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Abstract— The Permanent Magnet Synchronous Machine 

(PMSM) applications have been increasing in these days such 

as traction, hybrid vehicles, servo applications, wind 

generation applications, etc. The operation and control of 

such machines is an important task. Several methods are used 

to control the operation of PMSM. In this paper, an improved 

DTC technique is proposed to achieve torque control of the 

PMSM with fast response and reduction in harmonics. In this 

control scheme, the torque control considers various 

parameters such as stator flux, electromagnetic torque, rotor 

speed, and stator currents. The control scheme is realized in 

Matlab simulation, which is carried out within the feasible 

limits. 
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I. INTRODUCTION 

Since the last three decades AC machine drives are turning 

into more popular, particularly induction motors (IM) and 

permanent magnet synchronous motors (PMSM). However, 

the PMSM drives need auxiliary arrangements to fulfil 

complex necessities such as, quick progressive response, high 

power factor, etc. It is expected that a gradual pick up in the 

utilization of PMSM drives will witness an increasing trends 

in low and medium power applications [1]. 

The rotor of Permanent magnet synchronous motor, 

is made by permanent magnet (PM) and they do not use DC 

field winding as being used in case of conventional 

synchronous motors. Since there is no commutator and 

brushes, PMSM is more reliable than the DC machines. These 

machines produce the rotor magnetic flux with PM. They 

have superior advantage of higher efficiency as compared to 

induction motors. Also, the availability of low cost power 

electronic devices and the improved PM characteristics 

enables the use of PMSM in high performance and high 

efficiency applications [2].               The permanent magnet 

electrical machines are classified into two types: PMDC 

machines and PMAC machines. The field is generated by the 

permanent magnets placed on the rotor and the slip rings, 

brushes, commutators do not exist. Even though the field 

winding and commutator are absent in PMDC machine, the 

machine undergoes electronic commutation. Hence PMAC 

machines are simpler to use than the PMDC machines. 

PMAC machines are divided into two types on the basis of 

electromotive force (EMF) generated in the machine: 

trapezoidal type and sinusoidal type. Sinusoidal type PMAC 

machines are further divided into surface mounted and 

interior PMSMs.  

However, these machines also face some 

disadvantages as follows: 

 Loss of flexibility of field flux control which could be 

done in case of Induction machines. 

 Very importantly possibility of demagnetization effect. 

The Direct torque control (DTC) technique is 

proposed in this paper. This technique was first developed for 

induction motors by Takahashi and Noguchi and later it was 

developed for PMSM by Zhong and Rahman [2]. Compared 

to other schemes, this scheme is more efficient with fast 

response and simpler control structure. Generally the 

classical DTC scheme suffers from small amount of 

harmonics in stator flux and in torque responses at low speeds 

and is most suitable for high speed applications [1, 2]. Here, 

in the proposed scheme, an improvement is suggested to 

reduce the ripples in order to obtain the desired response. This 

scheme can also provide the indirect speed control by 

controlling the torque. DTC leads to less parameter 

dependency and reduces the additional use of controllers such 

as position sensors and speed regulators to estimate the 

torque. The proposed scheme is realized in MatLab/Simulink 

environment. 

In this paper, an overview of an improved direct 

torque control of PMSM is presented. The modeling 

equations for permanent magnet synchronous motor are 

presented in section II for the surface mounted permanent 

magnet (SPM). The methodology of DTC is discussed in 

section III. Implementation of DTC in MatLab is discussed in 

section IV, simulation results and discussion are shown in 

sections V and conclusions are given in section VI. 

II. MATHEMATICAL MODEL OF PMSM 

A surface-mounted SM is used in the present work, hence its 

mathematical model of the PMSM is presented [3,4]. The d-

q model has been developed in rotor frame of reference. 

Stator mmf rotates at the same speed as that of the rotor. 

The model of PMSM without having damper 

winding has been developed on rotor reference frame using 

the assumptions given below: 

 The induced EMF is sinusoidal. 

 Eddy currents and hysteresis losses are negligible. 

 There are no field current dynamics. 

 The stator windings are balanced with sinusoidal 

distributed magneto-motive force. 

The stator flux linkage and electromagnetic torque 

equations in dq reference frame are as follows: 

vd =Rsid + pψd - ωrψq    (1) 

vq =Rsiq + pψq + ωrψd    (2) 

Where; 

ψd =Ldid + ψf    and   ψq = Lqiq   (3) 

The electromagnetic torque is given by 

Te = 
3

2

P

2
(ψdiq - ψq id)    (4) 
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Where ψf, is permanent magnets Flux linkage 

constant and Ld, Lq are d-q axis inductances respectively, with 

the back EMF and the variation of the stator inductances are 

sinusoidal.   

The Dynamics of the motor is given by 

Te – Tl = J
dωr

dt
 + Bωr    (5) 

The stator flux-linkage vector can be obtained from 

the measured stator voltages usα and usβ and currents isα and isβ 

as; 

ψsα = ∫ (usα - Risα) dt    (6) 

ψsβ= ∫  (usβ- Risβ) dt    (7) 

The rotor flux linkages can be deduced from the 

stator flux linkages as under: 

ψrα = ψsα – Lsisα     (8) 

ψrβ = ψsβ – Lsisβ     (9) 

The α and β Axes Stator Currents are given by 

isα = isdcosθe - isqsinθe    (10) 

isβ = isdsinθe - isqcosθe    (11) 

Similarly it is possible to obtain the flux linkage and 

the voltage equations.  

For surface mounted machine (SPM) with uniform 

airgap Ld = Lq= Ls, the Te contains just the excitation torque. 

 

Te = 
3P

2
ψf[(|ψs|)/ Ls] sinδ    (12) 

This shows that Te in a PMSM depends on the load 

angle and on amplitude of stator flux. 

Terms in the mathematical model: 

 vdq :dq voltages 

 idq :dq currents 

 Ldq : dq- axis inductances 

 ψdq :dq flux linkages 

 Rs : Stator resistance 

 ωr : Rotor speed 

 ψf : PMs flux linkage 

 δ : Load angle 

 P : Number of poles pairs 

 Te : Electromagnetic torque 

 Tl : Load torque 

 J : Motor inertia 

 B: Damping coefficient 

III. METHODOLOGY 

The principle of Direct Torque Control is to directly select 

voltage vectors according to the difference between reference 

and actual value of torque and flux linkage. Torque and flux 

errors are compared by hysteresis comparators. Depending on 

the comparators a voltage vector is selected [5,6]. 

In this control scheme, torque and flux errors are 

obtained using independent estimators. The estimated errors 

relatively choose the voltage vector which helps to 

compensate the problems occurring in the previous case. This 

method possibly reduces the high magnitude of ripples and 

allows machine to work in good environment. The block 

diagram of torque control based on SVPWM is as shown in 

figure 1. 

 
Fig. 1: Block Diagram Overview of DTC of PMSM 

The advantages DTC-SVPWM method are to 

eliminate the dq-axes current controllers, associated 

transformation networks, and the rotor position sensor. There 

are few disadvantages at low speed such as torque control 

difficulty, high torque ripples, current ripples, variable 

switching frequency and high noise level [7]. 

The controlled signals under this technique are 

Electromagnetic torque, amplitude of the stator flux linkage 

and Angle of the resultant flux vector (angle between flux 

vector of stator and rotor).  

The estimator in association with hysteresis 

controller generates the error signal and the hysteresis 

controller maintains oscillations within the limited band. The 

rotor position is estimated by the rotor position estimator and 

generates the signal which helps in selection of switching 

sequence for the inverter the set of voltage vectors are applied 

to the motor terminals. 

IV. IMPLEMEMNTATION OF DTC  

Space vector pulse width modulation technique is an 

important strategy and it plays a vital role in implementation 

of DTC for PMSM [8]. 

A. Concept of SVPWM 

SPWM technique is one of the best methods to improve the 

output performance of the inverter by switching in a different 

manner. Compared to the sinusoidal pulse width modulation 

technique, this technique uses the duty cycle calculation for 

the pulse generation instead of carrier wave comparison. 

A three-phase system can be represented by a space 

vector. For given set of three-phase voltages, a space vector 

can be defined by : 

V(t) = 
2

3
 (Va(t)+ Vb(t)ej2π/3+ Vc(t)ej4π/3)             (2.17) 

Where: Va(t), Vb(t), and Vc(t) are three phase voltage 

components. 

A three-phase two level voltage source inverter can 

generate eight voltage vectors as shown in figure 2. 
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Fig. 2: Space Vectors of Three Phase Inverter 

Therefore, there are six non-zero voltage vectors: V1 

(100), V2 (110), V3 (010), V4 (011), V5 (001) and V6 (101).  

Moreover, there are two zero voltage vectors: V0 

(000) and V7 (111). The six non-zero voltage vectors are 

spaced by 600 apart from each other. The primary voltages 

Va, Vb and Vc are determined by the status of the three 

switches. The state “1” as the upper switches conduct and the 

“0” as the lower switches conduct. 

B. Direct Torque Control System 

There are certain steps to be followed in implementing the 

DTC based on the modelling equations such as: 

 Current & Voltage transformations which uses Clarke’s 

and Park’s transformations 

 Estimations of stator flux  

 Torque calculations 

 Angle calculations 

 Torque & Flux comparison 

 Switching table for Voltage source inverter. 

The sector selection of particular voltage vector for 

switching the inverter is given in table I. 

 
Table 1: Sector Selection Depending on Load Angle 

Comparator possible outputs for torque and flux 

error are: Greater:  1, lesser: -1 and Constant: 0. 

The flux linkage error is ɸ and the torque error is 𝝉. 

If the compared value is greater than the sampling value, then 

the state is 1, otherwise the state is 0. Depending on whether 

the torque and flux errors are within or outside hysteresis 

bands, the voltage vectors are selected sequentially and the 

voltage vectors sequence are given in table II. 

 
Table 2: Switching Table for the Inverter 

C. MALAB/Simulink Model 

The MATLAB/Simulink model for the direct torque control 

of PMSM is shown in figure 3. 

 
Fig. 3: MATLAB/Simulink Model for DTC of PMSM 

The specifications of PMSM used for the realization 

in MATLAB are given in the table III. 

 
Table 3: Specifications of PMSM 

V. RESULTS AND DISCUSSIONS 

Figure 4(a) shows the three phase distribution of stator 

currents of the permanent magnet synchronous motor with 

small ripples at starting. The magnitude of the currents is 20 

Amps. The load torque of 5 Nm is applied at initial condition 

and motor takes the load at 0.01 sec. At the time 0.05 seconds, 

when load torque changes from 5 Nm to 10 Nm, small 

variation occurs in the stator currents and soon after currents 
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attains same magnitude as before, the motor meets the change 

in load immediately. 

Figure 4(b) shows the plot of the stator flux linkages 

in the orthogonal axes and it is represented in X-Y plot. This 

form of waveform shows that uniform distribution of stator 

flux linkage and constant magnitude with reduced ripples. 

Figure 4(c) shows the electromagnetic torque 

waveform of PMSM. The load torque is applied at zero initial 

condition. In the simulation work, load torque of 5 Nm is 

taken as reference value till 0.05 sec and at 0.05 sec, load 

torque is changed to 10 Nm. The motor reaches its first 

reference value at 0.01sec and maintains the same magnitude. 

When the load torque changed from 5 Nm to 10 Nm, there is 

change in electromagnetic torque developed in the motor at 

the time of load changing and immediately reaches second 

reference value at a faster rate. Only small ripples are present 

at the time of switching the different loads. 

The speed waveform of the PM synchronous motor 

is shown in figure 4(d). The reference speed chosen is 63 rad/s 

(600rpm) in simulation environment. 

 
Fig. 4(a): 

 
Fig. 4(b): 

 
Fig. 4(c): 

 

 
Fig. 4(d): 

Fig. 4 Responses of PMSM under DTC scheme with 

step changing load 5NM, 10NM.  Stator currents (a), Stator 

flux by αβ components (b), Electromagnetic torque (c), Rotor 

speed (d). 

The speed waveform shows that the motor reaches 

the reference speed in 0.01 seconds and stays in steady 

condition. When the load is changed at 0.05 sec, drop in speed 

is very small and motor stays in the steady condition. Small 

ripples occur during starting and they do not affect the motor 

performance. 

VI. CONCLUSIONS 

In this paper, study of mathematical model of PMSM and the 

implementation DTC with use SVPWM in Matlab/Simulink 

are made. Since the torque mainly depends on the load angle 

and the magnitude of stator flux. This technique is achieved 

with best selection of stator voltage vector which is based on 

torque error, flux error and sector. This technique gives 

relatively best results such as fast response of torque, with 

reduced ripples in stator flux linkages, stator current, speed 

compare to conventional DTC scheme. One can conclude that 

this technique is very effective because it does not uses any 

encoder, rotor position sensor, current controller, etc. 

In addition to this technique, the performance of the 

drive can be further improved and torque ripples are reduced 

by using additional controllers such as intelligence controllers 

(fuzzy controller and artificial neutral networks), SVM 

controllers where it controls the amplitude & angle of voltage 

vector and switching the inverter at high frequency, etc. 
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