In Matlab, we created our model with an s-function called 

“AnsoftSFunction”. In the link assignment area, we add as many Inputs and Outputs we need. 

Now go to Simplorer and create Simulink Subcircuit. The Co-Simulation lets us analysis of the 

motor with 3-D finite element method, external drive. 

 The motor parameters are shown in Table 3. 

Table 3: Parameters of 12S/19P YASA- AFFSSPM motor 

Parameter Value
  /Rated speed n rpm  200 

  / .nRated Torque T N m  12 

  /Rated Power P kW  0.75 
   /mPM flux linkage Wb  0.10 

/Stator resistance R   0.65 

d qdq axes rated current I =I /A  10 

/Sampling time T s  10−4 
 
The constant power field weakening zone speed is between 200 rpm and 500 rpm. Now take 

400 rpm, torque reference changes from 18Nm and 5Nm and then to 2.5Nm., and the simulation 
result of field weakening speed regulation under traditional PI control is shown in the Fig 14. 

5- CO-SIMULATION RESULTS AND ANALYSIS
In this study, we use Co-Simulation to investigate the 

performance of the proposed method. Certainly, a simple linear 
model is not sufficient for a precise analysis. If the magnetic 
saturation and time/space harmonics and other factors have 
been considered, the motor model will be nonlinear and 
the analysis will be much closer to reality. In this study, we 
provide the 3-D FEM model of the proposed motor in the 
“ANSYS MAXWELL” software. Then, in order to create 
the electrical and electromechanical parts of drive system, 
the “ANSYS SIMPLORER” software is employed. Finally, 
the control algorithm of the drive system is implemented in 
“Simulink/MATLAB”. circuit and control system at the same 
time. ANSYS MAXWELL and ANSYS SIMPLORER are 
coupled in the same environment, ANSYS Workbench. For 
linking Simplorer to Simulink/MATLAB, a compiler running 
in Matlab is needed. Ansys Path in MATLAB must be set. 
In Matlab, we created our model with an s-function called 
“AnsoftSFunction”. In the link assignment area, we add as 
many Inputs and Outputs we need. Now go to Simplorer 
and create Simulink Subcircuit. The Co-Simulation lets 
us analysis of the motor with 3-D finite element method, 
external drive.

 The motor parameters are shown in Table 3.
The constant power field weakening zone speed is 

between 200 rpm and 500 rpm. Now take 400 rpm, torque 
reference changes from 18Nm and 5Nm and then to 2.5Nm., 
and the simulation result of field weakening speed regulation 
under traditional PI control is shown in the Fig 14.

Moreover, with the proposed fuzzy PI control, the 
simulated waveforms are shown in Fig. 15.

It can be seen from the simulation results that the constant 
torque, transitions to constant power before 0.05s, and the 
field weakening speed regulation can track the given speed.

By comparing the simulation waveforms in (a) in Fig. 14 
with (a) in Fig. 15, it can be concluded that by using traditional 
fuzzy PI control, the ratio of overshoot is greater than that of 
the new fuzzy PI control, and has many vibrations. Moreover, 
the speed is stable at 2.5s, while in the new fuzzy PI control, 
the speed is almost stable at 2.3s. 

A comparison between the simulation waveforms in (b) 
and (c) in Fig. 14 with (b) and (c) in Fig. 15 shows that the 
current/torque ripple of the new fuzzy PI control is smaller 
than the current/torque ripple of the traditional fuzzy PI 
control. For better comparison, the results are listed in table 4. 

Table: 4. comparison between two fuzzy PI control

A comparison between the simulation waveforms in (b) and (c) in Fig. 14 with (b) and (c) in 
Fig. 15 shows that the current/torque ripple of the new fuzzy PI control is smaller than the 
current/torque ripple of the traditional fuzzy PI control. For better comparison, the results are listed 
in table 4.  

Table: comparison fuzzy PI control
Items  Traditional fuzzy PI control new fuzzy PI control 

The ratio of overshoot  6% 0% 

settling time  2.5s 2.3s 

torque ripple  37% 18% 

 
6) Experimental Results 
Fig. 16 depicts the prototype of the 12S/19P YASA-AFFSSPM machine and the experimental 
setup. The DSP1104 is the core of the digital control system. The emulate load is a 1.5 hp 
separately excited DC machine. At first, the load torque is 8 N.m. In the conventional and proposed 
fuzzy-PI control, the experimental results are shown in this section.  

Fig. 16: Prototype machine and the experimental setup. 

6.1) Performance During Speed Changes  
The reference speed suddenly changes from 200𝑟𝑟𝑟𝑟𝑟𝑟 to 400𝑟𝑟𝑟𝑟𝑟𝑟, but the load torque is constant. 
As can be seen in Fig.s 17 and 18, in conventional fuzzy-PI controller, the speed will be stable in 
about 140𝑟𝑟𝑚𝑚 while it will be stable in about 100𝑟𝑟𝑚𝑚 in proposed fuzzy-PI controller. 
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Fig. 14. Simulation result under traditional PI control (a) The speed waveform (b) The id current waveform (c) The electromagnetic 
torque waveform
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Fig. 14: Simulation result under traditional PI control (a) The speed waveform (b) The id 

current waveform (c) The electromagnetic torque waveform 
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Fig. 15. Simulation result under proposed fuzzy PI control (a) The speed waveform (b) The id current waveform, (c) The 
electromagnetic torque waveform
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6- EXPERIMENTAL RESULTS
Fig. 16 depicts the prototype of the 12S/19P YASA-

AFFSSPM machine and the experimental setup. The DSP1104 
is the core of the digital control system. The emulate load 
is a 1.5 hp separately excited DC machine. At first, the load 
torque is 8 N.m. In the conventional and proposed fuzzy-PI 
control, the experimental results are shown in this section. 

6.1) performance during speed changes 
The reference speed suddenly changes from 200 rpm  

to 400 rpm , but the load torque is constant. As can be seen 
in Fig.s 17 and 18, in conventional fuzzy-PI controller, the 
speed will be stable in about 140 ms  while it will be stable in 
about 100 ms  in proposed fuzzy-PI controller.

Moreover, a comparison between Fig.17 and Fig.18 
shows that the overshoot ratio and torque ripple in the new 
fuzzy-PI controller are smaller than those in the conventional 
fuzzy-PI controller. Fig.19 shows the electromagnetic torque 
in conventional fuzzy-PI controller and proposed fuzzy-PI 
controller.

6.2) Performance During Torque Changing 
In order to investigate the dynamic response performance 

of the proposed method, the torque suddenly is enhanced. 
The initial value of the torque reference is 8 N.m, Then the 
sudden change of the load torque occurs, which is 12 N.m. 
The results of q-axis current response and torque response are 
shown in Figures. 19 and 20.

Fig. 17. Speed in conventional fuzzy-PI controller.

A comparison between the simulation waveforms in (b) and (c) in Fig. 14 with (b) and (c) in 
Fig. 15 shows that the current/torque ripple of the new fuzzy PI control is smaller than the 
current/torque ripple of the traditional fuzzy PI control. For better comparison, the results are listed 
in table 4.  

Table: comparison fuzzy PI control
Items  Traditional fuzzy PI control new fuzzy PI control 

The ratio of overshoot  6% 0% 

settling time  2.5s 2.3s 

torque ripple  37% 18% 

 
6) Experimental Results 
Fig. 16 depicts the prototype of the 12S/19P YASA-AFFSSPM machine and the experimental 
setup. The DSP1104 is the core of the digital control system. The emulate load is a 1.5 hp 
separately excited DC machine. At first, the load torque is 8 N.m. In the conventional and proposed 
fuzzy-PI control, the experimental results are shown in this section.  

Fig. 16: Prototype machine and the experimental setup. 

6.1) Performance During Speed Changes  
The reference speed suddenly changes from 200𝑟𝑟𝑟𝑟𝑟𝑟 to 400𝑟𝑟𝑟𝑟𝑟𝑟, but the load torque is constant. 
As can be seen in Fig.s 17 and 18, in conventional fuzzy-PI controller, the speed will be stable in 
about 140𝑟𝑟𝑚𝑚 while it will be stable in about 100𝑟𝑟𝑚𝑚 in proposed fuzzy-PI controller. 

Figure. 17. Speed in conventional fuzzy-PI controller. 

Fig. 18: Speed in proposed fuzzy-PI controller. 

Moreover, a comparison between Fig.17 and Fig.18 shows that the overshoot ratio and torque 
ripple in the new fuzzy-PI controller are smaller than those in the conventional fuzzy-PI controller. 
Fig.19 shows the electromagnetic torque in conventional fuzzy-PI controller and proposed fuzzy-
PI controller. 
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Fig. 18. Speed in proposed fuzzy-PI controller.

Fig. 19. Torque during suddenly changes.

Fig. 20.  Iq during suddenly changes.

Figure. 17. Speed in conventional fuzzy-PI controller. 

Fig. 18: Speed in proposed fuzzy-PI controller. 

Moreover, a comparison between Fig.17 and Fig.18 shows that the overshoot ratio and torque 
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PI controller. 
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Fig. 19: Torque waveform. 

6.2) Performance During Torque Changing  
In order to investigate the dynamic response performance of the proposed method, the torque 
suddenly is enhanced. The initial value of the torque reference is 8 N.m, Then the sudden change 
of the load torque occurs, which is 12 N.m. The results of q-axis current response and torque 
response are shown in Figures. 19 and 20. 
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of the load torque occurs, which is 12 N.m. The results of q-axis current response and torque 
response are shown in Figures. 19 and 20. 
 

Fig. 19: Torque during suddenly changes. 
 
 
 
 

To
rq

ue
 (2

0N
.m

/d
iv

) 

 
t (500 ms/div) 

Conventional fuzzy-PI 

Proposed fuzzy-PI 

To
rq

ue
 (8

N.
m

/d
iv

) 

 
t (1 s/div) 

Conventional fuzzy-PI 

Proposed fuzzy-PI 



H. Radmanesh and J. Rahmani Fard, AUT J. Elec. Eng., 53(2) (2021) 233-248, DOI: 10.22060/eej.2021.19544.5400

246

7- CONCLUSION
This paper analyzes the speed regulation principle of 

the axial field flux switching permanent magnet (AFFSPM) 
motor and points out the constant torque and constant power 
sub-regional speed regulation in the motor speed regulation. 
It is proposed that using maximum torque current below the 
rated speed can improve the torque utilization rate of the 
motor and the field weakening control above the rated speed 
can increase the speed regulation range. In view of the torque 
fluctuation problem of traditional PI control, fuzzy adaptive 
PI is proposed to optimize the field weakening control, which 
is verified by simulation and experiments. It can be seen 
from the simulation and experiments results that the fuzzy 
adaptive PI improves the speed regulation performance of the 
permanent magnet motor in the field weakening mode.
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