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ABSTRACT

This paper introduces a new technique for controlling the
speed of Permanent Magnet Synchronous Motor (PMSM).
This technique depends on two well known control methods;
the first control method is known the variable structure system
(VSS), which has a main advantage known as an sliding mode
property. The second method depends on fuzzy logic control.
A combination between the two mentioned above methods is
suggested in this paper. In addition for simplifying the
suggested technique, the model of PMSM is decoupled.
Simulation results illustrate the validity and the effectiveness
of the new suggested technique.
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1. INTRODUCTION

Variable structure systems (VSS) are a control theory
appeared in the second half of the last century. The main
phenomenon in VSS is what so called Sliding mode [1-3].
The VSS is mainly a discontinuous control technique. If a
sliding surface is properly designed, then the representative
point will be forced by the control vector to hit the sliding
surface. The discontinuous control forces the representative
point to slide on the chosen sliding surface and reaches the
origin (see Fig. 1), Around the surface s, is often irritated by
high frequency oscillations known as chattering [4-5].

Sliding mode control (SMC) can exponentially drive the
system state to a chattering sliding mode but tends to produce
conservative designs [6-8]. Reduced chattering may be
achieved without sacrificing robust performance by
combining the attractive features of fuzzy logic with SMC [9-
10]. Fuzzy Logic Control is a non-conventional and robust
control law. It is suitable for nonlinear or complex systems
characterized by parametric fluctuation or uncertainties. The
advantages of the FSMC are that it is not directly related to a
mathematical model of the controlled systems as the SMC,
assures performance and stability and reduces the number of
fuzzy rules [11-13].

In this paper, a decoupled fuzzy sliding-mode control
(DFSMC) design strategy is used to control the speed of
PMSM. The motor system is divided into two subsystems
with different switching surfaces to achieve the desired speed.

2. MATHEMATICAL MODE OF PMSM

PMSMs are increasing applied in several areas such as
traction, automobiles, robotics and aerospace technology. The
power density of PMSM is higher than one of induction motor
with the same ratings due to the no stator power dedicated to
the magnetic field production. Nowadays, PMSM is designed
not only to be more powerful but also with lower mass and
lower moment of inertia. PMSMs present numerous
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advantages like high efficiency, high torque to inertia ratio,
high power density, reliability and long life [14-16].

Different topologies of PM machines are available e.g. radial
flux machines, axial flux machines and transversal flux
machines. The transversal flux machine is a relatively recent
developed machine type particularly suited for direct drive i.e.
high torque and relatively low speed. Axial flux machines
have been used in the both low speed direct drive and high
speed flywheel applications. Radial flux machines have been
also considered for hybrid electric vehicle [17-19].

For control unit design the synchronous motor is modeled in
rotating rotor coordinates {d, q}. The PMSM model is given
by the following differential equations as [20]:

Liv=—Ri,+ poli +u,
Li, = —Ri, — peol i, — Apw +u,
7, =1.5plAi, + (L, — L)i,i,]

Jewo=T, — pteo+7,

8 =w

Where

Ug , Uq - The rotor voltages in {d, g} coordinates (V),
ig,iq :rotor currents in {d, g} coordinates (A),

0 : The electrical rotor position (rad)

® : The angular velocity of the motor shaft in electrical .
(rad/s)

Rd, Rq : The winding resistance of d and
q axis ()

Ld, Lq : The inductance of d and q axis o)
(H),

A : Rotor magnet flux linkage (Wb)

J : The rotor and shaft inertia (kg.m2)

u : The coefficient of friction (N.m.s),

p: The number of permanent magnet

pole pairs,
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Ty : The disturbing external torque
(N.m). 9)
T, : The motor torque (N.m).

For Lg=L4=L then the motor torque will be
L=15pki =K,

Where : k is the motor torque constant

Substitution in Eq.(1),s0 the model can be written as:

Liv=-Ri, + poLi, +u,
: 2
Liy==Ri, - poli, —Ekw +,

Jo=T,-go+T,

b=0 @

3. REPRESENTATION OF PMSM IN
STATE SPACE MODEL.

Let X =1y
X, =i,
Ny D

(3)
then the model can be written as
;c o & X, PR, + ! U
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So the model can be written as:
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From (5,6), it is obvious that the dynamic model of PMSM is
highly nonlinear because of the coupling between the speed

®)
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and the electrical currents. In addition to the saturation effect
of the magnetic circuit and the existing viscous friction.

The PMSM parameters are:

1.1 KW, 3000RPM, R=2.875Q), L4=L,=8.5mH, P=4 pair of

(6)
Poles(8 poles), J= 0.8x10% Kg.m?, p=1 N.m.s./rad.

4. DECOUPLING AND SLIDING MODE
CONTROL

There is currently a large interest in sliding mode control
algorithms due to their robustness properties and possibilities
to decouple a high dimensional design problem into a set of
lower dimensional independent sub-problems.

The switching surface: Consider a general type of system
represented by the state equation,

5c=f(x,u,r)',

The control u(x,t) with its respective entry u;(x,t) has the form

ul(x,t) i s5(x)>0
u (x,0) = (7
u (x,t) if s(x)<0
ui_(xst) u,.*(x,[)
Where , are discontinuous functions.

Since uj(x,t) undergoes discontinuity on the surface S, (X) =

0, S, (X) =0 is called a switching surface or switching
hyperplane as in Fig.1

®)

reaching mode
reaching mode

sliding mode \Jorigin
\ shding mode

sliding surface
T os=0

Fig.1: The Sliding surface (S)

With Sliding Condition
lim s <0, lims >0
50" s—0"

Since it is required to produce a control input u;(x,t) that
applied to the system to obtain the desired output. i.e., it is
required to determine the PMSM wave currents (ig, iq) and
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Voltages (ug, Ug) in order to obtain the desired output speed

().
Due to the nonlinearity and the complexity of the motor
model, it is needed to decouple the system into two
subsystems that are the electrical and the mechanical systems
that shown in Fig.2.

T,=Fhi

2 4

Uy Electrical

Mechanical g, a
subsystem @ subsystem =7

Fig.2: Decomposition into Mechanical and Electrical
subsystems.

17)
4.1 Model of Electrical Subsystem
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In the Electrical system, the object is to produce output
currents for driving the mechanical parts of the motor by
adjusting the input voltages waveforms with knowing
motor velocity. (10)

4.2 Model of Mechanical Subsystem

In the Mechanical system, from the controlled input currents
the motor rotates till reaching the desired velocity.

i 3 f5h L

5. DECOUPLED FUZZY SLIDING MODE
CONTROL DESIGN

The main idea behind the decoupled strategy is to decouple a
nonlinear system appearing in the form of (6) into two
subsystems as Electrical and Mechanical in the form

of (10,11). The Electrical subsystem is chosen as a(11)
primary target while the Mechanical subsystem is used as a
secondary target.

However, the selection of the primary and the secondary
subsystems is problem dependent. Here, the control objective
is to devise a control strategy that would move the states of
both subsystems towards their sliding surfaces S=0. The
Electrical subsystem involves knowledge from Mechanical
subsystem, and the Mechanical subsystem is driven from the
Electrical subsystem.

The electrical subsystem has three sub-controllers with three
sliding surfaces S;, S, and S3 due to the three phases of the
motor, i.e., SMC controller for each phase.

Let the sliding surfaces are defined as
S=e+ce
S,=ex2+c,e,

Sy=est+ae
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Hence
e! = (im _ia)
e, = (i, —iy)
63: (llc _l'c)

Where ¢y, C,, C3 are the sliding surfaces constants for abc-axis

I.,. 1, and 1. are the references three phases currents. 1,

ra’

ib and iC are the actual three phases currents.

The Mechanical subsystem has sliding surface S, and is
defined as

S, =estc,e
Hence 4 455

e, =(0,~0) W
Where: ¢, is the sliding surface S; constant, w, is the
reference motor speed. w is the actual motor

speed. (13)

The first step of fuzzy controller design is to know and define
the linguistic values for all linguistic variables. Therefore,
membership functions are needed for the linguistic variables.
There are many ways to describe the membership functions.
The important property of membership functions is the shape.

In the design of DFSMC controller, there are five steps:

First Step, The inputs of the controller will be an error value
between reference input and feedback variable of the system
as Eqgs(13,15). Then compute the sliding surface S as in
Egs.(12,14). (14)

Second Step, Fuzzification of input sliding surface

by the input membership functions. The fuzzy(15)
controller receives input information, then, applies

it to the rule bases.

Third Step, Rule Inference, the fuzzy rule based system
converts input information into output membership functions,

Forth Step, Defuzzification of output variable. There are
many methods which can be used to obtain the constant
output factor ¢ which defines the thickness of the boundary
layer.

Fifth Step, Then the controller output signal u can be divided

into an equivalent control input and a hitting control input, it
has the following control law:

u=u, — Msaf(%)

Where: M is a positive constant, Ueq is the equivalent.
S S

4 dr

<1

sat(E) =

<1

S AS
Sgﬂ(¢) lf’¢

31



\The DFSMC block diagram can be shown in Fig.3 after
determine the desired position and calculate the reference

currents ir DFSMC controller produces a control

al Irb’ Irc :
signal u , which drives the switching Inverter to produce the
required voltage (v) for the motor. Observing the motor
current position and angular velocity that to adapt the Sliding
Mode for reaching the sliding surfaces.

DESMC i Tnverter v Synchronous w
Controller Machine
f?‘
. L ()
T
| Observer Z
Calculation T
of Optimal

Dynamics

Fig.3: DFSMC controller Block diagram

6. THE SIMULINK DFSMC

CONTROLLER MODEL
The DFSMC speed Controller is shown in Fig.4

i
&

R
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i

Fig.4: PMSM Speed Control Using DFSMC

The model contains Pl block which is used to calculate the
reference signal needed in dg-axis. A dg-abc-Transform block
transfers the dg-currents to abc-currents format. The DFSMC2
starts to calculate the tracking error in speed (14,15), hence
produces the reference currents needed for the motor.
DFSMC1 calculate the tracking error in currents (13-17), then
produce output voltages to force the system towards the
sliding surface first (Reaching) , then DFSMCs try to keep the
system slides on the switching surfaces till reaching the
desired speed . The DFSMC1 contents shown in Fig.5.
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Fig.5: The DFSMC1 Controller

The contents of Compare, compare2 and compare3 Shown in
Fig.6, Fig.7 and Fig.8 respectively.
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Fig.8: Compare2 Contents

The transfer function is a filter to reduce the harmonics with
the measured current, and then satisfy the sliding surface
(S1,S; and S3) to obtain the control output. Selecting ¢;=c,=C3
because of the contribution of each phase is similar to the
others. The constants required for faster response. But not too
large, otherwise the motor will suffer from torque ripples.
When the DFSMC; moves toward the origin (the reference
currents are near the actual currents) and with motor current
ranges from nearly +2.2A to -2.2A, larger constants ¢y, C,, C3
are required especially with small current differences. If these
constants are too large then the error may change its sign and
may induce torque ripples.

The DFSMC2 contents shown in Fig.9.

Fig.9: DFSMC2 Contents

For reaching the desired speed with faster response and
without speed oscillations, it should select ¢4 not small than 1
for achieving faster response and not too large for reducing
the speed oscillations.

The fuzzy rules are applied for the sliding surfaces (Si, S, Sa,
S,) to obtain the thickness of the boundary layer.

7. SIMULATION RESULTS
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Figure 10 summarizes the simulation results for a three-phase
motor rated 1.1 kW, 3000 rpm. The load torque applied to the
machine's shaft is originally set to its nominal value (4 N.m)
and steps down to 2 N.m at t = 0.04 s. The desired speed 500

rad/sec.
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Fig.10: DFSMC Controller Simulation Curves of PMSM
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Fig.10 shows the PMSM speed, torque, currents and voltage
using DFSMC controller. These results can be summarized in
the following:

The reference speed is 500 rad/sec, the motor speed
stabilized at 0.025 sec. Table 1 summarizes the
results

The torque stabilized at the nominal torque 4 N.m
till 0.04 sec. The motor torque drops to -0.77 N.m
due to the torque reducing, then DFSMC controller
tries to overcome the sudden torque changes and
stabilize the torque at 1.8 N.m.

The motor starts with high current 30.1A, and then
the currents reduced and stabilized in sinusoidal
waveform with max. 4.5A. When the load torque is
reduced to 1.8 N.m at 0.04 sec, all currents are
reduced to max. 2.16A.

Chopping the motor voltage to achieve the required
currents for adjusting the speed.

Table 1 Speed Results Using SMC

Time of reaching 0.025 sec

Max. Speed deviation

500.05 Rad/sec

Min. Speéd deviation

499,93 Rad/sec

Speed o'scillations Approx. £ 0.014%

8. COMPARATIVE ANALYSIS

Another technique can be used to control the speed of the
PMSM [21-23]. PWM (Pulse Width Modulation) inverter is
used to control the waveforms of currents and voltages that
will be applied to the motor. The PWM controller shown in

Fig.11

o it

Fig.11: PMSM Speed Control Using PWM

Figure 12 summarizes the simulation results for PWM
controller with the same motor parameters.
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600

Table 2 Speed Results Using PWM

Time of reaching 0.024 sec
% Max. Speed deviation 500.15 Rad/sec
% Min. Speed deviation (steady 499.8 Rad/sec
g Speed oscillations (steady Approx. £ 0.040%

e From Table 1 and Table 2, it is noted that DFSMC controller
0 001 002 003 004 005 005 007 008 009 04 reaches the motor speed close to the PWM controller. Also
Time(Sec) Fig.13 shows the speed oscillations for a sample time for both
’m e controllers at steady state which concluded that the speed
oscillations in DFSMC controller is less than in PWM

0 {'\

controller.
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£ 0 Fig.13: Steady State Sample Period Speed of PMSM
-
200} The motor torque drops to -1.789 N.m at 0.04 sec due to the
ol torque reducing. The compared results shown in Table 3
400 o.lm o.luz o.los o.lua o.los o.lus o.lw o.los o.los 0.1 Table 3 Compared Torque Results
Time(Sec)
Torque PWM DFSMC
Fig.12: PWM Controller Simulation Curves of PMSM
Torque -0.1491t0 2.123 0.1873t01.81
Fig.12 shows the PMSM speed, torque, currents and voltage Range N.m N.m
using PWM controller. These results can be summarized in
the following: Sudden -1.789 N.m -0.7768 N.m
= The reference speed is 500 rad/sec, the motor speed Torque Drop
stabilized at 0.024 sec. Table 2 shows the results
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The torque in PWM controller switching between positive and
negative torques which means high torque ripples then in
DFSMC controller.

= The three phase currents have maximum current
2.2A at steady state in PWM controller, which is the
same at DFSMC controller.

=  The voltage is chopped achieve the required motor
currents and speed.

9. CONCLUSION

This paper presents the design of control system for
controlling the speed of Permanent Magnet Synchronous
Motor using the decoupled fuzzy sliding mode control
algorithm. The decoupled technique divides the system into
Electrical and Mechanical subsystems which can be
separately modeled and controlled. The proposed controller
assures its validity and effectiveness against the regular Pulse
Width Modulation controller. Simulation results were
presented for both controllers. DFSMC achieves less speed
oscillation and low torque ripples compared with PWM.
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