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ABSTRACT

1 Vector control was used to improve
dynamic performance of AFPMSM.

1 ANFIS was used to integrate the speed a
torque constraints.

1 The approach gave great speed performan

1 Results gave reduction 10% in torqigple.
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Axial Flux Permanent Magnet Synchronous Motor (AFPMSM) are \
attractive candidates for driving applicatiodue totheir high efficiency, high
torqueto-weight ratio, high power density, small magnetic thicknessd

simplicity of constructionOn the other hand, AFPMSM produces undesire
torque ripple in the developed electromagnetic torcaféecting their output
performance. An intelligent control methaés proposed in tBi paper to reduct
torque rippleand improvethe dynamic performance &FPMSM. The vector
control, employing the Field Oriented Control (FOC) technique, was use
improve the dynamic performance of the AFPMSM. The speed and t«
controllers are achieved using the decoupimghod Theintelligent control was
designed to improve the performance of AFPMSM obtained frofaS®. The
Adaptive NeureFuzzy Inference System (ANFIS) was used as an Intelli
controller to integrate botthe speed and torque constraints in a single traii
procedure Training data for ANFISwas obtainedfrom PFPSO witha mult-

objective cost function that includes the torque rigpldspeed response critetie

The approach gave great results in terms of speed performance in dil
operating conditions anah itracking the required speed in load andioaxl In
addition, thetorque ripplewas reducedy 10.04%and 46.67% compad with
PI-PSO and Multiobjective cost function of spegespectively.

1. Introduction

Most of the energyvorldwideis consumed for transportation purposes, so replacingerawable energy resources with
more sustainable energy sources is of utmost importance. Therefore, new transportation solutions have been proposed |
Therefore, the best solution to protectifg tenvironmentredudng nonrenewable energy resous;eand achieving high
efficiency in transportation applications is electric Vehicles (EVs), which have become more attractive in recent iéwrs [2].
main component of EViiclude electric motor, inveer, drivetrain, batteries, charging, as shown in Fig. 1. The performance of
electric vehicles directly depends on the choice of the electric motor used because the torque transmitted to the wheels
produced bythe electric motof3]. Motors are the prhary technology for EVs that convert electrical energy into the required
mechanical energy. The most popular motors utilized in EVs: DC motors, induction motors, switching reluctance, permanen
magnet synchronous nayg and brushless DC motors [4].

This paper focses on the permanent magnet synchronous motor due to its features like high efficiency, high
torque/volume ratio, high putiut torque possible, high power density, smaller size, and good heat dissipation. Depending on
the direction of field fluxPMSM can be divided into two categoridhe flux linesin the air gap pass along thedius, this
motoris called Radial flux PMSM. The flux lines in the air gap run parallel to the system $haftmotoris called axial flux
PMSM, shown in Fig. 2.

The electrical motorunder studyis the Axial Flux Permanent Magnet Synchronous MofaAFPMSM). AFPMSM are
becoming morettractive in many propulsion applications due to its festuwhich isa serious candidator electric vehicle
applicationgdue to itseasy and compact axial installation in the whéslperformance matches well with the requirements of
electric vehicle wheel motors, more effincy (due to field excitatiodossesbeing eliminated. reducing rotor losses
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significantly), high strengthand torque density. The noise and vibration they produce are less than those of conventional
motors.Theirair gaps are planar and easily adjustablggh]

Radial
flux

Magnetic flux

Figure 2: Axial and Radial Flux Permanent Magnet Synchronous M@lor

The main disadvantage of PMSMs is aamiformity in the torque developed (torque ripple). These torque pulses vary
periodically according to the position of the rqtand torque rippleare reflected as a speed ripple. This ripple can lead to
problem with the drive system, vibration, and noise. There are many different techniques used to reduce the torque rippl
value. The first class is the perfeabtor designand the second class is the control concept to generate suitable control voltage
to redwce torque ripple [8].

The motor control method is very important in the drive system. Therefore, electric motor control methods can be
classified into major sections: scalar and vector control based iorcdnérol quantities The scalar control algorith controls
only magnitaes, as the relationship among currenvoltage and frequency remains constant across the speed range of the
motor. So, it is the easiest way to control a PMSM [9]. To achieve higher dynanocnpente and higher efficiencyecta
control is shown better solution than scalar control. The Vector Control (VC) techniques control both the magnitude and flux
angle. The VC strategies for PMSale divided into two typeslirect torque control and fieldriented control. Field Oriented
Control (FOC) is the first technology in which the speed and torque are directly controlled by separating the stator curren
components (torque and greetizing flux). The FOC technology is characterized by its ability to work with applications of
high-perfaomance motors that can run smoothly over a range of speeds, produce full torque at zero speedaaatole of
rapid acceleration and deceleration [10]. The successful implementatidielof-ariented (FOC) depended on the speed and
current controlles necessary to kedpe system running irsteadystate to meet theotor requirementin [11], presentspeel
control based on ANFIBTC for the PMSM to drive centrifugal pumm [12], the present PMSM systeapplesin electrical
automation based on ANFISn [13], present the speed sensess FOC of PMSMfed by a space veatqulse width
modulation. The characteristicef the PMSMare considered by Model Reference Aaptive §stem (MRAS) andANFIS.

Vermae al[14] presentd the design and simulation af modern approach to PMSM speed control using an AlbaEed
speed controlleonly. The results showhat the ANFIS based speed controller produzdetter speed response thidue
conventionalZ-Ntuned PID speed controller.

This work proposed the AFPMSMasd on FOC with ANFIS controller bgtecoupling control circuit under different
loads and speeds conditionsing three controllers (one for speed and two for curr@hi. previous studies are controlling
either for speed or with respect to torque. lis tiesearch, speed and torque are controlled in the same confrgfies and
number of Memberships of the fuzzy network are selected by using theustéring method. The performance of AFPMSM
is investigated under different operatiognditiors to cortrol speed and torque by usitiyyee controllers (one for speed and
two for curreny.

2. Axial Flux Permanent Magnet Synchronousv otor

In the recent 70s and early 80s, AFM machines were first introduced. Axial flux motors are alsdiskitgoe motos.
It is an attractive alternative to traditional motors due to its pancake shape, compact manufacturing, and high power densit
AFM is particularly appropriate for electric vehicles, fans, pumps, valves, flight systems, machine tools, robots, and
manufactiring equipment. Inthe 1990s, the study of AFPMSM increased interest, primarily becadsthe AFPM
synchronous machine construction and high efficiency of performance suitable very well into the application of drive like the
electricv e hi ¢ | e s 6rs [H-EL€].ITherdicettion of field flux in AFPMSM is paralléb the rotor's mechanical shatft,
which makes AFPMSMary from other conventional electricalotors [17]. The Axial Flux Permanent Magnet Synchronous
Motor (AFPMSM) has several unique featurikss usually more efficient for permanent matgas field excitation losses are
eliminated, which greatly reduces rotor losses. AFPMSM &asmall magnetic thickness, resulting in small magnetic
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dimensions anchigher power to weight ratio [18 Thesebenefits give AFPM machines advantages over conventional
machines for high performance ahnigh-efficiency application

3. Mathematical Model of AFPMSM

The AFPMSM stator windinyaries from the RFPMSM stator windinglowever, the conventional PMSM model for
AFPMSM can be use@nd the difference between these is in stator parameters, such as inductors calculation. Furthermore, th
BackEMF produced by a permanent magnet and produced by an excited coil is not different. Therefore the mathematice
model is simiar to the radial PMSM of the permanent Axux magnet synchronous motor [19].

The stator voltage equationftime d-q reference frame is given §i/7]:

w YQ — 1 _ e(1)
w YQ — 1 _ 8 ¢
The fluxlinkage equations are given:by
_ 0Q 0 1Q e(3)
_ 0Q 0 Q ..(4)

Since the flux of the permanent magnet rotor is distributed along the d axis, the current of the d aX@ yatoa (
constant, and thcurrent of the g axis rotof)) is believed to be zero since there is no flux of rotor aleitig it.

_ 0Q ...(B)
_ 07Q 0 Q e(6)
Flux linkage establishedytpermanent magnets is given by
_ 01 8 X

Where:o hw are the eaxis and epxisstator voltagegespectively'Y ,'Y are the eaxis and epxis stator resistances.
, 0 are the éaxis and epxis stator inductancé& , 'Q are the eaxis and epxis rotor currentsQ, "Qare the eaxis and epxis
stator currents, h_ are the total flux in the-direction and the glirection] s the electricatotor speed. is the flux
linkage due to the permanent magneétsis the inductance due to permanent magnets.
The matrix from equations:

6 2 -, 5, Q5 3
6 5, 2 -, E m ~{8)
The electric torque is:
Yo o-z—-z _"Q _"Q .(9)
Equation (5) ,(6) and (7) ir9}
Y o -z-z 0Q _ Q 0100 ..(10)
Rewrite equation (10)
Y -zRz _ zQ 0 0 QQ ée(11)
Wherd) and0 are synchronous inductances on thamtd gaxis.
Electromagnetic torque developed by the motor is given by,
Y -zPz_ z0 ..(12)
Since the magnetic flux linkage is a constant, the torque is directly proportional to the q axis current
The electromagnetic tque equation is given by
4 4 06 *— ..(13)
Where :"Y is the load torque,6 is thefriction coefficient, Jis the moment of inertia}  is therotor speed

(rad/sec)

id Rd Ld

w, Lgig

N

o

(-axis circuit U d-axis circuit

Figure 3: Equivalent Circuit of #MSM
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4. Field Oriented Control (FOC)

The vector control strategies are often generally referred to as@iigldted Control (FOC). The FOC is also called "
decoupling control " because it splihe stator current (three phasénto two components of orthogal current withan
amplitude’Q and"Qaligned respectively alongith the quadrature and direct axis. Flux produced by one and torque produced
by another. The componei?is responsible for the flux, while thi@defines the torque. Both flux and Torque are controlled
separately. The AFPMSM is thus analogous to a separately ex@ieshachineusing FOC [2Q. When applying FOC to
AFPMSM, the rotor flux can beetected to be fully determinday the permanent magnéuxf. This means that the component
"Qis controlled to be zero. In this way, the stator current vector is perpendizula flux in PM. The flux ofthe rotor and
the current othe statorare thereby decoupled. The FOC is split into three feedloags, position loop, speed looand
current loop. The three loops are connected in series. The current loop is the inner loop, which directly controls Hretorque
exdtation of the PMSM[21]-[22]. The maximum torque is achieved with a given statorecu value when one is fully
directed along the q axis, that is, wh@&n= 0 andQ ="Q In this ase, classic FOC is performed [23

The direct axis componedi is also based 0@ and thed> component of the quadratic axis is dependeritonThe
statorvoltage componentsd  and @ could not be regarded as separate control variables for the rotor flux and
electromagnetic torque. Only if the stator voltage equations are sepuasithitdte stator currents’Q and’Q be controlled
separately so that these stator current comporaaténdirectly controlled via controlling th&/nchramous motor terminal
voltages.The statowoltages equations® andw equations ) an be modified and decoupled into two components: linear
and decoupling components [24

The equations are decoupled as follows:

@ @ +O ée(14)
0w W + ée(15)
The linear components are defined:
(W) =YQ 0 — (16)
w YQ 0 — ] Q @7
Thedecoupling components are defined:
@ 10Q (18)
@ =1 0Q b (29
i
Vl c
- * + d
o, =@ AnrFIs [@— ANFIS Ve ) l
5 i}
. I:=|r, + Vsa
> -E. " T > L Vb- VS]
E - ys:f ‘f Vsﬂ. - >
o 2 S o S V'
-— = X! c
iy =0 + +
ANFIS 6
i [ fsa i,
= =
= R = iy
= o .
LA A

Figure 4: Block diagram of field orientecontrol
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5. Adaptive Neuro-Fuzzy Inference System (ANFIS)

Hang introduced the concept of ANFI51993 which integra¢s both the NN and FLC.HE benefits of both controls can
be accomplished in single application controls. An ANFIS is a fuzzy systenugbatthe concept @i Artificial Neural
Network (ANN) learning technique to figure out its parameters (fuzzy sets and rules) by manipulating data examples. This
hybrid mixture enables the complexities of the control system to be minimized. In ANEf8z#dy inference mechanism was
involved through the structure and neurons of the feed forward adaptiy23§H\L3]. The concept of the key investigation is
to utilize ANFIS to enhance the efficiency oktBystem and improvie controller design processhd@system's desigwith
the ANFIS controller does not require details about the internal loops, asidts controller parameters, its feedback
coefficients, etc., unlike designing system with a Pl location controller, which requities knowledge ofspeific detaik
about the objede6].

The ANFIS algorithm build has five layerBach layer contains the node using Sugeno fuzzy moddd-IS comprises
five layers, so each layer's nodes are linkgdlirected connectianto another layer. Each nodendicts a certain procedure
on its incoming signals to produce a single node outpiNFI&'s key goal is to evaluatke optimal values of the equivalent
fuzzy inference system parameters by applying a learning algorfivm kinds of nodesre namedadaptiveand fixed ndes
(square and circle symbolgjhe complete ANFIS ardfecture is shown in Figure Y4A concise overview of the five layers of
the ANFIS algorithm are explained below

Two fuzzy if-then rules are taken into account for the two inputs ang f output:

Rule 1:ifxis0 andyisd thenf=fo N o i

Rule 2:ifxis0 andyis6 thenf=Rw N o i

o M M M are norlinear parameters aril and® are fuzzy membership functions. Wherga#y ) iy andi f
are linear parameters that are the design parameters idedtifiadthetraining process [47

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
fuzzification . Product normalization  Defuzzification output
Ap NG : i
X \ w, : @i @ [y
Az NG T :
Bi [ ™
Y : : __
@1 @ @3 f2
B, :
0, = : H 03,= ay H 04 = axf, H 2
u= Ha : 0y = w= - b H = ayl pyx HE T zw: I
= P oy Qg ) P @t ey Posqy+m) G =
01i= M, . Ha () b : : o Yo fi
: T

Figure 5: five layers of ANFIS

6. Simulation and results

Three controllers are utilizetidaptive NeureFuzzy Inference System (ANFIS). TBagenofuzzy is usedn the ANFIS
system in this paperyhere the final fuzzy inference method is optimized through the training of ARMNthermore, lte
network is trained witla subtractve clustering algorithm, whe@lustering of Data is a way of placing sian data in groups.
The clustering algorithm divides the data set into several groups so that the similarity within the group is greatevdban bet
the groups. Subtractive clustering in AFINSwislely usedo group and categorize data and constmmtels and compression
of data The overall system Simulink model of AFPMSM drive is shown in Figure (5).

Steps for ANFIS controlleFraining

1y  Start MATLAB program and in the command winddype the command (anfisedit), then press Enter, a
new window willappear as shown in Figure) (7

2) The data saved in the workspace of the controller in Section (4.4.1.4) are downloaded for training and
simulation, then creating the shape and numbers of membership automatically by pressing the option (sub
clustering. Thetraining process is run by using the following parameter: Range of influence = 0.2, Squash
factor = 1.25, Accept ratio = 0.1, Reject ratio = 0.05.

3) Pressinghe button (Generate FIS), the training will start after entering into errors tolerance and epochs.

4)  Once the training is over, close the editor window and save the results obtained. This result is downloadec
into the fuzzy logic conselblock as shown in Figure {6

The structure of ANFIS system structure can be obtained thepress on the "strare” button shown in Figure {/and
this structure includes input and output functions and baséidasc as shown in Figure)(8
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Therules and surface structure for speed controller are obtained by subtractive clustering can be obtained by type anfise
in the command window and press to file, import, from file eémob® the file to be t@ined, as shown in Figure)(9
The ANFISdone by using block consists of two inputs; error and integral of, @s@hown in Figure §6

Fuzzy Logic
id* i - Controller2
Discrete-Time
Integrator2

dar>abe PWM Generator

(Three-phase, Two-level),
inverter and motor

Fuzzy Logic
Controllert

T, Discrete-Time Controller

Integrator Discrete-Time

Integratort

T

Figure 6: Simulation model of AFPMB based on FOC with ANFIS

1)
Error *in M outp
KTs

z-1 Fuzzy Logic
Discrete-Time Controller1
Integrator1

Figure 7: MATLAB/Simulink of ANFIS controller

4 Neuro-Fuzzy Designer: Untitled - a X

File Edit View

0 Training Data (00o) — ANFiSinfo.  —
#of inputs: 2
# of outputs: 1
= 5 # of input mfs:
=3 33
3 oy # of train data
pairs: 50001
50 Structure |
0 1 2 3 4 5 6 ClearPlot |
data set index «10%
Loaddata — Generate FIS Train FIS [ TestFiS
Type: From: Optim. Method:
@ Traiing O Load from fie hybrid « || Pot against:
OTestng O™ O Load from worksp. Error Tolerance: | | (@ Training data
Grid partiion o | O resting data
(O Checking  (®) worksp. O Epochs:
o © 3 O Checking data
Load Data... | _Clear Data Generate FIS .. Train Now | TestWow |
| train data loaded I I o s |

Figure 8: ANFIS training
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4 Anfis Model Structure = m] X

input inputmf rule outputmf output

Click on each node to see detailed information | | Update Help Close I

Figure 9: ANFIS model structure

The performance of the FOC of AFPMSM is investigated with the ANFIS controller under different operatiitigprtond
as follows:

The system performander different ¢eps input is shown in Figure (LOThe smulation results are given atriable
speedandthe torque load at initial was Noad torqueand the loads applied aftedsec

Figure (10-b) shows the torque response, the input load torqumtiat is no load and the load torque (10N.m) is applied
to the motor after 1sed.he average starting torque at 500rpm is approximately 45.3N.m. Andaesteadystate the motor
torque rippe was approximately (15.576%@nd at 250 rpm the torque mpple (14.861%). And in figure (1€) shows theéQ
responsegwhich hasidentical performance to motor torque. The average of starting current 164Amp at 500rpm and current
ripple 20%.

Figure (10 s and provess the precise of the FOC technique the inaistigof the direct and the quadrant stator
currentswitls respect to speed and torque variation.

Also, motor performance in the accelerating and decelerating ramp response nuidnant modes depicted in Figure
(11).

Figure (13 showvs the variation®f the stator winding inductande realize the robustness of the ANFIS controllers. The
inductance of stator winding is varied (0 ), 5% 0 b0 h10% @ H) ), 20% 0 H ), 40%0 H )).

' | I |
2 [ | 1]
3 | | | |
N e I .
) = 1
o ] | |
7| il I |
a | ] 1]
s | | | | | |
-107.0167 104.8587  -4778.0043 21286.4220 :l:l

-3081 4789

(a) (b)

Figure 10: (a) the Rules, (b) Surface viewer, of ANFIS foespeed controller

The usgparameters values of AFPMSM are illustratedétle (1)

Finally, acomparativeinvestigation betweeRIl-PSO, PIPSO withmulti-objective cost function of speed,-PSO with
multi-objective cost function of speed and tegqu

P1-PSOcontroller

The optimization process is rimy using the following parameter: =6 = 1.3, W = 0.9, number of iteratiors100, and
number of birds = 50.

The obtained parameters of the three PI controllerBlase&rated in Table (2)n case RPSO.

Table 1: parameters of ANFIS

Parameters Physical meaning Value
] d-axis inductance 2*pmm H
4, g-axis inductance 2*p T H
=| v Armature Resistance 0.013q
J Moment of Inertia 0.2 Kga
p Number of Poles pairs 6
q Permanent magnet flux linkage 0.03
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Table 2:  Optimum controllers parameters

Controller Kp Ki fitthess
Speed controller 10.0996 2635.7832 0.0599110
Iq controller 0.1430 0.6462 0.065357
Id controller 0.3847 0.4713 0.0643292
800 ‘
— =Reference
600 - —Actual ||
N
9 5400 !
\
200+ F
0 | | | 1 1 |
0 0.5 1 1.5 2 25 3 3.5 4
Time (sec)
(a)

(N.m)

- I 1 L I L L I
0 0.5 1 1.5 2 2.5 3 3.5 4
Time(sec)

K I I I L I I
0 0.5 1 1.5 2 25 3 3.5 4

Time(sec)
(c)
200
100 -
=
TE 0wyt SR, rmmmmimpssssmims oo
<
-100 §
-200
1 L L L |
0 0.5 1 1.5 2 25 3 3.5 4
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12}/@%}'{%« ) ‘\a
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Figure 11: Performance of AFPMSM with step response (ANFIS)
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1000 :
= =-Reference
—Actual
500 @& |
T = ]
g CE,_ 0f soof = |
o< ]
-500 - 039 04 0.41 042
-1000 ! ! ! ‘ ‘
0 1 2 3 4 5 6
Time(sec)
(a)
—Motor Torque
N — -Load Torque

Torque
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1 | 1 1 1
0 1 2 3 4 5 6
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(b)

Figure 12: Performance of AFPMSM for Folirquadrant operation

Figure 13: Performance of AFPMSM with stator inductance variation

6.1 The multi-objective Cost functionof the PI-PSOto enhance speed
the system performance is evaluatediblyzing the proposed mukbbjective Cost Function (MOCF):

"00| 0| o0 | 'OYYO (20)

Where| ,| ,and are the weighting coefficients, the max overshbdy rise time ¢ andO"Y"¥@he integratime
square error.

The optimization process is run by using the following parameters: % = 1.3, W= 0.9, numbeof iterations=100,
number of bird =50

The obtained parameters of the three Pl contolige illustrated in Table Y3in the case of PPSO with multi mult

objective speed function
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