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Abstract—This paper develops an adaptive type-2 fuzzy logic 

controller for direct torque control of a permanent magnet 
synchronous motor. The type-2 fuzzy logic systems are used for 
modeling the unknown functions. The adaptive law proposed 
takes in consideration the compensation of reconstruction 
errors by adding a sliding mode term. This term ensures the 
stability and the robustness of the control system regardless the 
internal and external disturbances. The stability of closed-loop 
system was verified using Lyapunov’s stability theorem. 
Moreover, the proposed control scheme guarantees that all 
involved signals are bounded. The effectiveness and the 
feasibility of the proposed control method are demonstrated by 
extensive presentation and discussion of simulation results. 
 

Index Terms—adaptive control, fuzzy systems, measurement 
uncertainty, permanent magnet motor, torque control. 

I. INTRODUCTION 

Permanent magnet synchronous motors (PMSM) are 
efficiently used in industrial applications. They have 
relatively higher power density, high torque/inertia ratio, 
and slight rotor losses and easy to control. These qualities 
make PMSM a competitive choice in various high-
performance, robotic, and servo applications. 

There are two types of drive system used for PMSM: 
vector and direct torque control (DTC) drives. The direct 
torque control has many advantages compared with the 
vector control. Most importantly, the position signal and the 
current controllers used in vector control are not necessary 
in PMSM DTC drive. It is carried out using only a switching 
table and hysteresis controllers. In the classical DTC, the 
output of hysteresis comparator for flux linkage can be 0 or 
1, and for electromagnet torque it can be 1, 0, -1 to reduce 
torque ripple, by using three-level hysteresis torque 
controller. Thus, the results cannot distinguish error size and 
the inverter switching frequency cannot be controlled [1-2]. 
In addition, the voltage vector selected cannot, in most 
cases, compensate flux linkage error and electromagnetic 
torque error. To overcome these problems, various methods 
have been proposed [3-6]. Most of above-mentioned 
difficulties were eliminated by using PI controllers with 
space vector modulation (SVM). However, the PI controller 
may not give satisfying performance under a non-linearity 
of PMSM, parameter variations and external disturbances. 
Thus, the development of a more robust adaptive controller 
for PMSM drive is required. 

In recent years, the adaptive control of PMSM with 
unknown dynamics using type-1 fuzzy logic systems 

(T1FLSs) has interested many researchers [7-12]. These 
systems are able to capture effectively the system 
nonlinearities but not the system uncertainties. The type-2 
fuzzy logic systems (T2FLSs) are more effective approach 
for handling uncertainties. It is used successfully in different 
applications such as: control [13-16], medical applications 
[17], noise tolerance analysis [18], DC-DC converters [19], 
intelligent transportation systems [20], robotic systems [21, 
22], linear ultrasonic motors [23], motion control systems 
[24-25], electrical drive [26-28]. 

In this paper, an adaptive type-2 fuzzy control technique 
is proposed for a DTC of PMSM. The Lyapunov method is 
used to obtain the adaptive laws of fuzzy systems, 
reconstruction error bounds and robust terms. Furthermore, 
the space vector modulation technique is used to control the 
inverter. All this makes it possible not only to have a DTC 
operating at a fixed switching frequency but also to take into 
account the nonlinearity and uncertainty of the system, 
which makes our control method more robust than the others 
proposed in the literature. 

This paper is organized as follows: Section II discusses 
the PMSM motor model, and section III introduces the 
problem statement. Section IV describes the type-2 fuzzy 
logic system. The proposed method is developed in section 
V. In section VI, the performance of the proposed scheme is 
evaluated. As for section VII, it compares the proposed 
method with the literature. Finally, a general conclusion is 
drawn. 

II. MATHEMATICAL MODEL OF PMSM 

The PMSM model, in the synchronous d-q reference 
frame, without consideration of damping effect, saturation 
and considering sinusoidal distribution of stator winding, is 
represented as follows [9]: 
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where: 

,d qv v      : stator voltage in d-q-axis; 
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,d qi i        : stator current in d-q-axis; 

,d qL L    : stator inductance in d-q-axis; 

sR          : stator resistance; 

p           : number of pole pairs; 

          : mechanical speed; 

f        : flux created by the rotor magnets; 

,em rT T    : electromagnetic torque and load torque; 

cF          : viscous friction coefficient; 

J          : total moment of  inertia of the motor and load. 
In order to control directly and independently the flux and 

the torque, the PMSM model is expressed in the stator flux 
reference frame x-y  by using the following transformation: 

/

cos sin
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The voltage components in x-y frame are as follows:  
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where: 

s : rotating speed of stator flux linkage 

: angle between rotor and stator flux linkage. 
,x yv v

  :   stator voltage components in x-y frame; 
,x yi i

   :    stator current components in x-y frame; 
The stator flux linkage and the electromagnetic torque are 

given by: 
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,x y  :    stator flux components in x-y frame; 

s     :    stator flux magnitude; 

From (3) and (4), PMSM model can be written as follow: 
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III. PROBLEM STATEMENT 

We aim to build a DTC adaptive type-2 fuzzy control for 

a PMSM in order to reduce the torque ripple and to impose 
the switching frequency. The control problem is to force 
system (5) to follow a given bounded reference signals. 

PMSM model can be written as follow: 
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Let us first consider the ideal case where the functions f1, 
f2 and f3 and the constants b2 and b3 are well known. This is a 
necessary step to take when the control objective cannot be 
met in the case of known PMSM model; it is not useful in 
the case of unknown PMSM model. 

Let us consider the Lyapunov-like function: 
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Its time derivative is given by: 
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(10) 
The derivative of the errors (8) becomes: 
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where:  1 2 3 0k ,k k 

Then, V fulfils the inequality: 
2 2 2

1 1 2 2 3 3 0V -k e - k e - k e                 (13) 

Relation (12), mean that e1, e2 and e3 converge 
asymptotically to zero. Therefore, the control laws (12) can 
drive ideally the system. 

However, the functions f1, f2 and f3 and the constants b2 
and b3 are actually unknown, so we cannot use them to 
construct the equivalent ideal control (12). In this context, 
we propose to replace the unknown terms by a type-2 fuzzy 
system. 

IV. TYPE-2 FUZZY LOGIC SYSTEM DESIGN 

Fig. 1 depicts the structure of T2FLS. It is quite similar to 
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the T1FLS. The major difference is that the fuzzy sets are 
type-2 and in order to convert the output of the fuzzy 
inference engine into a type-1 fuzzy set, we must use a type-
reducer subsystem. This type-reduced set is defuzzified to 
obtain the crisp output.  

 

 
Figure 1. Structure of a T2FLS 

 

Consider a T2FLS having: 

n inputs, 1,..., 1 ...n nx x x X X       ; 

one output ;   y Y
and M rules, where the ith rule has the form: 
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              (14) 

with: 

1 2, ,...,i i i
nF F F    are the antecedent linguistic terms. They are 

modelled by the interval type-2 Gaussian fuzzy sets (Fig. 2): 
y  is the output of ith rule ; iR

iC is the consequent parameter. 
In Fig. 2, the footprint of uncertainty (FOU) can be 

represented as a bounded interval in terms of the upper 
membership function ( )i

j
jF

x   and the lower membership 

function ( )i
j
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x  , where: 
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jm and j  are respectively the mean and the standard 

deviation of Gaussian primary MF of the type-2 fuzzy set 
i
jF . 
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Figure 2. Interval type-2 Gaussian membership functions for antecedents 
sets 

 

The firing interval [ , ]i if f  of the  rule is an interval 

type-1 set; where

thi

if  and if  are determined as follows: 
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with ( )i
j

jF
x    and ( )i

j
jF

x   represent the membership value  

of the lower and the upper membership functions of the 

crisp input jx  to the type-2 fuzzy set i
jF  in the  ith rule. 

The final output can be expressed as [29]: 
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The output is an interval type-1 set; its two endpoints 

 and  can be represented as follows: 
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and: 
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where:  
i

lf  and i
rf  represent the firing strength membership grades 

contributing to the left-most-point  and the right-most-

point  respectively.  
ly

ry
1,..., M      . With: i are considered as type-1 

centroids of the consequent sets.  
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In order to compute , we need to compute  and . 

This can be achieved using the iterative procedure given in 
[30]:  
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changes need to be made: In step 2, we need to find 

(1 ) such that 1 kk M   1k
ly      and in step 3, let 

i i
lf f  for i  and k  i i

lf f  for . i k 

The crisp output can be obtained by means of the average 
value of  and . Hence, the defuzzified crisp output 

becomes: 
ly ry
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V. CONTROL SYNTHESIS AND STABILITY ANALYSIS 

The approximation propriety of the fuzzy logic system 
defined in (21) allows us to assume that the nonlinear 
functions given in (11) can be reconstructed by type-2 
Sugeno-Tagaki fuzzy system as follows: 
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The vectors parameters i (i =1,2,3) are the best 
parameters, and i are the unavoidable reconstruction errors. 
These reconstruction errors are assumed bounded: 
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where: i  are unknown positive parameters. 

Moreover, the estimation of ideal control law can be 
written under the form: 
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where: ˆ
i are the estimation of the parameters i. 

By using the equations (22) and (24), it follows that: 
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where: ˆ-i i i    is vector parametric error. 

By using the estimated functions, the control laws 
become: 
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where: 

xav , and  are sliding mode terms, they are 

introduced in order to compensate the effects of the 
reconstruction errors. These robust control terms are defined 
as follows: 
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The bounds of the reconstruction errors are estimated by 
the laws: 
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The parameters of the T2FLS are adjusted by the 
following laws: 
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where: i  and i are positives constants. 

By using the equations (11) and (22), we can write: 
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By substituting the equations (30), (25), (26) and (22) in 

the equation (10), the dynamic errors are: 
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Let us consider Lyapunov-like function: 
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with: ˆ-i i i   . 

The time derivative of each function  (iV 1,2,3i  ) is 

given by: 
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By exploiting (29) and (31), relation (34) is reduced to: 
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The substitution of (27) in (35) leads to: 
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The conditions (23) applied to relations (36) make that V  

( i ) achieve always the inequalities: 
i
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Use the update laws (28) allow reducing inequalities (37) 
as: 
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From the inequalities (38), we conclude that V , and 

are negative definite functions. This implies that the 

parameters 

1


2V

3V

i and i ( ) are bounded which implies 

that the speed ( ), stator flux (

1,2,3i 
 sf ) and torque ( ) are 

bounded for all t . From the relations (26) to (28), it is 
obvious that the control signals are bounded. Since V , 

and  are positive definite and none increasing function 

therefore the variables , and converge at least 

asymptotically toward zero. 
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VI. SIMULATION RESULTS 

The proposed scheme of the adaptive interval type-2 
fuzzy controller based DTC of PMSM is shown in Fig. 3.  

The control coefficients and the parameters of PMSM 
values of are given in the appendix A and B respectively. 

The parameters i  and i  ( i ) control both the 

convergence speed of the fuzzy systems’ parameters and the 
gains of the robust terms. We chose small parameters in 
order to minimize the convergence speed which impacts the 
control quality. After several trials, we reached satisfactory 
results. 

1,2,3

 
 

Figure 3. Scheme of the adaptive DTC of the PMSM based on type-2 fuzzy 
logic 

  
Five tests are done for performance evaluation of the 

proposed approach: 
1. Linear reference speed tracking:  
The first test deals with reference speed change from 0 to 

2n  with a slope of  0.4n  then from 2n  to n  

with a slope of  0.4n  and finally from to n - n  with a 

slope of - 0.n 2 , and maintaining the stator flux *
sf  to 

0.314 Wb. 
2. Sinusoidal reference speed tracking:  
The second test is done with sinusoidal trajectory as a 

desired rotor speed ref  ( sin
2ref n t
   

 
  rad/s) and 

*
sf is set to 0.314 Wb as a desired stator flux. 

3. Load torque disturbances:  
The third test aims to evaluate the robustness of the 

proposed approach to the external disturbances. Hence, the 
nominal load torque is applied at 2s. 

4. Parametric variations:  
Internal disturbances or parametric variations were 

studied in the fourth test. Thus, at t = 1.5s, we proceeded as 
follows: 
 Increasing the stator resistances and the moment of 
inertia by 100%; 
 Decreasing stator inductances by 50%; 
 Reducing of the inductor flux by 5%. 

5. Field weakening operation:  
The last test examines the PMSM behavior in the flux 

weakening region. An increase in the rotor speed above 
100% at t = 2s is applied. 

Fig. 4, Fig. 5, Fig. 6, Fig. 7 and Fig. 8 show the responses 
of the PMSM for the five tests discussed above. For each 
test, the results show that the stator flux and the speed 
follow the desired references accurately. Also the 
disturbance rejection is fast and the stator flux draws a 
circular trajectory. In addition, the speed and stator flux 
tracking errors remain satisfactory even for the parametric 
variations. 
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Figure 4. Simulation results for evaluating controller speed tracking: (a) 
Rotor speed, (b) Stator flux, (c) Stator flux focus, (d) Speed tracking error, 
(e) Phase current, (f) Phase current zoom 

 
Figure 5. Simulation results for evaluating controller speed tracking in case 
of a sinusoidal trajectory of rotor speed reference: (a) Rotor speed, (b) 
Stator flux, (c) Stator flux focus, (d) Speed tracking error, (e) Phase current, 
(f) Phase current zoom 

 
Figure 6. DTC robustness against load torque variation: (a) Rotor speed, (b) 
Stator flux, (c) Stator flux focus, (d) Speed tracking error, (e) Phase current, 
(f) Phase current zoom 
 

 

 
Figure 7. DTC against parametric variations: (a) Rotor speed, (b) Stator 
flux, (c) Stator flux focus, (d) Speed tracking error, (e) Phase current, (f) 
Phase current zoom 

 
Figure 8. Simulation results for evaluating the proposed DTC during field 
weakening operation: (a) Rotor speed, (b) Stator flux, (c) Stator flux focus, 
(d) Speed tracking error, (e) Phase current, (f) Phase current zoom 

VII. COMPARATIVE ANALYSIS OF THE RESULTS 

The Fig. 9, Fig. 10, Fig. 11 and Fig. 12 present the torque 
response for the four tests discussed in the section VI, in 
order to compare the torque ripples between the 
conventional lookup table based DTC (with three-level 
hysteresis torque controller) and the proposed DTC. In the 
classical DTC, the hysteresis controller bandwidths were 
chosen as follows: 

0.1 N.m for the torque and 0.001 Wb for the flux.  

 
(a) Proposed DTC                          (b) Classical DTC 

Figure 9. Torque response under conditions of first test 
 

 
(a) Proposed DTC                                 (b) Classical DTC 

Figure 10. Torque response following the application of the second test 
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 (a) Proposed DTC                       (b) Classical DTC 

Figure 11. Torque response under conditions of the third test 

 
(a) Proposed DTC                              (b) Classical DTC 

Figure 12. Torque response under conditions of the fourth test 

 
As illustrated, the torque ripple of the proposed DTC is 

significantly inferior to that of classical DTC using PI speed 
controller. 

Moreover, our proposed approach has better 
performances than that in the literature. Here are some 
examples that prove our point of view. 

In [31], a fuzzy logic controller is designed by the 
authors; it is linked to direct torque control strategy for a 
PMSM. A stator flux angle mapping technique is suggested 
to significantly reduce the rule base so that the fuzzy 
reasoning speed increases. Besides, in a given sampling 
period, the inverter switch time cannot be controlled under 
hysteresis comparator leading to inconstant inverter switch 
frequency which may cause mechanical excitation (and 
noise) or acoustic resonances. In the proposed approach, 
however,  the inverter switching frequency is constant. 

In [32], to investigate the stability analysis of interval 
type-2 Takagi–Sugeno fuzzy logic control systems, the 
classical approach needed to make some assumptions 
regarding membership functions to derive stability 
conditions. This limits using the approach to just specific 
situations. It is worth mentioning that the old approach did 
not use any systematic method to identify the required 
membership function parameters to fix the inequalities of 
those assumptions. The old model structure produces linear 
matrix inequalities that are difficult to simplify or evaluate 
in order to ensure stability criteria [33]. Our approach makes 
realistic assumptions and uses type 2 fuzzy systems for 
approximation of the nonlinear functions and to ensure the 
stability and the robustness of the control structure opposite 
to the reconstruction errors and the interconnection effects; 
between the subsystems, we introduced robust sliding terms. 
The proposed control law is always stable and well defined. 

Furthermore, in order to perform the feedback control of 
the PMSM, several sensors are required. However, sensor 
readings are often noisy. In order to simulate the influence 
of uncertainty in the speed measurement, a random noise 
with normal distribution is added to the measured speed. 

Three performances criteria are used to compare between 
DTC based on adaptive type-1 and type-2 fuzzy logic 
controllers: 

- Integral of square error (ISE);  
- Integral of the absolute value of the error (IAE); 
- Integral of the time multiplied by the absolute value of 

the error (ITAE).  
During 3 seconds of system operation, the obtained values 

are recapitulated in Table I. 
 

TABLE I. PERFORMANCE CRITERIA VALUES FOR DTC BASED ON ADAPTIVE 

TYPE-1 AND TYPE-2 FUZZY LOGIC CONTROLLERS 
 
 

 
Modeling 

uncertainty 
 

Measurement 
uncertainty 

Modeling and 
measurement 
uncertainties 

Speed 
DTCAT1FLC 

98.3 626650 614980 

IS
E

 

Speed 
DTCAT2FLC 

98.3 606600 605000 

Speed 
DTCAT1FLC 

1799 403260 399430 

IA
E

 

Speed 
DTCAT2FLC 

1799 396850 396130 

Speed 
DTCAT1FLC 

588.8 407690 402870 
IT

A
E

 

Speed 
DTCAT2FLC 588.8 399840 397970 

 
The different criteria values for the modeling uncertainty 

are similar, for the two controller studied. For that, DTC 
adaptive type-1 fuzzy controller is recommended when the 
uncertainty in modeling must be handled, because their 
implementation is easier. However, the criteria values of 
measurement uncertainty for the adaptive type-2 fuzzy 
controller are lower. This makes it the better candidate when 
the measurement uncertainty is targeted. 

VIII. CONCLUSION 

In this work, an adaptive DTC based on type-2 fuzzy 
systems for PMSM has investigated. The control law 
developed incorporates an adaptive sliding term which can 
compensate the reconstruction errors regardless of internal 
or external disturbances. The obtained simulation results 
show that this law can be ensures satisfactory errors in term 
of references tracking. Moreover, the tracking errors are not 
strongly influenced by the variations of machine parameters 
speed measurement uncertainty and external disturbances. 
The simplicity of the proposed control law allows him easy 
to implement in real-time control systems.  

APPENDIX A 
TABLE II. CONTROL COEFFICIENTS 

Symbol Value 

1  0.01 

1  0.01 

2  0.01 

2  0.01 

3  0.01 

3  0.01 

       21
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APPENDIX B [16] Hongyi Li, Jiahui Wang, Hak-Keung Lam, Qi Zhou, Haiping Du, 
“Adaptive sliding mode control for interval type-2 fuzzy systems,” 
IEEE Transactions on Systems, Man, and Cybernetics: Systems, vol. 
46, no. 12, pp. 1654-1663, 2016. doi:10.1109/TSMC.2016.2531676 

The PMSM is characterized by: , 

, , 

0.05d qL L H 

0.0009 . . /1.5sR   20.003 j kg cF N ms rd , 

, . 0.314f   Wb 157.0796n rd  / s

[17] C. S. Lee, M. H. Wang, H. Hagras, “A type-2 fuzzy ontology and its 
application to personal diabetic-diet recommendation,” IEEE Trans. 
Fuzzy Syst., vol. 18, no. 2, pp. 374-395, 2010. 
doi:10.1109/TFUZZ.2010.2042454 

[18] M. A. Khanesar, E. Kayacan, M. Teshnehlab, O. Kaynak, “Analysis 
of the noise reduction property of type-2 fuzzy logic system using a 
novel type-2 membership function,” IEEE Trans. Syst., Man, Cybern. 
B, Cybern., vol. 41, no. 5, pp. 1395-1406, 2011. 
doi:10.1109/TSMCB.2011.2148173 
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