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Abstract
Direct torque control with space vector modulation (DTC-
SVM) is one of the most promising alternatives of field-oriented 
control in the case of permanent magnet synchronous motor 
drives. This method controls the electromagnetic torque of the 
motor with excellent dynamics which makes it an attractive 
choice in the case of servo drives. In this article DTC-SVM is 
investigated with Matlab-Simulink simulation and it is proven 
that DTC-SVM has severe instability-issues during overload-
ing and its overload-capabilities are heavily dependent on the 
speed. Therefore, a novel modified DTC-SVM method is pro-
posed which is stable during overloading and its overload-ca-
pabilities are practically independent of the speed. Also, the 
overload-capability of the new method is superior to that of 
classical DTC-SVM, while the two methods are practically 
identical from the point of view of the torque-control dynamics 
and the torque-ripple generated.

Keywords
permanent magnet synchronous motor, direct torque control, 
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1 Introduction
Direct torque control with space vector modulation is a mod-

ification of the original direct torque control (DTC) method 
[1-3]. The excellent dynamic torque-control capabilities of 
traditional DTC are well known in the literature for permanent 
magnet synchronous motors and for other motor types as well 
[4-9]. However, there are serious disadvantages and among 
them the most important are: varying switching frequency 
and the excessive amount of torque-ripple generated [10-12]. 
DTC-SVM solves these problems, as it uses fixed switching 
frequency and the torque-ripple is significantly reduced com-
pared to DTC, while the dynamics of the torque-control is 
essentially identical to that of traditional DTC [13-15]. There-
fore, DTC-SVM is currently considered as one of the most 
promising alternatives of the nowadays widely used field-ori-
ented control [16, 17].

DTC-SVM was introduced in [1-3]. These publications high-
lighted the main advantages of DTC-SVM. Since then many 
investigations have been carried out for this method. Special 
applications requiring high dynamic performance, excellent effi-
ciency and high precision have been examined such as artillery 
speed servo systems [18], electric vehicles [19], electric pitch 
servo systems for wind generators [20]. Also, asymmetric perma-
nent magnet synchronous machines have been investigated and 
special solutions have been invented for these machines [21]. In 
order to improve the performance of DTC-SVM several modifi-
cations have been developed. Most of the modifications aim at 
reducing the torque-ripple, increasing the dynamic performance 
and the efficiency of the method [22-28]. Sensorless methods 
using extended Kalman-filter have also been invented [29]. 

However, the overload-capabilities of DTC-SVM and its sta-
bility during overloading have not been investigated yet. This 
article deals with these issues and suggests a modified DTC-
SVM (MDTC-SVM) method which has significantly improved 
overload-capabilities and it is stable during overloading.
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2 Vector-control of permanent magnet synchronous 
motor drives

The basic equations of permanent magnet synchronous motors 
(PMSM) can be derived from (1) and (2). Equation (1) is called 
the stator voltage space vector equation and it is as follows [4, 5]:

v Ri d
dt

j c= + +
ψ

ωψ

Where:
v : the stator voltage space vector (shortly: vector)
R : the stator resistance
i : the stator current vector
ψ : the stator flux vector
ωc : the electrical angular velocity of the common coordinate 
system

Equation (2) defines the electromagnetic torque of the motor 
[30, 31]:

m p i= ×
3

2
ψ

where p is the number of pole-pairs. 
It is reasonable to choose a common coordinate system 

where the real axis is fixed to the poleflux-vector (Fig. 1). This 
coordinate system is called the “d-q” coordinate system [32], 
where the real axis is called the “direct-axis” (shortly: “d-axis”) 
and the imaginary axis is called the “quadrature-axis” (shortly: 
“q-axis”). The direct- and the quadrature-axis components of 
the stator flux vector are as follows [33]:

ψ ψd p d dL i= +

ψ q q qL i=

Where:
ψp : the amplitude of the poleflux-vector
Ld , Lq : the direct- and the quadrature-axis synchronous 
inductances
id , iq : the direct- and the quadrature-axis components of the 
stator current vector

Substituting (3) and (4) into (1) the relationships between 
the direct- and the quadrature-axis components of the stator 
voltage- and current vectors are the following [4, 5]:

v
R

T i i T di
dt

d
q q d d

d+ = +ω

v
R

T i
R

i T
di
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q
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p
q q
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ωψ

Where:
vd , vq : the direct- and the quadrature-axis components of the 
stator voltage vector

ω : the electrical angular velocity of the poleflux-vector
Td , Tq : the direct- and the quadrature-axis electrical time 
constants
Td  and Tq  electrical time constants are defined as follows:

T L
Rd
d=

T
L
Rq
q=

Substituting (3) and (4) into (2) the following equation can 
be derived for the absolute value of the electromagnetic torque:

m p i
L L

ip p
d q

p= ( ) + − ( )









3

2 2
2

2ψ ϑ ϑsin sin

where i is the amplitude of the stator current vector and  ϑp  is 
the torque-angle (see Fig. 2). 

The electromagnetic torque consists of two components: the 
excitation torque and the reluctance torque. In the case of most 
permanent magnet synchronous servo motors the direct- and 
the quadrature-axis synchronous inductances are nearly identi-
cal, thus the reluctance torque is negligible [5]. Therefore this 
article assumes that  Ld = Lq . In this case (9) can be rewritten as:

m p i p ip p p q= ( ) =3

2

3

2
ψ ϑ ψsin

Newton’s second law of motion for rotating electrical 
machines is the following:

ω ω
τ

r e l rJ
m t m t dt= ( ) − ( )( ) +∫

1

0

0

Where:
ωr : the mechanical angular velocity of the rotor
J : the moment of inertia for the total system reduced to the 

shaft of the motor
me (t) : the electromagnetic torque of the motor
ml (t) : the load torque (reduced to the shaft of the motor)
ωr0 : the initial mechanical angular velocity of the rotor

In this model the friction-torque is taken into account as 
a component of the load-torque, therefore the motor-torque 
equals to the electromagnetic torque. Also, iron-losses of the 
stator are neglected. Equations (5), (6), (10), (11) together form 
the differential-equation system of the complete drive system.

2.1 Coordinate-transformations
Most vector-control methods require coordinate-transfor-

mations during the implementation. In this section only the 
most common coordinate-transformations will be summarized 
shortly. Fig. 1 shows the most commonly used coordinate-sys-
tems: the “abc” coordinate-system, the “x-y” coordinate-system 
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(9)
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and the d-q coordinate-system. The former two coordinate-sys-
tems are stationary coordinate-systems, while the d-q coor-
dinate-system is rotating with the poleflux-vector. Both the 
xy- and the dq coordinate-systems use Cartesian-coordinates, 
while the abc coordinate-system uses phase quantities.

Fig. 1 Coordinate-systems [34]

The “abc-to-xy” transformation performs the transformation 
of the phase quantities into the x-y coordinate-system. For sta-
tor currents this can be expressed as:

i ix a=

i i iy a b= +( )2 3/

The “xy-to-dq” transformation performs the transformation 
from the x-y coordinate-system to the d-q coordinate-system. 
For the stator current vector this can be expressed as:

i i id x y= +cos sinθ θ

i i iq x y= − +sin cosθ θ

where θ is the rotor-angle in electrical degrees. Similarly, the 
“dq-to-xy” transformation for the stator current vector is:

i i ix d q= −cos sinθ θ

i i iy d q= +sin cosθ θ

And the “xy-to-abc” transformation is:

i ia x=

i i ib x y= − +( )3 2/

i i ic x y= − −( )3 2/

2.2 Direct torque control with space vector 
modulation

For surface-mounted permanent magnet synchronous 
motors (2) can be further expressed as:

m p i p L i i p i
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Thus, the absolute value of the electromagnetic torque:

m p
L

p

d

=
3

2

ψ ψ δsin

where  ψ  is the amplitude of the stator flux vector and δ  is 
the load-angle (the angle between the stator flux vector and the 
poleflux-vector, see Fig. 2). 

Fig. 2 Vector and angle definitions [35, 36]

According to (22) the electromagnetic torque can be regu-
lated by controlling the amplitude of the stator flux vector and 
the load-angle. This is the basic principle of direct torque con-
trol with space vector modulation (DTC-SVM). Fig. 3 shows 
the block diagram of the complete control system [1-3].

Fig. 3 DTC-SVM [2, 3]

According to Fig. 3, the stator flux amplitude reference sig-
nal (ψref ) and the torque-error signal (merr ) are fed to a pre-
dictive controller (PC), which produces the voltage reference 
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signal (v1 and α1 ) that is fed to the space vector modulator 
(SVM). The stator flux vector and the electromagnetic torque 
are estimated by an estimator (EST) which uses the stator cur-
rent vector (expressed in the x-y coordinate-system) and the 
rotor angle (in electrical degrees) as input parameters. Fig. 4 
shows the block-diagram of the predictive controller.

The predictive controller uses a δ-controller – which is in 
default a PI-controller – that forms the δ-increment signal 
(Δδ) based on the torque-error signal. The δ-increment signal is 
added to the actual angle of the stator flux vector (γ) in order to 
form the stator flux angle reference signal (γref ).

Fig. 4 Predictive controller [2]

The voltage vector calculator block produces the stator volt-
age vector reference based on the stator flux vector reference, 
using the following equations:

v
T

Rix ref
ref

s
x,

cos cos
=

+( ) −
+

ψ γ δ ψ γ∆

v
T

Riy ref
ref

s
y,

sin sin
=

+( ) −
+

ψ γ δ ψ γ∆

v v vx ref y ref1

2 2= +
, ,

α
1
= atan

v
v
y ref

x ref

,

,

where  Ts  is the controller sample time. Lastly, Fig. 5 shows the 
block-diagram of the estimator.

Fig. 5 Estimator [3]

The amplitude and the angle of the stator f﻿lux vector can be 
calculated as follows:

ψ ψ ψ= +x y
2 2

γ
ψ
ψ

= atan y

x

The estimator uses (10) for calculating the electromagnetic 
torque.

2.3 Space vector modulation
In this article a two-level voltage-source inverter (VSI) is 

assumed as power electronics topology. Fig. 6 shows the volt-
age vectors belonging to the switching states of the inverter 
(shortly: inverter-vectors).

Because each of the three legs of the inverter can have two 
states, there are 23=8 switching vectors that can be utilized for 
the synthesis of the reference stator voltage vector: six active 
vectors (v̅ (1), … , v̅ (6)) and two zero vectors (v̅ (7) and v̅ (8), 
marked as v̅ (0) on Fig. 6 for better visibility).

Fig. 6 Space vector modulation [4, 5]

The active voltage vectors are:

v k v edc
j k( ) = −( ) °2

3

1 60

where  k = 1, 2, 3 …, 6  and  νdc  is the DC-bus voltage [37, 38]. In 
each PWM-period the reference voltage vector (v̅1 (n)  on Fig. 6) 
is synthesised as the linear combination of the neighbouring vec-
tors of the current sector (the sector numbers are marked with 
red on Fig. 6). The two zero vectors are neighbouring vectors to 
all of the six sectors (the one should be chosen that leads to the 
minimal number of switching per PWM-periods). For example, 

(23)
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if the reference voltage vector is located in the first sector (like 
on Fig. 6) vectors v̅ (1), v̅ (2)  and  v̅ (0)  can be used for the syn-
thesis of the reference voltage vector. The required duty cycles 
of the inverter-vectors are the following:

d
v n
v

n
dc

1

1

1

3
60=

( )
° − ( )( )sin α

d
v n
v

n
dc

2

1

1

3
=

( ) ( )sinα

d d d
0 1 2
1= − −

Where:
d1 , d2 , d3 : the required duty cycles of the v̅ (1) ,  v̅ (2) and the  
v̅ (0) inverter-vectors, respectively
v1 (n) : the amplitude of the reference stator voltage vector in 
the nth sampling period
α1 (n) : the angle of the reference stator voltage vector (in the 
xy coordinate system) in the nth sampling period

2.4 Simulation results for DTC-SVM
Simulation was carried out for a synchronous servo motor 

in Matlab-Simulink environment, using the parameters in 
Table 1. Investigations are carried out for the normal operation 
region only.

Table 1 Simulation parameters

Motor nominal speed 3000 rpm

Motor number of pole-pairs 3

Motor nominal torque 1.3 Nm

Motor nominal current 1.4 ARMS

R 9.9 Ω

Ld 18.6 mH

ψp 0.1481 Wb

DC-bus voltage 530 V

Moment of inertia of the whole system, 
reduced to the shaft of the motor

2.36 kgcm2

PWM-frequency 10 kHz

Torque-control loop sampling time 100 µs

Speed-control loop sampling time 200 µs

Simulation sample time 1 µs

The simulation uses the optimized switching strategy for 
space vector modulation detailed in [4, 5]. Current-limita-
tion was also implemented during the investigations, which 
switches the zero vector on the motor if an overcurrent condi-
tion occurs. The stator flux amplitude reference signal was set 
to its nominal value.

The simulated process is the following. There is a speed-ref-
erence step at 0 ms and after that load-torque steps at 100 ms, 

200 ms and at 300 ms, respectively (see Fig. 7). Investigations 
are carried out for torque-ripple and for various speed-refer-
ences: 0 rpm, 1000 rpm, 2000 rpm and 3000 rpm. The load-
torque is always the same: 0 Nm between 0 ms and 100 ms, 
2 Nm (154% of the nominal torque) between 100 ms and 200 
ms, 1 Nm (77% of the nominal torque) between 200 ms and 
300 ms and 0.5 Nm (38% of the nominal torque) between 
300 ms and 400 ms. Fig. 7 shows the complete process for a 
3000 rpm speed-reference. Table 2 shows the results for the 
RMS of the torque-ripple, which is shown in percentage of the 
mean-torque.

Fig. 7 The simulated process for 3000 rpm speed-reference

Table 2 RMS torque-ripple in percentage of the mean-torque for classical 
DTC-SVM

Speed 
(rpm)

Torque 
(Nm)

0 1000 2000 3000

0.5 0.2429 0.2644 0.5806 1.1693

1 0.0895 0.1393 0.3452 0.6633

2 0.0708 0.08 0.2201 0.3794

It will be shown that the modified DTC-SVM proposed in 
this article (MDTC-SVM) produces practically the same RMS 
torque-ripple while significantly improving the overload-capa-
bility of the drive system.

2.5 Overload-capability problems of DTC-SVM
Investigations carried out for classical DTC-SVM have 

shown that this control method is very sensitive to overload 
conditions. It shows poor overload-capability and instability 
during overload conditions. The simulated process is the fol-
lowing: an acceleration up to 3000 rpm and then a load-torque 
step of 5 Nm (385% of the nominal torque) at 100 ms (Fig. 8). 
As it can be seen on Fig. 8 DTC-SVM is unable to compensate 
for the load-torque step.

Fig. 9 shows the torque-reference and the actual torque 
during this process. It can be clearly seen that DTC-SVM 

(32)

(31)

(30)
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attempts to follow the torque-reference step of 7 Nm, the elec-
tromagnetic torque increases up to approximately 3.9 Nm and 
then torque-control becomes unstable. Torque-reference was 
limited for 3 Nm during the acceleration for 3000 rpm in order 
to avoid this instability issue and make acceleration possible.  
δ-controller was limited to ± π ⁄ 2 . Current-limit was set to 
600% of the nominal current during the whole process. 

Research conducted on this issue have provided sufficient 
evidence that the poor overload-capability and the instability is 
caused by the fact that in the case of classical DTC-SVM the 
amplitude of the stator flux vector is controlled in an open-loop 
fashion. Therefore, an increasing torque-error does not cause an 
increase in the stator flux amplitude reference signal, which leads 
to reduced overload-capability. Also, the instability is caused by 
the fact that DTC-SVM regulates torque through the load-angle 
only and the load-angle flows over its optimum value (90°) over 
time due to the fact that it is incremented by the δ-controller. This 
can be seen on Fig. 10, which shows the load-angle in the func-
tion of time for the process illustrated by Fig. 8 and Fig. 9.

Fig. 8 The speed during overload conditions for DTC-SVM

Fig. 9 The torque-reference and the actual torque during 
overload conditions for DTC-SVM

Fig. 10 The load-angle during overload conditions for DTC-SVM

Fig. 11 shows the δ-increment signal, which is saturated in 
the most of the time because the δ-controller is trying to com-
pensate for the torque-error.

Fig. 11 The δ-increment signal during overload conditions for DTC-SVM

3 MDTC-SVM
In order to eliminate the overload-capability problems and 

instability associated with classical DTC-SVM a novel DTC-
SVM method was invented. Fig. 12 shows the block-diagram 
of the MDTC-SVM. According to Fig. 12 both the predictive 
controller and the estimator are modified. Fig. 13 shows the 
block-diagram of the modified estimator (MEST).

The MEST does not calculate the electromagnetic torque. 
Instead, the load-angle is calculated using (33):

δ
ψ
ψ

= atan q

d

The amplitude and the angle of the stator flux vector are cal-
culated according to (27) and (28). Fig. 14 shows the block-di-
agram of the modified predictive controller (MPC).

(33)
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Fig. 12 MDTC-SVM 

Fig. 13 MEST

Fig. 14 MPC

The MPC regulates both the load-angle and the amplitude 
of the stator flux vector in a closed-loop manner. Based on the 
torque-reference signal the load-angle reference signal is syn-
thesized using (34):

δ
ψψref
ref d

p

m L
p

=








asin

2

3

Because the load-angle regulation is based on the load-angle 
error signal instead of the torque-error signal (like in classi-
cal DTC-SVM on Fig. 4), the nonlinear dependency of the 
load-angle from the torque is excluded. This improves con-
trol performance. The δ-controller (δ − ctrl) synthesizes the 
δ-increment signal (Δδ) which is added to the actual angle of 
the stator flux vector (γ) in order to form the stator flux angle 
reference signal (γref ). Also, the ψ-controller (ψ − ctrl) syn-
thesizes the ψ-increment signal (Δψ) which is added to the 
amplitude of the stator flux vector in order to form the stator 
flux amplitude reference signal that is fed to the voltage vector 

calculator (ψref, VVC ,). The voltage vector calculator (VVC) uses 
(35), (36), (25), (26) to calculate the reference voltage vector.

v
T

Rix ref
ref VVC

s
x,

,
cos cos

=
+( ) −

+
ψ γ δ ψ γ∆

v
T

Riy ref
ref VVC

s
y,

,
sin sin

=
+( ) −

+
ψ γ δ ψ γ∆

3.1 Simulation results for MDTC-SVM
Simulation was carried out for MDTC-SVM with the same 

parameters as for DTC-SVM in 2.4. The simulated process is the 
same as in 2.4. Fig. 15 shows the complete process for a 3000 
rpm speed-reference. Table 3 shows the results for the RMS of 
the torque-ripple, which is shown in percentage of the mean-
torque. According to Table 2 and Table 3 there is no significant 
difference between classical DTC-SVM and MDTC-SVM in 
regard of the RMS of the torque-ripple. Also, the torque-control 
dynamic performance of the two methods is practically identical.

Fig. 15 The simulated process for 3000 rpm speed-refer-
ence in the case of MDTC-SVM

Table 3 RMS torque-ripple in percentage of the mean-torque for MDTC-SVM

Speed 
(rpm)

Torque 
(Nm)

0 1000 2000 3000

0.5 0.2404 0.2728 0.567 1.1685

1 0.0812 0.1507 0.3605 0.6438

2 0.0667 0.0861 0.2181 0.389

3.2 Overload-capability of the MDTC-SVM
Investigations were carried out for the same process as in 

2.5 with the same parameters (same current limit, etc.). Fig. 16 
shows the speed in the function of time for MDTC-SVM during 
overload conditions, while Fig. 17 shows the torque-reference 

(34)

(35)

(36)
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and the actual torque for this process. As it can be seen on 
Fig.  16 and Fig. 17 MDTC-SVM is able to compensate for 
the load-torque. Also, MDTC-SVM is stable even though it is 
unable to follow the 7 Nm torque-reference. The electromag-
netic torque goes up to approximately 5.5 Nm, which is enough 
to compensate for the 5 Nm load-torque. 

Fig. 18 shows the load-angle during the entire process. It can 
be clearly seen on this figure that the load-angle exceeds 90° 
during the load-torque transient. The drive however, remains 
stable during the entire process because – according to Fig. 19 
– the ψ-controller “helps” the δ-controller in the compensation 
of the load-torque.

4 A comparison of overload-capabilities of the two 
methods

Both classical DTC-SVM and MDTC-SVM were tested for 
their overload-capabilities in the function of speed (Table 4). 
The interpretation of Table 4 is the following: the values 

indicated in Table 4 are the maximum load-torque steps that 
can be compensated on the specific speed with each method; 
these are expressed relative to the nominal torque of the motor 
in the brackets. However, a load-torque step greater than the 
one indicated in Table 4 results in that classical DTC-SVM 
becomes unstable, while MDTC-SVM remains stable. For 
example, classical DTC-SVM is capable of compensating for 
a load-torque step of up to 4.71 Nm value at standstill but it is 
unable to compensate for a 4.72 Nm load-torque step at stand-
still and becomes unstable in this case. 

According to Table 4, the overload-capability of MDTC-
SVM is superior to that of classical DTC-SVM on every speed. 
In addition, the overload-capability of MDTC-SVM is practi-
cally independent of the speed, while the overload-capability 
of classical DTC-SVM is heavily dependent on the speed: the 
overload-capability decreases as the speed increases. The latter 
can be explained by the fact that as the speed decreases the 
induced voltage in the armature also decreases. Therefore, the 

Fig. 16 The speed during overload conditions for MDTC-SVM

Fig. 17 The torque-reference and the actual torque during 
overload conditions for MDTC-SVM

Fig. 18 The load-angle during overload conditions for MDTC-SVM

Fig. 19 Δδ and Δψ during overload conditions for MDTC-SVM
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voltage reserve for the δ-controller (through the voltage vector 
calculator) is greater. This phenomenon does not have signif-
icant effect in the case of MDTC-SVM because in this case 
the ψ-controller “helps” the δ-controller in generating enough 
voltage reserve (through the voltage vector calculator) for the 
compensation (see Fig. 19).

Table 4 Overload-capabilities of classical DTC-SVM and MDTC-SVM

Classical DTC-SVM MDTC-SVM

0 rpm 4.71 Nm (362%) 5.55 Nm (427%)

1000 rpm 4.59 Nm (353%) 5.54 Nm (426%)

2000 rpm 4.23 Nm (325%) 5.52 Nm (425%)

3000 rpm 3.78 Nm (291%) 5.5 Nm (423%)

Lastly, Fig. 20 and Fig. 21 shows a comparison for the sta-
bility of the two methods. Fig. 20 shows the torque-reference 
and the actual torque for the same process as in 2.5, except 
that the load-torque step at 100 ms is of 3,79 Nm value. This is 
0.01 Nm (≈0.3%) greater than the value indicated in Table 4 for 
classical DTC-SVM on 3000 rpm and this already causes the 
collapse of classical DTC-SVM. 

Fig. 20 Classical DTC-SVM on 3000 rpm with a 
load-torque step of 3.79 Nm at 100 ms

On the contrary, MDTC-SVM does not collapse at the 
beginning of the torque-transient (Fig. 21), tries to compensate 
for the load-torque step at 100 ms, even though the load-torque 
step is of 6 Nm value, which is 0.5 Nm (≈9.1%) greater than 
the value indicated in Table 4 for MDTC-SVM on 3000 rpm.

Fig. 21 MDTC-SVM on 3000 rpm with a load-torque step of 6 Nm at 100 ms

5 Conclusions
In this article classical DTC-SVM has been analysed and 

it has been proven that classical DTC-SVM has severe insta-
bility-problems during overload-conditions. Therefore, a novel 
MDTC-SVM method was invented which is stable during over-
load-conditions. This MDTC-SVM method has demonstrated 
a far more superior (namely 45% better) overload-capability 
compared to classical DTC-SVM. Also, it has been concluded 
that the overload-capability of classical DTC-SVM is heavily 
dependent on the speed (71% difference relative to the nominal 
torque of the motor between standstill and 3000 rpm) whereas 
the overload-capability of MDTC-SVM is practically indepen-
dent of the speed (only 4% difference relative to the nominal 
torque of the motor between standstill and 3000 rpm). These 
advantages of MDTC-SVM come along with the fact that there 
is no significant difference between classical DTC-SVM and 
MDTC-SVM from the point of view of the torque-ripple gen-
erated and the dynamic performance. 

This MDTC-SVM method can be more effectively used for 
servo-systems than classical DTC-SVM because the new method 
has better overload-capability, its overload-capability is indepen-
dent of the speed and remains stable during overload-conditions. 
These three advantages together can be effectively used for sig-
nificantly increasing the dynamics of servo-systems.
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