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Abstract. Permanent magnet synchronous motors (PMSMs) 
can reach high dynamic response by means of direct torque 
control (DTC), however, it poses the problem of high torque 
ripple. In this paper a different approach based on space-vector 
pulse-width modulation (SVPWM) is proposed. Simulation of a 
PMSM controlled with both DTC methods is carried out. 
Results are analyzed and compared, and incorrect determination 
of machine parameters is taken into account. 
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1. Introduction 
 
Research works on DTC applied to induction motors 
appeared in the 1980’s [1], [2], as an alternate system to 
vector control, but with no need  of axis transformations 
to the rotor-fixed coordinate  system and with less 
sensibility  to errors in determination of machine 
parameters. 

PMSMs are widely used in many industrial applications 
for their high efficiency, compact structure, high torque-
to-current and torque-to-volume ratios, fast  dynamic 
response,  simple mechanical construction,  absence of 
moving  contact and easy maintenance. PMSMs  are 
achieving  high performance in applications that, up to 
now, were reserved  for the induction motors. In recent 
times, several research works have focused on the 
possibilities of applying DTC to PMSMs 

The DTC uses stator flux-linkage to directly control 
torque through load angle, achieving a fast dynamic 
performance [3], [4]. Basic DTC uses hysteresis 
comparators in a bang-bang control to implement torque 
drive, leading to switching frequency changes which can 
result in problems and losses in the inverter and also to a 
high torque ripple. 

In this paper a new approach for determining stator 
voltage vector in order to achieve required torque 
changes is proposed. This voltage vector can be applied 
using SVPWM techniques, ensuring a constant switching 
frequency and reducing torque ripple  [5],  [6]. 

 

 

(a) Basic 

 
 

 

(b) SVPWM 

Fig. 1.  Comparison between basic and SVPWM DTC 
 

The main objective of this paper is to perform  a 
comparison of both strategies  (see Fig. 1) to investigate 
its influence on developed torque ripple of DTC applied 
to eight pole, three-phase PMSM. A study of 
performance of these two methods against wrong 
parameter characterization is also developed. 

 



 
2. DTC basic concept 
 
Motor torque developed by a PMSM is given by: 
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where ψm   is the magnet  flux, Ld and Lq  are direct and 
quadrature components of stator winding inductance, ψ is 
the stator flux and δ is the torque angle (angle between 
stator flux and rotor flux vectors). 
 
It can be seen from equation (1) that when flux is 
constant, developed torque is directly proportional to 
torque angle. So, we can control torque by increasing or 
decreasing angle δ. 
 
In PMSMs, stator flux vector can be described by: 
 

(2) 
 

where  and,  respectively, are voltage and current 
vectors of stator and Rs  is stator resistance. 
 
During the integration interval, we can assume that 
voltage vector is constant, so: 
 

(3) 
 
Neglecting stator resistance voltage drop, equation (3) 
shows that next value of stator flux can be calculated as 
the sum of actual stator flux vector and a vector with the 
same orientation that stator voltage vector. 
 
A common mode of driving a PMSM is by using a three-
phase inverter. The switches can be controlled to connect 
to each phase a stator  winding positive voltage ”1”  
negative voltage “-1” or disconnect phase winding from 
DC voltage supply “0”. By selecting the appropriate 
combination of switching states in the three-phase 
inverter, voltage vector can be generated in a set of 6 
different  space orientations,  as showed on Fig. 2. 
 

 
 

Fig. 2.  Three-phase inverter and stator voltage vectors 
 
The effect of voltage vector on stator flux depends on 
rotor position, as this determines orientation of flux 
vector in relation to voltage vector. Selection of applied 
voltage vectors may result in an increase or a decrease of 
flux vector angle. The use of voltage vectors to control 

flux vector orientation gives us an additional chance of 
controlling motor behavior, as we can also modify stator 
flux amplitude. 
 
For the motoring mode and positive rotational speed, 
stator flux vector leads rotor flux vector, so that an 
increase in stator flux vector angle increases δ and 
developed torque; on the contrary,  a reduction  of stator 
flux vector angle decreases δ and developed torque. 
Table I shows adequate voltage vector selection for 
control of torque and flux at every rotor position, defined 
by sector number 1 to 6. 
 

TABLE I. – Voltage vector selection 
 

 T ↑ ψ ↑ T ↑ ψ ↓ T ↓ ψ ↑ T ↓ ψ ↓ 

Voltage vector at n 
sector 

un+1 un+2 un-1 un-2 

 
A pair of hysteresis comparators  can keep  torque and 
flux amplitude between a given interval, by selecting 
voltage vector to increase or decrease flux amplitude or 
flux vector position, allowing us to control load angle and 
with it, torque module. 
 
3. DTC with SVPWM 
 
In the d-q rotor referenc  frame, voltage equations  of the 
PMSM are as follows: 
 

(4) 
 
 

(5) 
 
where Vd , Vq , ψd , ψq , Id , Iq are d-q components of 
stator flux, voltage  and current vectors and ω is rotor 
speed. 
 
From expressions (4) and (5) is clear that there is a 
relationship between voltage vector and the desired 
change of flux vector, so that we can control flux vector 
by defining appropriate voltage vector. 
 

 
Fig. 3.  Flux linkage vector in d-q rotor coordinates 
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Figure 3 shows stator flux vector in two different 
moments, separated the required time interval needed to 
produce a new voltage vector. If we take voltage vector 
sampling time short enough to approximate dt, difference 
between actual Ψk and next value Ψk +1 of flux vector ∆Ψk 
can be taken as an approximation of dψ. In this case, we 
can also take a change of load angle ∆δ as an 
approximation of dδ (load angle δ is the angle between 
flux vector and d axis), and so we can write: 
 

(6) 
 

(7) 
 
where ψ∗ is the reference flux, which we take as desired 
value at the end of current sampling interval. 
 
We can calculate with equations (6) and (7) adequate flux 
vector change to reach load angle changes, and this way 
torque control. Then, equations (4) and (5) will give us 
desired voltage vector [7], which is obtained by SVPWM 
technique. 
 
As it can be seen on Fig. 2, the inverter cannot produce 
the desired voltage directly. It is possible to decompose it 
into two vectors [8], which lie on either side of the 
desired voltage vector. Voltage vector can then be 
achieved by linear combination of inverter vectors [9], 
[10], for a fixed sample time, during different time 
intervals. Combination of inverter vectors applied during 
different time intervals for each working cycle will define 
a pulse pattern for the switching signals, Sa, Sb, and Sc to 
be applied to the inverter. 
 
4. Simulation of motor drives 
 
Study of this method was carried out in a numerical 
simulation of a PMSM, using Matlab/Simulink software. 
The components of our PMSM and all the components of 
the two DTC control drives were simulated using this 
program’s blocks. For dynamic simulation, equations are 
written as follows: 
 

(8) 
 
 

(9) 
 

 
(10) 

 
These equations describe electrical and mechanical 
behavior of PMSM. 
 
We use a model with a 450V DC voltage source, feeding 
a six step three phase inverter for the voltage source 
connected to the eight pole, three-phase PMSM 
windings. For this simulation, constant flux reference  
was selected with the same value than magnet flux-
linkage; and two different drive systems were developed 
using basic DTC and SVPWM. 
 

5. Simulation results 
 
Simulation of a PMSM with a DTC was performed using 
both methods. 
 

 
 

Fig. 4.  Stator flux amplitude in both methods 
 
As we can see in Fig. 4, both methods differ in 
performance according to their capability to maintain 
stator flux under control. While basic DTC succeeds in 
maintaining stator flux around reference value, SVPWM 
fails to reach it. Both methods keep flux value under 
control even during a step change of reference torque 
from 10 Nm to 15 Nm at t = 0.1 s. 
 

 
Fig. 5.  Torque ripple of DTC in both methods 

 
Figure 5 shows developed torque for both methods and it 
can be seen that they were able to reach reference torque, 
even with a step change at t = 0.1 s. The high dynamic 
performance of DTC is clear as change of developed 
torque is achieved in less than 0.5 ms since torque 
reference change happens. 
 
Drive system performance can be assessed through 
torque ripple factor, defined as follows: 
 

(11) 
 
For better comparison between flux estimation methods, 
table II shows maximum, minimum, average torque  
(Tmax , Tmin and Tav, respectively) and torque ripple factor 
(tr) for both DTC control methods with a torque reference 
value of 15 Nm. 
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TABLE II. – Torque values and ripple factor 
 

DTC Tmax (Nm) Tmin (Nm) Tav (Nm) tr (%) 

Basic 15.88 14.08 14.95 12.06 

SVPWM 15.36 14.60 14.98 5.06 

 
Both control methods achieve reference torque value, but 
DTC with SVPWM reaches a more accurate average 
value, and also torque ripple is lower than basic DTC. 
 
6. Stator resistance error 
 
Stator resistance value may change during operation, as 
stator winding resistance depends on temperature. This 
will cause an error in the calculation of flux estimated 
value, with different influence on control performance 
depending of chosen strategy, basic or SVPWM DTC. 
 
To study influence of variation of winding resistance on 
behavior of control method, a simulation of PMSM with 
both drive systems was performed. An increase of 10% 
on stator resistance was introduced in PMSM model, 
while machine parameters were unchanged in control 
system, simulating  a change of stator resistance during 
motor operation. Both control methods achieve reference 
torque value, but DTC with SVPWM reaches a more 
accurate average value, and also torque ripple is lower 
than basic DTC 
 

 
 

Fig. 6.  Torque ripple in both methods with resistance error 
 
Figure 6 shows developed torque for both drives, and it 
can be seen that SVPWM performance remains 
unaffected by stator resistance value, while basic DTC 
shows a remarkable rise in torque ripple. 
 
7. Initial rotor position error 
 
A common source of error in machine parameters 
definition is rotor initial position. Integration of (2) 
requires the definition of lower limit, which is dependent 
on rotor initial position. An initial position error of 40º 
was introduced in the motor model while drive systems 
were set at 0º rotor position. 
 

 
 

Fig. 7.  Torque ripple in both methods with initial position error 
 
As it can be seen on Fig. 7, while basic DTC system is 
unable to control torque, SVPWM shows  no significant 
difference in performance regarding torque ripple, and 
keeps reference torque values  both before and after step 
change  of torque reference at t = 0.1 s. 
 
8. Conclusions 
 
Several simulations of a PMSM controlled by basic DTC 
drives and DTC with SVPWM were carried out and the 
torque values have been obtained. 
 
Both methods keep good control on flux reference value, 
and as a consequence, DTC drive system is capable of 
maintaining torque reference. Accuracy of flux control is 
better in basic DTC. 
 
Although both methods achieve similar average torque, 
however, torque ripple is lower when SVPWM technique 
is used. 
 
Error in stator winding resistance result in an increase  of 
torque ripple when basic DTC is used as control system, 
but influence on SVPWM performance is much lower. 
 
Basic DTC shows great dependence on accuracy of initial 
rotor position, while SVPWM is slightly affected by error 
in rotor position. 
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