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This paper aims to enhance the performance of the direct torque control 

(DTC) of a permanent magnet synchronous motor drive. Direct torque 

control has several advantages such as fast transient response, less 

parameter dependence. It has no need either to pulse width modulation, 

current control loop or to speed sensor. However, the high torque and flux 

ripples content are considered one of the main problems of DTC. The two 

band hysteresis comparators of the torque and flux are the main reason 

beyond this problem. The inverter state does not change until the 

hysteresis outputs change. The slow change in the hysteresis output 

causes slow change in the inverter states which in turn increases the 

ripple content in motor torque.  

In this paper, a new switching pattern using non-hysteresis controllers 

and new look up table are proposed. Three band flux controller and five 

band torque controller are used instead of the conventional two band 

controllers. Zero and active voltage vectors are inserted into the 

conventional lookup table. The proposed technique neither needs 

additional measurements nor space vector modulation techniques.  

Simulation works are carried out to compare the performance of classical 

and proposed techniques. The torque, flux, current, and speed waveforms 

of the proposed and classical schemes are compared.   

KEYWORDS: direct torque control, permanent magnet synchronous 

motor, torque and flux ripples, new switching pattern. 

 

NOMENCLATURE 

D damping coefficient abcV  three phase stator voltages 

abci  three phase stator currents  vv ,  α - β stator voltage components 

 ii ,  
Stationary axes current 

components 
  Load angle 

J moment of inertia   ,  Stationary axes stator flux 

components 

Ld d-axis stator inductance  s  
Amplitude of the reference stator 

flux vector 

Lq q-axis stator inductance 
ŝ  Amplitude of estimated stator flux 
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P number of pole pairs 
r  actual  rotor speed 

Rs stator resistance *

r  reference motor speed 

Te electromagnetic torque e  angular stator flux position 

TL load torque f  permanent magnet flux 

 

1.  INTRODUCTION 
 

Permanent magnet synchronous motor (PMSM) has received a large attention in recent 

years. It has several advantages such as high power per weight ratio, low rotor moment 

of inertia, and high power density. So, it is used in many applications where high 

performance operation is required. Different techniques are used for controlling the 

torque and flux of PMSM. One of the advanced techniques is the direct torque control 

[2-6]. 

The principle of the DTC is the direct selection of the inverter states based on 

the torque error, stator flux error, and stator flux angle [1]. The motor torque is 

controlled by controlling the amplitude and speed of the stator flux linkage. The stator 

flux is obtained from the integration of the back electromotive force, which is 

independent on the motor parameters except the stator resistance. Two band hysteresis 

controllers are used for torque and flux loops. Lookup table is used to decide the 

inverter switching state based on the output of the hysteresis controllers and the rotor 

position angle.  

The inverter keeps its states till the output of the hysteresis controllers or the 

rotor position change. The hysteresis controller output does not change till the error 

reaches the upper or lower band. Therefore, high ripples appear in the torque and flux 

waveform, especially at low speeds.  

Many literatures have dealt with the problem of torque ripple existence in 

induction and synchronous motors [6-16]. In [6], two band flux controller and triple 

band torque controller are employed. In [7], zero and active voltage vectors are inserted 

in the conventional switching table. However, the torque and flux waveforms in these 

researches are not improved significantly. A modified direct torque control scheme for 

PMSM is used in [8] to solve this problem. A reference flux vector calculator and a PI- 

controller are used instead of the hysteresis controllers. However, large ripples appear 

at low speed. Also, the switching frequency is larger than that of the classical DTC, 

which means, larger switching losses in the inverter circuit. In addition, the proposed 

scheme has slow response than the classical DTC.  

Discrete space vector modulation is used also to solve the above problem [9-

10] via employing five level hysteresis controllers and modified lookup table. 

However, the speed signal is required for that system. In [11], a constant switching 

frequency torque controller is proposed. However, this system needs two triangular 

waveform generators, two comparators, and PI controller which increase the 

complexity of the scheme.  

In [12], a root mean square torque ripple equation for induction motor has been 

derived. At each sample, an optimal switching instant which satisfy the minimum 

torque ripple is determined. However, the derived ripple equation depends on the 

motor parameters and the measured speed signal. In [13], predictive torque and flux are 
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used to select suitable voltage vector and switching time at each sample. However, the 

predictive torque depends on the stator voltage, current, permanent magnet flux, and 

the rotor position.  

Intelligent controllers such as fuzzy or neuro-fuzzy controllers are used to 

solve the problem [14-16] but the torque and flux ripples are still high, and most of 

these techniques depend mainly on the speed signal. 

In this paper, a new switching technique is applied to improve the DTC performance of 

the PMSM. Three band flux controller and five band torque controller are used instead 

of the conventional two band hysteresis comparators. New look up table is designed to 

achieve the inverter optimum switching state. The proposed scheme does not require 

measurement of the rotor position or speed signal. No additional calculations or space 

vector modulation is needed, so the sampling time does not change. Simulation works 

are performed at different operating conditions to compare the performance of the 

classical and proposed DTC. The results obtained show significant improvement in the 

speed, torque, flux, and current waveforms of the proposed scheme.   

 

2.  CLASSICAL DIRECT TORQUE CONTROL OF PMSM 

For surface mounted PMSM (Ld = Lq) , the torque equation can be expressed as [2-3]  

 sin
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For interior PMSM (Lq > Ld), the torque equation becomes  
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The two pervious equations show that the motor torque depends mainly on the 

amplitude of the stator flux and the load angle (δ) which is the angle between the stator 

and rotor magnetic axes. Figure (1) shows the stator and rotor flux frames where, α -β 

represents the stationary reference frame, x-y represents the stator flux reference frame, 

d-q represents the synchronous reference (rotor flux) frame. In steady state operation, 

the stator and rotor flux rotate at synchronous speed and the load angle (δ) is constant.  

In dynamic operation, the stator and rotor flux rotate at different speeds and the load 

angle varies. Since the electrical time constant is smaller than the mechanical time 

constant, the speed of the stator flux with respect to the rotor flux can be changed 

easily. This means that the load angle and in turn the motor torque can be controlled. 

The stator flux vector can be estimated as:  

  dtiRv ssss )(         (3)  

Where sv  and si are the stator voltage and current, respectively.  

If the stator resistance voltage drop is neglected, the stator flux vector can be 

controlled by controlling the stator voltage vector. The PMSM stator is fed from two 

level inverters. There is eight voltage vectors arranged as follows: V0(0,0,0), V1(1,0,0), 

V2(1,1,0),V3(0,1,0),V4(0,1,1),V5(0,0,1), V6(1,0,1), V7(1,1,1). ). Six active voltage 

vectors are (V1-V6) and two zero voltage vectors are (V0,V7). The two zero vectors are 

located at origin. As shown in figure (2), the voltage vector plane is divided into six 
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sectors. Each sector covers 60 degree. In each region, two active voltage vectors can be 

used to control the magnitude of the stator flux within hysteresis band. In classical 

DTC, zero voltage vectors are not used in PMSM to get quick torque response [2-5]. 

However, high ripples appear in the torque and flux waveforms. Lookup table for 

controlling the stator flux vector in each sector is shown in table (1) [2-8], where, 

, are the output of the torque and flux hysteresis controllers respectively and   

is the sector number. 

 

 

 
 

 
 
 
 
 
 
 
 

Fig. (1) Stator and rotor flux frames. 

 
    

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2) Stator flux and voltage vector in space vector plane 

 

Table (1) Classical switching states 
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Switching
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The block diagram of the DTC is shown in figure (3). The stator flux vector is 

estimated from the measured stator voltage and current as in equation (3). The motor 

torque is estimated from the measured stator current and estimated stator flux as given 

by the following equation: 

)(5.1   iiPTe            (4) 

The errors ,Te  and e are defined as the difference between the reference and 

the estimated values of the motor torque and stator flux. These errors are fed to the two 

band hysteresis comparators to give digital outputs (τ, Φ). The outputs of the hysteresis 

controllers and the number of sector (θ) are fed to the lookup table which selects the 

switching pattern to operate the inverter switches. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3) Block diagram of classical DTC scheme. 

 

3.   NEW SWITCHING PATTERN FOR DTC 
 

One of the main problems of DTC is the high ripple content in the torque and flux. As 

shown in figure (2), the band width of the comparators plays an important role in this 

problem. The output of the comparators still fixed till the error of torque or flux 

reaches the upper or lower band, and so, the comparator output and the inverter state 

change slowly. This is the main reason of the torque and flux ripples problem.  

In this paper, three band flux controller and five band torque controller are used. Also, 

non-hysteresis comparators are chosen. The flux and torque errors are divided to 

smaller regions to change the inverter states quickly. A new look up table has been 

established as shown in table (2). The bands of the torque controller are determined as 

follows:  

If       e T         <   - 2* ε T           then   τ = 1  

If     -2* ε T ≤ e T  < - ε T      then   τ = 2 

If    - ε T     ≤  e T  < ε T        then   τ = 3 

If     ε T      ≤  e T  < 2* ε T   then    τ = 4 

If    e T         ≥   2* ε T            then    τ = 5  

Also the bands of the flux controller are determined as follows:  

If       e Φ    <   0                          then  Φ = 1  
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If       0 ≤ e Φ   < ε Φ              then   Φ = 2  

If       e Φ    ≥  ε Φ                    then   Φ = 3  

Where ε T ,  and  ε Φ  are the  flux and torque band amplitudes. 
 

Table (2) New Switching Pattern for DTC 
 

 

  
     

          τ 
1  2  3  

 

4  
 

5  
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=1 

τ =1 V4 V5 V6 V1 V2 V3 

τ =2 V3 V4 V5 V6 V1 V2 

τ =3 V8 V7 V8 V7 V8 V7 

τ =4 V1 V2 V3 V4 V5 V6 

τ =5 V2 V3 V4 V5 V6 V1 

 

 

=2 

 

τ =1 V6 V1 V2 V3 V4 V5 

τ =2 V8 V7 V8 V7 V8 V7 

τ =3 V7 V8 V7 V8 V7 V8 

τ =4 V8 V7 V8 V7 V8 V7 

τ =5 V1 V2 V3 V4 V5 V6 

 

 

=3 

 

τ =1 V5 V6 V1 V2 V3 V4 

τ =2 V4 V5 V6 V1 V2 V3 

τ =3 V7 V8 V7 V8 V7 V8 

τ =4 V2 V3 V4 V5 V6 V1 

τ =5 V1 V2 V3 V4 V5 V6 

 

4. SIMULATION RESULTS 

Simulation works are carried out on an interior PMSM to compare the performance of 

the classical and proposed switching patterns. The simulations are performed using the 

MATLAB/ Simulink software package. A proportional integral speed controller has 

been employed with gains selected as:     Kp=0.5 , and      Ki = 3. The remaining data 

are selected as follows: 

Sampling frequency = 10 KHz.  

Reference stator flux =  0.5 wb.  

Flux band amplitude = 0.02 Wb. 

Torque band amplitude = 0.01 N.m 

The parameters and data of the interior PMSM used for simulation procedure 

are listed in table (3). 
 

Table (3) Parameters and data of the PMSM 
 

No. of 

pole pairs 
2 Base speed ω (rpm) 1500 

Rs(Ω) 6 
Magnet flux linkage 

(wb) 
0.337 

Lq(H) 0.1024 Rated torque  (N.m) 3 

Ld (H) 0.0448 Vdc  (volt) 300 
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4.1) Low Speed Operation 

The performance of the proposed technique is investigated under low speed operation. 

The motor is assumed to be started from standstill up to 100 rpm (6.7 %) in 0.2 second 

and the speed is kept constant at this value. A step change in the load torque from 3 

N.m ( 1 p.u) to  4 N.m (1.33 p.u) is assumed to occur at t = 4 seconds. The waveforms 

of the classical and proposed switching patterns are shown in figures (4) and (5). 

Comparing these figures, it is obvious that the speed, current, torque, and flux 

waveforms become smoother using the new switching pattern. Thus, with the proposed 

switching logic, the ripple amplitudes are reduced by more than 50 %. The results are 

summarized in table (4). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (4) Simulation waveforms of the DTC of the PMSM 

 using classical switching technique  

(low speed operation.) 

 

4.1) High Speed Operation 

The proposed technique is tested also at high speed. The reference speed is assumed to 

be increased linearly from zero to 1500 rpm in 0.4 sec. The load torque is changed 

from 2 N.m (0.67 p.u) to 3 N.m (1 p.u) at t = 4 sec. Moreover, the stator resistance is 

assumed to be changed steeply from 6 to 9 ohm at t = 6 sec. Figures (6) and (7) show 

the simulation waveforms of the classical and proposed techniques, respectively. It has 

been noticed that small speed dips occur in the actual speed at the instants of load and 

stator resistance stepping. The current waveform is enlarged about the load stepping 



A. A. Hassan A. M. El-Sawy Y. S. Mohamed E. G. Shehata 1188 

0 1 2 3 4 5 6 7 8 9 10
95

100

105
Ref. and actual speeds (rpm)

0 1 2 3 4 5 6 7 8 9 10
0
1
2
3
4
5
6

Electomagnetic torque (N.m)

0 1 2 3 4 5 6 7 8 9 10
0.4

0.5

time (sec)

Stator flux (Wb)

0 1 2 3 4 5 6 7 8 9 10

-4
-2
0
2
4

Phase current (A)

period to show the current variation. It is clear in the figures that better waveforms has 

been obtained with new switching pattern which emphasizes the superiority of this 

technique. The ripple content in the speed, current, torque and flux waveforms are 

shown in table (5).  
 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5) Simulation waveforms of the DTC of the PMSM 

 using new switching technique  

( low speed operation.) 

 

Table (4) Comparison between the ripple content with  

classical and proposed switching patterns 

( low speed operation.) 

 

 

 

 

 

 

 

 

 

 

 

 

Ripple type Classical 

technique 

Proposed 

technique 

Speed ripples 

current ripples 

torque ripples 

flux ripples 

±  0.6  % 

±  15 % 

±  27 % 

±  10 % 

±  0.2  % 

±  5 % 

±  13 % 

±  4 % 
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Fig. (6) Performance of the DTC of the PMSM using classical  

switching pattern ( high speed operation.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. (7) Performance of the DTC of the PMSM using new 

 switching pattern ( high speed operation.) 
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Table (5) Comparison between the ripple content with 

 classical and proposed switching patterns 

(high speed operation.) 

 

 

 

 
 

 

 

 

5.   CONCLUSIONS 

In spite of the good properties of the direct torque control, the high ripple content in the 

torque and flux is regarded as the main problem. To solve this problem, the classical 

hysteresis controller should be replaced. In this paper, a new and simple switching 

pattern is designed to reduce the ripples in the torque, flux, current and speed 

waveforms. Three band flux controller and five band torque controller are used instead 

of the conventional two band hysteresis comparators. A new look up table is formed to 

achieve the optimum switching of the inverter. The proposed technique still has all the 

advantages of the conventional DTC in addition to the ripple reduction. Simulation 

results proved that good improvement in the waveform of the torque, flux, and current 

is evident during low speed as well as high speed operation.  
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 الأقطاب نمط تحويل للتحكم المباشر في عزم المحرك التزامني ذات
 المغناطيسية الدائمة  

   عماد جميل شحاتة  د   يحيي سيد محم    أحمد محمد الصاوي    أحمد عبد التواب حسن
 مصر  –جامعة المنيا  –كلية الهندسة  –قسم الهندسة الكهربائية 

 

 ات( للمحرك التزامني ذDirect Torque Controlفي العزم ) هذا البحث يدرس أداء التحكم المباشر
في العزم بعدة مميزات و هي بساطة التقليدي الأقطاب المغناطيسية الذائمة. و يتميز التحكم المباشر 

التحكم المباشر في العزم إلي قياس اج يحت لاكذلك   .نظام التحكم وقلة الأعتماد علي معاملات المحرك
( ولا غلي تحكم في Plus width modulationغلي نظام ضبط عرض الموجة ) سرعة المحرك ولا

التيار. لكن تعتبر النسبة العالية للتموجات في العزم والفيض المغناطيسي للمحرك من أهم العيوب التي 
( Hysteresis controllersتعيب أداء نظام التحكم المباشر التقليدي. وتعتبر التحكمات التخلفية )

دمة في نظام التحكم المباشر في العزم هي المسبب الرئيسي لهذه المشكلة. حيث أن العاكس المستخ
(Inverter لا يغير حالته الا مع تغير خرج التحكمات التخلفية. مما ينتج عنها بطئ في تغير حاله )

 العاكس وبالتالي زيادة التموجات. 
 

هذا البحث تم أقتراح نظام تحويل جديد للتحكم المباشر في العزم لا يستخدم التحكمات التخلفيه في 
التقليدية. حيث تم استخدام تحكم ثلاثي النطاق لللتحكم في الفيض المغناطيسي وتحكم خماسي النطاق 

تحكم المباشر في للتحكم في العزم. كما تم أدخال متجهات جهد صفرية و فعالة إلي الجدول التقليدي لل
العزم. و يتميز النظام المقترح باحتفاظه بمميزات النظام التقليدي و لا يحتاج إلي اي قياسات أخري أو 

( . للحكم علي أداء التحكم المقترح Space vector modulationإلي نظام ضبط المتجهات الفراغية )
لتيار والعزم المغناطيسي وسرعة المحرك تم عمل محاكاة بالكمبيوتر. وتم مقارنة شكل موجات العزم وا

 لكل من التحكم التقليدي والمقترح.  
 

 


