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Abstract: This paper will present the torque control design of an AFPMSM, one stator, and one
rotor, using an FLC and ANFIS in-wheels fed by a three-level T-type inverter. The Surgeon ambig-
uous inference file of the FLC controller is built by two input vectors, the stator current error and
the derivative of the stator error. These input variables include five membership functions, Negative
big (NB), Negative small (NS), Equal zero (ZE), Positive small (PS), and Positive big (PB). The FLC
controller is implemented with a 5x5 matrix so that the output stator voltage of the controller is
required. The ANFIS controller for the neural network-based feature set and the fuzzy system. The
neural network develops the dataset on the stator current error (e) and error integral (Ae). Then, the
generated dataset is fed to the fuzzy logic method, and the control rules are developed. This ANFIS
controller is caused by the training and testing phases. Finally, the FLC and ANFIS torque control-
lers are compared with the PI controller. The correctness of the proposed control structured solution
is demonstrated by the simulation results of MATLAB/SIMULINK.

Keywords: AFPMSM,; fuzzy logic controller; ANN; NFC; FOC

1. Introduction

Electric cars are a revolutionary trend in transportation today. Electric cars have advantages
compared to cars with internal combustion engines while eliminating complicated gearboxes and
emissions and being environmentally friendly [1,2]. The powertrain structure of electric vehicles
tends to use an in-wheel distributed electric drive system consisting of multiple motors, which en-
sures traction at the front or rear of the car on two or four wheels, making the car becomes a front-
wheel drive, rear-wheel drive, or four-wheel drive system [3,4]. This electric powertrain improves
the driving performance of electric cars by differentiating between the wheels, makes full use of ve-
hicle energy, improves transmission efficiency, increases range, eases braking, has good heat dissi-
pation, and is more convenient for installation and maintenance [5,6]. The axial flux permanent mag-
net synchronous motor (AFPMSM) is widely used for electric buses and tanks in the in-wheel motor
drive system. Because this motor has short shaft length characteristics, the rotor is lightweight, has
good vibration resistance, and has a long service life, thus improving the engine’s reliability and
safety and reliability [7]. Although AFPMSM motors enhance the performance of electric vehicles,
each vehicle needs to be installed with multiple motors, resulting in complex system control [8]. In
addition, the in-wheel motor increases the vehicle’s cost and has high requirements for the vehicle’s
control technology, such as power balancing, electronic differential, and energy recovery. In addition,
motor in-wheel for electric cars require a small size, lightweight, small torque, high efficiency, large
overload capacity, and wide speed range [9]. Therefore, scientists have been interested in studying
the control of traction and torque of the AFPMSM motor in-wheel leading to having the motor’s re-
sponse transmit traction from the motor to the wheels as required. Torque and speed controllers are
controlled based on direct torque control (DTC) and based on field-oriented control (FOC). In addi-
tion, these controllers are designed by linear and nonlinear control methods such as PI, LQR, Dead
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beat, sliding control, flatness, fuzzy, [10-13] or hybrid controller such as fuzzy-neural, fuzzy-sliding
mode control [14-17]. This research results only stop to evaluate the effectiveness of each solution for
torque and speed control in the case of AFPMSM motors operating with unchanged load torque or
motor parameters. However, the torque response has a slight pulsation, and the actual speed re-
sponse quickly and accurately tracks the required speed [18-20]. Thereby, it is found that researching
intelligent control solutions to improve an AFPMSM motor torque integrated with electric car in-
wheel, combined with the required torque component by the physical properties of the vehicle car.
For example, brake pedals, accelerator pedals, the impact of road inclination, and wind resistance.
Therefore, these parameters are necessary to improve the performance and torque of electric vehicles.

This paper will present the control design of a in-wheel AFPMSM motor, one stator, and one
rotor, using a fuzzy logic and neuro-fuzzy controller for electric vehicle. In this FLC controller, the
Surgeon ambiguous inference file is built by two input vectors, the stator current error and the deriv-
ative of the stator error. These input variables include five membership functions, Negative big (NB),
Negative small (NS), Equal zero (ZE), Positive small (PS), and Positive big (PB). The fuzzy logic con-
troller is implemented with a 5x5 matrix so that the output stator voltage of the controller is met as
required [21-23]. Other hand, NFC controller for the neural network-based feature set and the fuzzy
system. A forward-looking structured network characterizes the neural network, and the training
algorithm is back-propagated. The data is trained based on the network error in the back-propagation
training algorithm. The network error is the difference between the target and actual values.
Therefore, an appropriate control model can be developed. The proposed fuzzy inference system
model is based on the Sugeno model containing a set of rules. The vague concept consists of three
steps: fuzzy, rule-based decision-making, and defuzzification. In this hybrid system, the neural
network develops the dataset on the deviation between the natural is line with the set is (e) and its
integral (Ae). Then, the generated dataset is fed to the fuzzy system, and the control rules are
developed [24,25]. This NFC controller is caused by the training and testing phases. The FLC and
NFC torque controllers are compared with the PI controller.

The present paper consists of six main parts. First, the state model of the electric car traction
transmission system is shown in part 2. Then, based on mathematical equations, design torque con-
troller by the FLC and NFC method in parts 3 &4. The theory’s correctness will be proved by the
simulation results and evaluation of the current, speed, and torque responses between the proposed
controller and compared with the PI controller in part 5. Finally, concluding the contributions. The
research results and recommendations for future solutions to improve and enhance the torque re-
sponse with simple controller design theory and experimental implementation

2. Thematical model and control of electric car power system
2.1. Mathematical model of the AFPMSM motor

It is possible to utilize the standard PMSM model for an AFPMSM. The stator parameters change
between the two models, such as the inductor calculation. Furthermore, the Back-EMF produced by
an excitation coil and a permanent magnet is same. Therefore, the radial PMSM of a permanent axial
flux magnet synchronous motor and the model are mathematically related.

The stator voltage equation in the d-q frame of reference is given by Eq. (1).

\A :Rq+%xq+wekd (1)
d
dt
The stator voltage math as follow:
dy;
W =R ©
- T dt

Where: R, : stator resistance; y, : stator flux
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Then, covert Eq. (3) from the phase winding system of the stator to the coordinate system quasi-
rotor flux:
w!
w =R +— joy! (4)
; v

The relationship between stator and rotor flux is described:
v/ =Lil +y; ®)

In Eq. (5), l/:i is the polar flux vector. Since the d axis of the coordinate system coincides with
the axis of the polar flux, the perpendicular component (g axis component) of 1,/_/;{ will be zero. Thus,

the flux vector has only real components.
wil=v, ©
Equation of flux components such as:

{V/xd = Lsd isd + '//p (7)

l//Sq = Léinq
Substitute two Eq. (5) and Eq. (6) into Eq. (4) and pass through the dg coordinate system to have
the system of equations of PMSM motor:

di
sd . .
1 + Rs lsd - wequ lsq

usd = Lsd

©)

di

sq . .
usq = qu dt + Rslsq + weLsdlsd + we!//f

Where: ist ; isgare stator current in the d-q coordinate axis.

The equation for calculating the torque of the motor is described:

Tm = %PP |:l//fisq + (Lsd - qu )isdis" :| (9)

The motor’s torque comprises two components: the primary component ¥ i, and the reactive

component. In order to create a control system, the stator current vector must be adjusted so that the
vertical current vector is parallel to the polar flux. Therefore, there is a torque-generating current
component, not a magnetizing current component. The following equation gives the motor torque.

T

=_p i 10
m =2 p"f'sq (10)

2.2. Mathematical model of electric vehicle

The gearbox model shows the angular speed and torque relationships according to the gear ratio
k. <1 asshown in the Eq. (9):

gear

T;ﬂk ear = T 4
{ . W (11)

Oy, = 0,k

m'"" gear

Where: 7, is motor torque; 7y, the torque acting on the wheel; with 7, =7, is the load

moment ] is the moment of inertia of the motor.
The equation of newton’s second law in the rotation of the motor, as shown in the Eq. (12):
do,

T, Ty, = J—dt (12)
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Drive wheel model is expressed in the Eq. (13):
{ Vi = O Ry (13)
Ty, =T, = FRy,

The vehicle will act on the road surface with a force of F while the wheel is resting on it with a
force of N and is being propelled by a torque of Twi. In contrast, the road surface will act against the
vehicle with a point of the same value in the opposite direction of F:. The reasonable force that propels
the car at speed in this scenario is the frictional force or F:.

The frictional force is calculated by Eq. (14):

F,=m,.g.u (14)

Where: u grip coefficient

Vehicle equation of motion with external force components the following equation results from
applying Newton's second law to the parts of the outside force operating on the vehicle's body

dv .
mv d:v = F; _F:wro _Eoll _mv'g'SIH(a) (15)

Air resistance as show in Eq. (16):

F;lem = pC;AF (vev + vwind )2 (16)

In some cases, in simulations, the wind speed can be set 7, , =0

Rolling resistance exists in the case of an underinflated tire are expressed in the Egs. (17), (18).

Fou=1Fy (17)
F., =mgcos(a) (18)
where: o is the vertical surface reaction, 1 is the rolling resistance coefficient.

3. FLC torque controller design

By calculating the necessary voltage usi, s, the fuzzy logic controller controls the system so that
the difference between current isa and isq is as tiny as possible. The exactly planned isd and isq stator
currents are used here to regulate the motor’s torque control current. This paper will outline the
modern controller design for the isa. The control strategy for an AFPMSM motor, one stator, and one
rotor utilizing a FLC controller for electric car in-wheels is presented in this work. The stator current
error and the derivative of the stator error are used as the two input vectors in this controller to build
the Surgeon ambiguous inference file. Five membership functions are included in these input
variables: Positive big (PB), Positive small (PS), Equal zero (ZE), and Negative big (NB) (PB). As seen
in Table 1 and Figure 1 the fuzzy logic controller is constructed using a 5x5 matrix.

The fuzzy logic control rule consists of 25 rules, which are implemented as follows:

o  If(input 1 is NB) and (input 2 is NB), then (output is NB)
e If(input 1is NB) and (input 2 is NS), then (output is NB)
o If(input 1is NB) and (input 2 is ZE), then (output is NB)

o If(input 1is PB) and (input 2 is PB), then (output is PB)
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Table 1. Matrix of controller.
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Figure 1. Inputs, output and fuzzy rules for FLC controller.

4. NFC torque controller design

The neuro-fuzzy controller (NFC) is a combination of neural network and fuzzy logic imple-
mented according to the structure of Figure 2. This hybrid controller is proposed to satisfy the re-
quired voltage, considering the influence of noise. This hybrid controller reduces system complexity
and improves torque response on demand.

The structure of the NFC controller consists of five layers: input layer, input member function
layer, rule layer, output member function layer, and output layer. Decision tree fuzzy interference is
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to classify the data into one of the linear regression models to minimize the total squared error (SSE)
is calculated by Eq. (19):

SSE =Zieri2 (19)

Where 7 is the number of input variables; P is the fuzzy division for each input variable, and er?
is the error between the desired and actual output.
The two-input Sugeno fuzzy model is given in Figure 3.

e 'Ae
Wi i
H = —
Z 4
£ X <=2 _
LRSS Wi f,
WSS ]
NP RG] S
NN X > '
/@fi{%?{!}“,wxoxoﬁ‘i’im'is\,f:?;\ =
URNEARSTER Q"-;'!‘»J’ SN
W70 SO0 N\
2D RN —
‘—'//m RGN <=S —
Ae [ B2 K AN AN =S =
ﬁ/»‘\\\\w@;\\\\\\\\\\\\\ S
4//'\\\%@"\\\\\\\\\\\\\ &
V4 \\@ /NN
Qﬂ&\\\\\\\ S
5 N —— Y
Figure 2. The NFC controller structure.
A “ |
A N A
x ¥
Ay K B,
JA =AY v
X Y £ wi ] +wof, +...+ wysfhs
' Wi+ Wy +.od Wos
A]“ " | B, =W, + W, + ...+ Wosfys
e b1 ™
x v
As M B,
JA = was
X Y

Figure 3. The two-input Sugeno fuzzy model.

The NFC controller for current is consists of two inputs, the difference (¢) between is* anq isq,
and error integral (Ae). The input signal is fuzzy into five triangular membership functions, negative
big (NB), negative small (NS), equal zero (ZE), positive small (PS), and positive big (PB). The 5x5 = 25
fuzzy rules that combine with the output according to the two-input first-order Surgeon model:

o Ifx1is A1 (NB) and x2is B1 (NB), then fi=ple+ qide + 11
o Ifx1is A1 (NB) and x2is B2 (NS), then f2=p2e + g2/\e + 12
o Ifxiis A1 (NB) and x2is B3 (ZE), then f3 = p3e + qsAe + 13
o Ifxiis A1 (NB) and x2 is B4 (PS), then fi = pde + qalle + 14
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o Ifxiis A1 (NB) and x2 is B5 (PB), then fs = p5e + gsAe + 15

. If x11s A25 (PB) and x2 is B2s (PB), then fos = pase + q2sAe + 125

Where: Aiand Biare the premise fuzzy sets, and the parameters p;, gi and r: are the fuzzy design
parameters calculated during the training process (i=1, 2,...n). The two-input and one-output NFC
structure is given as follows:

The first layer 1: The fuzzy process takes place the input signal is blurred into five triangular
membership functions. For each output value of the first layer, we can quickly compute a member-
ship function value denoted p.

Ogayerl =, (&) (i=1,2, 5) (20)

O}ayer] — HB‘ (Ae) (i=1,2, eee 5) (21)

Where: 7 is the membership level of the dataset (A1, A2, By, B2) and, Oi1 is the output of the i
node in layer 1.

The second layer is to check the weight of each function. This layer takes input values from the
first layer and acts as optimization functions to represent data sets of corresponding input variables.
The output of this node is described:

OiayerZ =w, = HA, (e) X “B, (AC) (22)
Olzayer2 =w, = HA, (e)x HBZ (Ae) (23)
Ol33yer2 =W3 =Hy, (e)x Up, (Ae) (24)

(25)

zE PS PB

@) e

Figure 4. Two-input for NFC structure.

3rd layer: This is a rule layer and takes input from the previous layer. Each node (each neuron)
in this layer performs conditional matching of the rules. This layer calculates the activation level of
each rule, and the number of layers is equivalent to the number of fuzzy rules. Each node of this class
computes a weight that will be normalized. Layer 3 nodes calculate the ratio of the rule’s activation
strength to the sum of all active rules:
layer3 _ Wi i=1,2,...25
O W Wi+ Wy et Woys ( ) (26)
4th layer: Defuzzification provides output values due to inference rules. The node output is cal-
culated by multiplying the layer 3 output value and the corresponding f-rule:
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O}ay¢:r4 _ W_i’ £ = W_i(pie +q:he+r) (i=1,2, ... 25) (27)

5th layer: the output layer aggregates all inputs coming from the 4th layer and converts fuzzy
classification results into the required value:

O}ayerS — i;lfl _ Wlfl +W2f2 +'“+W25f25 (i=1,2, “e 25) (28)
Pt W+ Wy +ot Wos

5. Simulation results
5.1. Building trajectories of accelerator, brake and operating modes of electric vehicles

The trajectories of accelerators and brakes of electric cars are built according to the function y =
F (x1, x2, ...xn). The trajectories of the accelerator and brakes of electric cars are created, as shown in
Figure 5.

Where F is a function that can be obtained experimentally, the output value is calculated by
looking up or interpolating the table of deals you define using the block parameters according to the
method, such as linear (linear gradient), Lagrange (Linear Lagrange), point closest, block spline and
Akima spline interpolation methods. The Fcos function can range in size from 1 to 30 values. Besides
the first input defining the dimension breakpoints (rows), the second input defines the dimension
breakpoints (columns). Trajectories of the accelerator and brake of electric vehicles are determined as
shown in Figure 6.

0]

Task10ms 1-D Tju)

Y }—' ""kf' ) e : )
AccPedal [0,1) 4 TgRequest

Accelaration Pedal
Characteristic

1-D Tyu)
o,
BrakePedal [0,1] Y
il =
Brake Padal
Characteristic -
D ¢ —
w [k w>()

Figure 5. The trajectories of the accelerator and brakes.

Breakpoints  Column (1) Breakpoints  Column (1)

Row - Row -

(1) 0 0 (1) 0 0
(2) 0.1 8.2 (2 0.03 0
(3) 0.2 14.35000... (3 0.04 -8.2
(4) 0.30000... 205 (4) 0.3 -10.25
(5) 0.4 32.8 (5) 0.4 -12.2999...
(6) 0.5 41 (6) 0.5 -4
[0))] 0.6 61.5 {7 0.6 -51.25
(8) 0.7 a2 (8) 0.7 -82
(9) 0.8 123 (9) 0.8 -123
(10} 0.9 164 (10) 0.9 -164
(11} T 205 (11) T -205

Figure 6. The parameters trajectories of the accelerator and brakes.
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5.2. Simulation results for P1, FLC and NFC torque controllers

The control structure of the traction drive system for electric cars using the in-wheel AFPMSM

doi:10.20944/preprints202306.1206.v1

motor is shown in Figure 7. Simulation parameters are determined in Table 2.

Table 2. Parameters for an AFPMSM motor.

Motor parameters Value Symbol Value Symbol
Power Pam 35 kw
Rated speed Nm 1800 rpm
Rated voltage Udm 275V
Number of pole pairs Zp 8
Magnetic flux density v 0.0437
Maximum torque Prmax 205Nm
Armature resistance Rs 0.0101Q
Shaft inductance d La 2.4368e-4 H
Shaft inductance gq Lq 2.9758e-4 H

lEW | y

| | I

| }—‘ : ; J _

| - Vehicle ‘ij,q —[d’ o | i q

| | | Controller| L [y dq Uyp - "

ot~ [l

I S S I

| : B e

L= by ] af z

Figure 7. The control structure for electric cars using an in-wheel AFPMSM motor based FOC method.

Evaluating the effectiveness of the controller for the traction transmission system for electric cars
using an in-wheel AFPMSM motor, the system is simulated on MATLAB with the following simula-
tion scenario:

e  Assume the speed of the wind is 0.

e  The car moves on a flat road, but at t= 3.5s to 4.3s, the car goes downhill.

e Att=0s, the car starts to accelerate the accelerator value increases from 0 to 1 after 0.45s. Torque
reaches a maximum of 205 Nm and remains for 2s.

The torque gradually decreases to the value -205 Nm and returns to the value 0 at time t=4.66s.


https://doi.org/10.20944/preprints202306.1206.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 June 2023

doi:10.20944/preprints202306.1206.v1

10
5.2.1. Subsubsection La, Ly parameters of the in-wheel AFPMSM motor remain unchanged

The PI controller is calculated with a set of integral and gains parameters, as shown in Table 3.
The stator current responses of the FLC, and NFC torque controller are compared with the PI con-

troller shown in Figures 8, 9 and 10. The evaluation table of criteria of stator current response of PI,
FLC, and NFC controllers is presented in Table 4.

Table 3. Parameters for an AFPMSM motor.

Controller Ki Ky
Current controller I 7.103004e+2 | 0.8779
Current controller I; 1.0615e+3 1.0744

50

I I I I I
0 0.5 1 15 2 25 3 35 4 45 5
Time (s)

. . . . . .
L L L L L 45 453 454 4585 455 4555 458
45 451 452 453 454 455 456 45T 458 450 46 Time(5)
Time (5)

a. The stator current response iy

I L
asms 4w a4

b. The stator current response i,

Figure 8. Current responses isq, i, for PI controller.

-100

150 Y s t t

I
e -

48 45 454 4% 4% 45 4% 45 48
Time (5)

a. The stator current response iy

b. The stator current response i,

Figure 9. Current responses isq, i5q for FLC controller.
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| | . . .

Rl

4R 4B 45 4% 4% 45 4B 4R 4B
Time )

a. The stator current response igq b. The stator current response i,

Figure 10. Current responses isq, is; for FLC controller.

Table 4. Results of evaluation responsibility.

Controller/Parameter evaluation PI FLC NEC
PI
Stator current isq
Accelerated setting time 0.4 (s) 0.4 (s) 0.4 (s)
Over-adjustment 10% 0% 0%

Stator current is
Set-up time 0.4 (s) 0.4 (s) 0.4 (s)
Over-adjustment 10% 0% 0%

Figures 8, 9, and 10 show that the stator current response or three controllers is fast (0.4s) and
accurate in the steady-state mode. However, the proposed FLC and NFC controllers perform better
than the PI controller in over-regulating (no over-throttling). In contrast, the PI controller with an
over-regulating current at an over-regulating time is 10%.

The torque and speed responses of the FLC, and NFC torque controllers are compared with the
PI controller shown in Figures 11, 12 and 13. The evaluation table of the torque and speed response
criteria of the controller PI, FLC and NFC controllers are shown in Table 6. The speed response of the
electric car transmission system is shown in Figure 14.
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Figure 11. Torque responses for PI controller. Figure 12. Torque responses for FLC controller.
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Figure 13. Torque responses for NFC controller. Figure 14. Speed responses for PI, FLC and NFC

controller.
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Table 5. Results of evaluation responsibility.

Controller/Parameter PI FLC NFEC

evaluation PI

Torque responses

Shape Same as iy Same as is; current | Same as is; current
current respons response response
Torque ripple 8% 5% 3%

Speed responses

Accelerated setting 22 (s) 22 (s) 22 (s)
time
Over-adjustment 0% 0% 0%

Figures 11, 12, and 13 show that the torque of the three controllers has the same form as the isq
stator current. The NFC controller has a torque ripper response that is the best of the two controllers
(3%). Other hand, the FLC controllers for torque ripper response have less pulse rate (5%) than the
PI controller (8%).

In addition, the actual speed response of the electric car of the two controllers is in line with the
set requirements, and the speed response does not have too much speed adjustment at starting, ac-
celerating, and decelerating (Figure 14).

5.2.2. La, Ly parameters of the in —wheel AFPMSM motor changed by 20%

The stator current responses of the FLC and NFC torque controllers are compared with PI shown
in Figures 15, 16, and 17. The evaluation table of criteria of stator current response of PI, FLC, and
NFC torque controllers is presented in Table 6.

! AL A3 et A —]
|

- |
< T

il (U
(4 [ [H) 4% 4% 4§ L4
el

4 I
45 45 454 456 458 46 462
Tine s)

a. The stator current response igq b. The stator current response i,

Figure 15. Stator curent responses for PI controller when changing parameters Li, L; by 20%.
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Figure 16. Stator curent responses for FLC controller when changing parameters Li, L; by 20%.

. | . . . . .
g

45 453 45 45 4% 457 45 45 46
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a. The stator current response izq b. The stator current response i,

Figure 17. Stator curent responses for FLC controller when changing parameters Li, L; by 20%.

Table 6. Results of evaluation responsibility.

Controller/Parameter evaluation PI | PI FLC NEC

Stator current isq

Accelerated setting time 0.5 (s) 0.5 (s) 0.5 (s)

Over-adjustment 10% 5% 0%

Stator current is

Set-up time 0.5 (s) 0.5 (s) 0.5 (s)

Over-adjustment 20% 5% 0%
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The results of Figures 15, 16, and 17 show that the stator current response of all three methods
is exact (0.5s) and is accurate in steady-state mode (the actual signal follows the set signal). However,
the proposed NFC controller gives better results than the PI, and FLC controllers (no over-tuning),
while the PI controller with i over-regulating current is 10%, and is; is 20%, FLC controller with

current regulation is, isg is 5%.

The torque and speed responses of the NFC torque controller are compared with the FLC and
PI controllers shown in Figures 18, 19, and 20. The evaluation table of the torque and speed response
criteria of the PI, FLC, and NFC controllers is shown in Table 7.

(N.m)
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300
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— T

)

(
U

-200

-
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25 3 35 4 45
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IR T £t
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Figure 18. Torque responses for PI controller when changing parameters Ls, Lq by 20%.


https://doi.org/10.20944/preprints202306.1206.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 June 2023 doi:10.20944/preprints202306.1206.v1

16
£,
Z
EI '
Z
Tinels)
:
|
|
|
|
|
|
-m4.5 4‘,51 4?54 L‘SE 44‘58 A“G 4?62
Time (5)
Figure 19. Torque responses for FLC controller Figure 20. Torque responses for NFC controller when

when changing parameters L, L; by 20%. changing parameters L4, L; by 20%.

Table 7. Results of evaluation responsibility.

Controller/Parameter PI FLC NFC

evaluation PI

Torque responses

Shape Same as is; | Same as is; | Same as iy
current current current
response response response

Torque ripple 30% 16% 5%

Speed responses

Accelerated setting time | 5 (s) 22 (s) 22(s)

Over-adjustment 20% 0% 0%

Figures 18, 19, and 20 show that the torques of the three controllers have the same form as the isq
current. The NFC controller for torque response has less pulse rate (5%) than the PI controller (30%)
and FLC controller (16%).

5. Conclusions

The research has successfully designed an in-wheel AFPMSM motor torque controller for a trac-
tion drive system using an FLC and NFC controllers by MATLAB simulation. Two controllers are
compared with the PI controller. Through simulation results when the motor parameters are un-
changed and L4, Ly change by 20%, it is found that the torque response of the FLC and NFC controllers
has a fast response and follows the set value. In contrast, the controller has a slower response PI
control and high throttling transients. In addition, according to the NFC controller, the resulting
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torque amplitude is smaller than that of the PI and FLC control methods. Finally, the stability of the
PI controller destabilizes when the motor parameter changes. The FLC and NFC controllers give bet-
ter system stability than the PI control structure. However, these FLC and NFC controllers have a
complicated design, thus it is necessary to study simple, intelligent control solutions in theoretical
implementation and experimental performance in the future.
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number T2023-DT-001TD
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