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Direct Torque Control Strategy (DTC) Based on Fuzzy Logic Controller
for a Permanent Magnet Synchronous Machine Drive

A. Tlemcani*, O. Bouchhida*, K. Benmansour**, D. Boudana* and M. S. Boucherit*

Abstract — This paper introduces the design of a fuzzy logic controller in conjunction with direct
torque control strategy for a Permanent Magnet synchronous machine. A stator flux angle mapping
technique is proposed to reduce significantly the size of the rule base to a great extent so that the fuzzy
reasoning speed increases. Also, a fuzzy resistance estimator is developed to estimate the change in the
stator resistance. The change in the steady state value of stator current for a constant torque and flux
reference is used to change the value of stator resistance used by the controller to match the machine

resistance.
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1. Introduction

Permanent magnet synchronous motors (PMSM) are
widely used in high-performance drives such as industrial
robots and machine tools thanks to their known advantages
of: high power density, high-torque/inertia ratio, and free
maintenance. In recent years, the magnetic and thermal capa-
bilities of the PMSM have been considerably increased by
employing high-coercive PMSM materials. The Direct
Torque Control (DTC) method was first proposed for induc-
tion machines in the mid-1980s (Takahashi and Noguchi [1],
[2], Depenbrock), and then extended to PMSM motors [3],
[4]. This technique is becoming more and more accepted
nowadays since the basic idea of DTC for motors is to con-
trol the torque and flux linkage by selecting the voltage space
vectors properly, which is based on the relationship between
the slip frequency and torque.

In the late 1990s, DTC techniques for PMSM machines
have appeared [5], [3]. Figure 1 shows a DTC system for an
Interior Permanent Magnet motor. It is seen that no extra
sensors are needed to implement DTC when compared with
vector control except for the use of a voltage sensor. The
rotor position, which is essential for torque control in a vector
control scheme, is not required in DTC provided the initial
rotor position is known. This makes the sensorless PMSM
drive easier to  implement [6].
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Basically, direct torque control employs two hysteresis
controllers to regulate the stator flux and the torque respec-
tively, which results in approximate decoupling between the
flux and the torque control. The key issue of designing the
DTC lies in the strategy of how to choose a proper stator
voltage vector to keep the stator flux and the torque in their
prescribed band [7].

In most DTC schemes, a hysteresis controller is used.
The latter is usually a two-value bang-bang type controller,
which naturally leads to taking the same action for the big
torque error and the small one. As a consequence, the above
scheme gives poor performances in response to step changes
and large torque ripple. In order to improve the performance
of the DTC, it is natural to divide the torque error into several
intervals on which different control action is taken; since the
DTC control strategy is not based on a motor mathematical
model, it is not easy to give an apparent boundary to the
division of the torque error.

Besides, fuzzy control is a way of controlling a system
without knowing its mathematic model and which uses the
experience of people knowledge to form its control rule base.
Many applications of fuzzy control have appeared in power
electronics and drive controls in the past few years [8]. A
fuzzy logic controller was reported in [9] being used with
DTC [10]. However, there arises the problem that the rule
numbers used is very large (180 rules) and will slow down
the speed of the fuzzy reasoning.

This paper introduces the design of a fuzzy logic controller
in conjunction with a direct torque control strategy for a Per-
manent Magnet synchronous machine. A stator flux angle
mapping technique is proposed to reduce significantly the
size of the rule base to a great extent so that the fuzzy reason-
ing speed increases. Also, a fuzzy resistance estimator is de-
veloped to estimate the change in the stator resistance. The
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change in the steady state value of stator current for a con-
stant torque and flux reference is used to change the value of
stator resistance used by the controller to match the machine
resistance.

The paper is organized as follows. In section 2, the PMSM
motor model is discussed. In section 3, the DTC scheme is
given. The fuzzy controller is proposed in section 4, where
three approaches for the optimization of fuzzy rules are dis-
cussed. Section 5 is devoted to the stator resistance estimator
which is based on fuzzy logic

2. Mathematical model of PMSM

The electrical and mechanical equations of the PMSM mo-
tor in the rotor d-q reference frame can be expressed as:

v, =Ri,+1L, % - pLQ,

. di, . ey
v, =Ri, +L, gt—+pLszd +pQd,
&7 1 Fa
dt
Plo,|
T, =—"1[20 L siny—|o [(L —L,)sin2 @)
em 2Lqu[ f~q Y (pq( q d) Y]
Where:

R, : Stator armature resistance;

Ly,L, : Direct and quadrature inductance;
Q)  :Rotor speed;

p: Pole pairs;

\PTRY

, Stator voltage in d-g-axis;

ig,1,: Stator current in d-g-axis;
O s+ Flux created by the rotor magnets;

@, : Stator flux;
T,

wm»> I o Electromagnetic torque and load torque;
F, . Viscous friction coefficient;

J : Total moment of inertia of the motor and load;
Y : Angle between rotor and stator flux linkage;

The state vector is composed by the (d-q) current compo-
nents (i, iz), and the rotor speed €2, whereas a vector control
is composed of the rotor voltage components (v, v,)and the
external disturbance is represented by the load torque T;[3].
Under the condition of constant amplitude of ¢, by differ-

entiating equation (2) with respect to time, the rate of increas-
ing of torque can be obtained.

drt, ['|(Ps| | '
— =—"L[20 L, ycosy—2 (L —L,)ycos2 3)
dt 2Lqu[ BT “Ps‘( P "

The derivative of torque is always positive provided that v
is within the range of [-n/2 /2] which implies that the in-
crease of torque is proportional to the increase of angle y. In
other words, the stator flux linkage should be controlled in
such a way that flux amplitude is kept constant and the rotat-
ing speed is controlled as fast as possible to obtain the maxi-
mum change in actual torque [12]. Therefore, for PMSMs,
the amplitude of the stator flux linkage should also be
changed with the change of actual torque for maintaining a
positive dT/dy.

With constant stator flux linkage, the condition for positive
dT/dy around y=0 is given by:

L

Y )
L,~L,

@

By differentiating (2) with respect to y and equalizing it to
zero, the condition for maximum allowable angle v, can be

found, as:
4 a/'@s>_\/(a/’@s’)2+8 5
¥, =CO8 p ®)
Where:
_ (Dqu
L1,

In maintaining positive dT,/dy the torque angle y should
be also controlled to not exceed y,,, which is corresponding to
the maximum torque [11]. Hence, the application of DTC in
PMSM drives, the amplitude of the stator flux linkage should
be controlled to satisfy (4), and y must also be limited to v,,.

3. Implementation of DTC for a PMSM Drive

The DTC scheme for a PMSM drive is shown in Fig. 1.
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Fig. 1. DTC scheme for PMSM drive
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3.1 Control Algorithm

Between switching intervals, each voltage vector is con-
stant and the stator flux linkage of a PMSM can be expressed
in the stationary reference frame as:

95 =Vst—R J.Isdt TP, ()

Neglecting the stator resistance, (6) implies that the tip of
the stator flux vector, g, will move in the direction of the ap-
plied voltage vector. s, is the initial stator flux linkage at
the instant of switching. To select the voltage vectors for con-
trolling the amplitude of ¢, the voltage vector plane is di-
vided into six regions. In each region, two adjacent voltage
vectors, which give the minimum switching frequency, are
selected to increase or decrease the amplitude o, respectively [5].

The torque increases with the angle, not with the slip fre-
quency as in induction motors. For controlling the amplitude
of the stator flux linkage and for changing the torque or angle
quickly, zero voltage vectors are not used in PMSM. For
induction motors, the application of zero voltage vectors im-
mediately makes the slip frequency and torque negative. For
PMSMs, the change of torque must occur through change in
angle. The application of zero voltage vectors will make this
change subject to the rotor mechanical time constant which
can be rather long. In other words, ¢ should always be in
motion with respect to the rotor flux linkage. The rotating
direction of ¢, is determined by the output of the torque con-
troller.

3.2 Hysterics Controller

Let the stator flux space vector be located in the k sector
(k=1,2.....,6) of the d-q plane as drawn in Fig. 2. In order to
increase the amplitude of the stator flux, the inverter voltage
space vectors Vi, Vi, Vi should be applied to the motor.
Conversely, to decrease its amplitude, Vi, Vi, Vies must
be applied.

The inverter voltage utilized for the control of the stator flux
amplitude acts also on the motor torque. From the previous
section, it turns out that inverter voltage space vectors which
cause an increase in the slip speed of the stator flux produce a
torque increase. The converse is true for the space vectors
which reduce the slip speed of the stator flux [13], [14].

Table 1 summarizes the combined action of each inverter
voltage space vector on both the stator flux amplitude and the
motor torque. In this table, a single arrow means a small
variation, whereas two arrows mean a larger variation. As it
appears from the table, an increment of torque ( T ) is ob-
tained by applying the space vectors Vi, and Vi, irrespec-
tive of the motor speed direction. Conversely, a decrement of

torque ( - ) is obtained by applying Vi.; or Vi.,. The space
vectors Vy , Vi3 and the zero voltage space vectors alter the
torque in accordance with the motor speed direction as speci-
fied in Table 1.

Table 1. Combined action of each inverter voltage space
vector V;

Viea | Vig Vi Viel | Va2 | Viss | Vo7

?s ! AN R O A I RN (2

em
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T, (©<0) N \ N T I A

e

Table 2. Four switching solutions

LYo | 1.7 | 1Yo | Tt
1% Switching Visl Vis2 Vo, V7 Vo,V7
2™ Switching Virl Vizo A Vo, V7
3" Switching Vi Vit \ Vi3
4" Switching Vi Vi Via Viz

With hysteresis controllers having a two level output, there
are four conditions regarding the stator flux and the motor
torque voltage demands. For each condition it can be found
at least one inverter voltage space vector which acts in the
way of reducing the error signals. This demonstrates that a
voltage inverter is able to regulate in a direct manner the sta-
tor flux amplitude and the motor torque of a PMSM or to
force them so as to track any reference.

Several switching solutions can be employed to control the
torque according to whether the stator flux has to be reduced
or increased. Each solution influences the drive behavior in
terms of torque and current ripple, switching frequency, and
two- or four-quadrant operation capability. In Table 2 four
switching solutions are given. Upon each solution, a switch-
ing table can be built and implemented in the block selector
of Fig. 2. The switching table inputs are the two-level de-
mands of stator flux and torque, and the stator flux sector,
whilst the switching table output is the inverter voltage space
vector for the motor [14].

4 ol, 1T ot rt

Fig. 2. Inverter voltage and corresponding stator flux varia-
tions
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To use the switching table, rather than the position of the 2, Wb)  Table 3 2,07D)  Table 4
flux, the zone where the flux is situated is used. In the tables, 02 ffrf_w\" 0.2 7 o,
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One can see the hard trajectory oscillations in Table 5. The Fig. 3. Flux trajectories for different switching strategies
torque responses to the different switching algorithms are
given in Fig. 4. Table 3 gives the best performance with re- Ton (NM)  Table 3 Ten (Nm) — Table 4 7
spect to Tables 4, 5 and 6. The latter exhibits hard torque 4 , 4 T M
oscillations. The same conclusions for the currents responses 8 WM'MWWMWWWWW SHWW" it
can be obtained from Fig. 5. 2| 2
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o = ¢ Fig. 4. Torque responses to the different switching algorithms
Cflx=1 Vs Vs V4 Vs Vs Vi
cepl=1
Cflx=0 v, Vi Vs Vs v, V, 1,(4) Table3 I,(4) Tabled
s 2 A\ Y (S
Cllx=1 V] Vs Vs V4 Vs Vs 6{\\ J« \ M 6 N"‘»‘ Mﬂ‘ 1 ’r\\ :
cepl =0 4 Py \ al Sy
Cflx=0 | V, v, Vo ' V, v, 2 \% #f . 2l A f | i L
0 I o n
4 .2‘ }q‘n »[1 }‘ r" 2 1'*1 J" \}L [YI
Table 5. The 3" switching strategy 4 v/ E ; g ! y,‘ )
Torque | Flux | N=I | N=2 | N=3 | N=4 | N=5 | N=6 P L VA b Voo e
0 0.05 0.1 015 0.2 0 0.05 0.1 015 02
CﬂX =1 Vz V3 V4 V5 Vs V1
cepl=1 . 1,(4) - Table 5 . 1.(4) rTable 6 ]
Cflx=0 Vs V. Vs Vs Vi V2 6. ‘ ]M\ J‘M\ 6, W\ J}ka
Cfix=1 | V, v, 1A A Vs Vs AR f al N, N : lV
ccpl=0 2; 9‘ L 2 L i
Cix=0 | Vi | Vs | Ve | Vi | V. | Vs o V1! o .
N ¥
o a N PN !
Table 6. The 4 switching strategy 6 IV b e 8 by hW )
Torque | Flux | N=I | N=2 | N=3 | N=4 | N=5 | N=6 B Toos 01 o015 02 o 005 01 015 02
Ciix=1 | V, \2 \ Vs Vs v, Fig. 5. Currents responses to the different switching algo-
cepl=1 — rithms
Cilx=0 Vs \Z Vs Ve \'2 Vs
ccpl =0 Cx=1 | Vs v o | Vs Vi | V5 The case of inverting the torque is given in Fig. 6. One can
Ciix=0 1 Vs | Vo | Vi | V2 | Vs | Vy see that the inversion of the torque fails with strategies of




70 Direct Torque Control Strategy (DTC) Based on Fuzzy Logic Controller for a Permanent Magnet Synchronous Machine Drive

Tables 3, 4 and 5. However, with the strategy of Table 6, the
inversion is done and a good response is obtained.

In the sequel we will us only Table 6 for the simulations
since it gives the best compromise between flux and torque.

Table 3 Table 4
4 4
i
E) g
z? 22
20 5.0
3 5
= 2 = -2
-4 t(s) -4 t(s)
0 00 01 01 02 0 00 01 01 02
4 Table 5 4 Table 6
_ M& g
£q | 2
% 0 \ § 0
(o] o
=g E g
HOR t(s)

"0 00 01 01 02 0 00 01 01 02

Fig. 6. Inverting the torque to the different switching algo-
rithms

4. Fuzzy logic controller

From the discussion in the previous section the controller
adopting DTC strategy is a type of hysteresis, which means
the control action will be the same in the whole error range.

To obtain better control effect a fuzzy logic controller has
been introduced to replace the hysteresis controller. The dia-
gram of a direct torque control incorporated with a fuzzy
logic controller is shown in Fig. 7. Generally speaking, a
fuzzy logic controller consists of three main parts: fuzzifica-
tion, fuzzy reasoning and defuzzification. We will discuss
three approaches: the first approach developed [16] was for
induction motors and adopted by us for PMSM; the second
was developed by [21]; and the third approach is proposed in

this paper.
Ve Inverter @
i .
aq l b V
I O, wvvwwy a
? Stator flux
< * and torque
Fuzzy |~ s estimator
Controller
Torque
< O¢—
P "l;orque refer-
- I, ence
Flux angle

Fig. 7. Fuzzy controller for direct torque control of PMSM

4.1 First Approach

4.1.1 Fuzzy state and control variables

The fuzzification is the process of a mapping from meas-
ured or estimated input to the corresponding fuzzy set in the
input universe of discourse. In this system there are three
inputs, which are Eo (error of stator flux), Er (error of
torque) and O (stator flux angle) respectively. They are de-
fined as:

E,=¢"s ~[o,|
Er, =T, -T, ®
0=1g" (%)

Py

Where ¢ and Te* are references of stator flux and torque
respectively, @, is the magnitude of stator flux, which can be
estimated.

The fuzzification is performed using membership function
with a singleton fuzzifier. There are three groups of member-
ship function depicted in Fig. 8 corresponding to three input
variables. The universe of discourse of fuzzy angle variable is
divided into 12 fuzzy sets 0 to 6;,. The control variable is the
inverter switching state (N). In a six step inverter, seven dis-
tinct switching states are possible [18]. The switching states
are crisp thus do not need a fuzzy membership distribution.

Ha, Her,
2B ZE, VE, || YSE, ZE;, PSEy
NLEy, PLE,
05 s
0 E, i} By,
4 2 0 2 4 2 0 2
Hy o 10°

05 ¢

0 100 200 300

Fig. 8. Membership distribution of fuzzy variables for first
approach

4.1.2 Fuzzy rules for self control

Each control rule can be described using the state variables
E@, Er.and 8 and the control variable N. The rule R, can be

written as:
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R :if E,is A, ,Ep, is B,and Ois C, then Nis N, (9)

Where A;, B;, C; and N; represent the fuzzy segments.
The control rules are formulated using the vector diagram
for direct self control as shown in Fig. 9.

B A3 Ap2

ATl
AI5 CAI6

Fig. 9. Vector diagram used for knowledge base

Looking at the position of the flux in Fig. 9 states 5, 6 and

1 will increase the flux while states 2, 3 and 4 will decrease it.

Similarly states 6, 1 and 2 will increase the torque while
states 3, 4 and 5 will decrease it. For a large increase in flux
and a small increase in torque, state 6 is selected. For a small
increase in flux and a large increase in torque, state 1 is se-
lected. For a small decrease in flux and a small increase in
torque, state 2 is selected. For a large decrease in flux and a
small decrease in torque, state 3 is selected. For a small de-
crease in flux and a large decrease in torque, state 4 is se-
lected. For a small increase in flux and a large decrease in
torque, state 5 is selected. For a small decrease in torque and
constant flux, state 0 is selected. This selection changes as the
position of the flux vector changes. The total number of rules
is 180 as shown in Table 5. Each cell in this diagram shows
the best switching state for the given angle.

The total number of obtained rules is 132 instead of 180
obtained in [16] since we do not use the null voltage vectors
for DTC in the PM motors. The latter’s are represented in the
12 tables shown below Tab. 7. Each table gives the best
switch state for a given flux angle.

4.1.3 Fuzzy Interface

The interface method used is basic and simple and is de-
veloped from the minimum operation rule as a fuzzy imple-
mentation function [19]. The membership functions of A, B,
C and N are given by pA, pB, uC and pN respectively. The

firing strength of i" rule o, can be expressed as:

Q; = min(HA,. (Eq;):lflgl (E),bc;(9)) (10)

By fuzzy reasoning using Mamdani’s minimum operation
rule as a fuzzy implication function, the i rule leads to the
control decision:

Wy (1) = min(a,, py, (7)) (1D

Thus the membership function uN of the output n is point
wise given by:

132
Wy () =max(p,. (n)) (12)

Since the output is crisp, the maximum criterion method is
used for defuzzification. By this method, the value of fuzzy
output which has the maximum possibility distribution is
used as the control output.

4.2 Second Approach

In [16] the flux angle has 12 fuzzy subsets which results in
180 rules in the rule base. This is too many to be incorporated
into the fuzzy logic Toolbox and is difficult to implement in
practice as well. For the purpose of reducing the total rule
numbers the input to the fuzzy controller in our case only

covers the partial universe [—g,%] not like that of [0,2.n]

which covers the whole universe of discourse [10].
Based on the symmetry of impressed PMW voltage vec-
tors and flux angle in d-q coordinate, we define a mapping to

convert the 8 in the range of [0.2.x] into a sector with range

Tn
of [—gag] .

0 +1/6
n/3

0=0 —ng'x[ ] (13)

Where O is the angle that goes into the fuzzy logic con-
troller.

The operator Fix denotes rounding the variable to the near-
est inferior integer. It should be noted here after the fuzzy
reasoning that the result action should be converted to the
correct voltage vector according to the real angle of the flux.

The control variable obtained by the fuzzy controller is
then transformed to the correct value by taking into account
the number of the stator flux sector [21].

The Universe of discourse for the new fuzzy variable is di-

vided into 3 fuzzy sets (0,,0,,0, ) as shown in Fig. 10.

Using 3 fuzzy sets for the flux angle, we had an incom-
plete table of 33 rules reported in Table 6.
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Table 7. Set of fuzzy rules for first approach

o1 62 03

B P Z N B P Z N o P 7 N
PL |1 2 2 PL 2 3 PL 2 3 3
PS 1 2 3 PS 2 3 3 PS 2 3 4
ZE - - - ZE - - - ZE - - -
NS 6 - 4 NS 6 - 5 NS 1 - 5
NL 6 5 5 NL 6 6 5 NL 1 6 6

04 05 66
R P Z | N X P Z | N B P | Z N
PL 3 3 4 PL 3 4 4 PL 4 4 5
PS 3 4 4 PS 3 4 5 PS 4 5 5
ZE - - - ZE - - - ZE - - -
NS 1 - 6 NS 2 - 6 NS 2 - 1
NL 1 1 6 NL 2 1 1 NL 2 2 1

07 08 09
e P2 e P 2| N pe | P IZ [N
PL 4 5 5 PL 5 5 6 PL 5 6 6
PS 4 5 6 PS 5 6 6 PS 5 6 1
ZE | - - - ZE | - - - ZE | - - -
NS 3 - 1 NS 3 - 2 NS 4 - 2
NL 3 2 2 NL 3 3 2 NL 4 3 3

010 611 012
BN P Z | N 0 P Z | N B P {Z N
PL | 6 6 1 PL 6 1 1 PL 1 1 2
PS 6 1 1 PS 6 1 2 PS 1 2 2
ZE | - - - ZE | - - - ZE | - - -
NS 4 - 3 NS 5 - 3 NS 5 - 4
NL 4 4 3 NL 5 4 4 NL 5 5 4
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Fig. 10. Membership distribution of fuzzy variables for sec-
ond approach

Table 8. Set of fuzzy rules for second approach
o1 02

P Z o
ETe N ETe P Z N

PL | 2 2 3 PL 3 3 4

PS 1 2 3 PS 2 3 4

ZE - - - ZE -

NS 6 - 4 NS 1 - 5

NL 6 5 4 NL 6 6 5

ETe
PL 2 3 3

PS 1 3 4

ZE | - - -

NS 6 - 5

NL 6 6 5

The fuzzy reasoning used is mandani’s method Mamdani [9].
o, =min(p , (£,), Hp (Er). e (0))
My (n)=min(a;, py (1)) (14)
33
Ky (n) =max(p . (m))
The relation giving the number of the sector in which the
stator flux vector lies is obtained as:

0+mn/6
1 15
/3 )+ (1)

We add to the fuzzy regulator output (S-1) in order to get

S = Fix((

the correct voltage vector of the inverter configuration.

4.3 Proposed Approach

It is possible to reduce the size of the precedents rules table
by using the symmetry of rules table given in the first ap-
proach Table 5 and a heuristic repartition of the state flux
angle. We see from Table 5 that we can use only 2 fuzzy sets
for the flux angle® (8, and 6,). This allows eliminating re-
dundancy existing in the fuzzy rules. We have also developed
an interesting technique to reduce the number of rules to 22.
The third fuzzy controller input (flux angle) actually cover

the universe [O,E] and not [0,2.%x] as in the first approach.
6

Based on the symmetry of the voltage vector and the stator
flux angle, we define the following transformation that con-

verts the angle 0 from [0,2.7] to angle O in[O,g] :
0= rem(ey) (16)

Where © is the input angle of the fuzzy controller.

The operator rem used above stands for "remain of divi-
sion".

Table 9. Set of fuzzy rules for proposed approach
01 02

By P z N En P zZ N

PL 1 2 2 PL 1 1 2

PS 1 2 3 PS 1 2 2

ZE | - - - ZE | - - -

NS 0 - 4 NS 5 - 4

NL 0 5 5 NL 5 5 4

By using 2 fuzzy sets for flux angle, we obtain 22 rules
given in Table 7. Fig. 11 represents the distribution of the
underlying fuzzy sets.

" " ONE,  zE,  PE, " NSE,ZE, PSE,
NLE,, PLE,,
0.5 0.5
0 5, © E,
-4 -2 0 2 4 -2 0 2
Hy x10°
1- Z 8,
0.5
¢ )
4] 10 20 30

Fig. 11. Membership distribution of fuzzy variables for pro-
posed approach
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4.4 Simulation of the System

To study the performance of the fuzzy logic controller with
the direct torque control strategy, the system simulation was
conducted using Matlab and a fuzzy logic toolbox. The pa-
rameters of the motor are given in Table 10.

Table 10. Parameters of the used motor

Nombre of pole pairs P 2
Armature resistance Rs 0.57Q
Magnet flux  linkage Dy 0.108 Wb
d-axis Inductance Ly 8.72 mH
g-axis Inductance L, 22.8 mH
Phase voltage \" S0V
Phase current I 8.66 A
Base speed Q 1200 rpm
Fuzzy DTC

- Conventional DTC

Torque (Nm)
»

P

] 0001 0002 0003 0004 0005 0005 0.007 0008 0008 001
)

Fig. 12. Torque response of fuzzy controller and conventional
DTC during start-up

__ Fuzzy DTC

018 == Conventional DTC

| 7 Mg
! i

| — L
0 0001 0002 0003 0004 0006 0006 0007 0008 0009 001
Us)

Fig. 13. Stator flux response of fuzzy controller and conven-
tional DTC during start-up

Fig. 12 and 13 shows the torque and the stator flux re-
sponses of the system during start-up for the conventional
DTC and the fuzzy controller. The response of the fuzzy con-
troller is faster than the conventional DTC. In the fuzzy con-
troller the initial stator flux error is very large. Thus the con-
troller chooses the states giving a higher increase in the flux.
The change in torque during this time is small. Once the flux
error becomes small, the controller chooses the states giving

a faster increase in torque.

Fig. 14 shows the response of the system for a step change
in torque from 3Nm to 1Nm keeping the flux command con-
stant. The response of the fuzzy controller is faster than the
conventional controller.

The steady state torque and flux vector in Fig. 15 and Fig. 16
shows nearly a circular path indicating a good flux regulation.
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Fig. 14. Torque response of fuzzy controller and conventional
DTC for step change in command torque
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Fig. 16. Responses of the PMSM with the proposed approach
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5. Fuzzy Resistance Estimator

In direct torque control schemes, estimation of stator flux
is based upon the knowledge of stator resistance. This is es-
pecially true at low speeds where the resistive drop (I,R;) is
the major portion of the measured terminal voltage. The sta-
tor resistance error would cause improper flux estimation
making the controller perform poorly. The magnitude of the
stator current vector can be used to correct the stator resis-
tance used by the controller during any change in stator resis-
tance of the machine. The magnitude of the stator current
vector in direct self-control is a function of torque and flux. It
is not affected by any change in the input DC voltage or a
change in load. Also, the model used in the direct self-
controller is independent of all machine parameters other
than stator resistance. Change of any parameter other than
stator resistance does not change the magnitude of the stator
current vector. For any change in the current vector, during a
change in the input voltage or the motor parameters other
than stator resistance, the controller chooses the switching
states so that the stator current changes back to its original
value to have constant flux and torque [16]. During a change
in stator resistance the actual and the estimated stator flux are
different. Therefore, the switching states selected by the con-
troller for constant flux and torque do not change the current
to its constant value. Thus, for a constant value of torque and
stator flux, any change in the magnitude of the stator current
vector is due to the change in stator resistance. With knowl-
edge of the magnitude of current vector, for the given values
of stator flux and torque, a fuzzy resistance estimator can be
developed for the correction of changes in stator resistance.
The fuzzy resistance estimator suggested is shown in Fig. 17.
The estimator requires the magnitude of the stator current
vector to obtain the change in stator resistance. This magni-
tude is obtained by measuring the stator currents and calcu-
lating the current vector. This is filtered and sent to the fuzzy
resistance estimator.

To estimate the error in stator resistance, the stator current
vector error and the change in the current vector error are
employed. The current vector error and the change in current
vector error are defined as:

e(k)=14(k)" - I(k)
Ae(k) = e(k) - e(k - 1)

(17)

Where I, (k) is the current vector corresponding to the flux
and torque commands and I(k) is the measured stator current
vector given by:

I(k)y=fi, +iy’ (18)

The universe of discourse of the two fuzzy input variables

and the output variable, which is the change in stator resis-
tance, AR;are divided into five fuzzy sets each as shown in
Fig. 19.
The fuzzy rule applied can be written as:
R;:if eis A, and Aeis B, then AR is C, (19
The error in the stator current vector for a linear change in
stator resistance is shown in Fig. 19., shows the relation be-

tween the error in the stator current vector and the error in
stator resistance. Using this response we can formulate fuzzy
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Fig. 17. Fuzzy DTC Controller with fuzzy resistance estima-
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Fig. 19. Membership distribution of fuzzy input and output
variables
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Table 11. Fuzzy rules for fuzzy resistance estimator
e/Ae | PL PS ZE NS NL

PL PL PL PL PS ZE

PS PL PL PS ZE NS

ZE PL PS ZE NS NL

NS PS ZE NS NL NL

NL ZE NS NL NL NL

rules to change the stator resistance used by the controller.
There are 25 rules as shown in Table 11. Mamdani’s mini-
mum operation rule is used as the interface method and, fi-
nally, the value of resistance error can be obtained by the
center of gravity method used for defuzzification. The value
of stator resistance used by the controller is then given by:

R,(k)=R,(k—1)+AR, (20)

5.2 Simulation Results

The stator resistance variation was simulated as well. The
speed of the PMSM is set at 4 rad/s and torque reference 0.3
Nm. The stator resistance used by the controller follows very
closely the actual stator resistance of the motor, and the simu-
lation results are shown in Fig. 20.

Fig. 21 shows the filtered electric torque with and without
the fuzzy resistance estimator. There is very 'small error in
actual electric torque of the machine during a change in resis-
tance using the fuzzy resistance estimator.

T T
-~~~ BEstimated resistance

v Real tesistance

2 4 6 8 10 12 14

Fig. 20. Fuzzy resistance estimator
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Torque with resistance estimator
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0.4
a.3
0.2
t(s)
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Fig. 21. Torque response with and without fuzzy resistance
estimator

6. Conclusion

A fuzzy logic controller using the DTC strategy for PMSM
has been described in this paper. To make the fuzzy reasoning
fast and the simulation available with the fuzzy logic toolbox,
the number of rules was greatly reduced in terms of the flux
angle mapping approach. The change in the steady state value
of stator current for a constant torque and flux reference is
used to change the value of stator resistance used by the con-
troller to match the machine resistance. The simulation re-
sults show the effectiveness of the new control strategies.
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