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Abstract: For disadvantages of the large flux and torque ripple and current waveform distortion of Direct Torque Control 
(BASIC-DTC), the DTC scheme for induction motor based on torque angle closed-loop control was presented and the 
proposed scheme was realized with three methods of torque angle closed-loop control. The main characteristics of three 
methods of torque angle closed-loop control for the proposed scheme was analyzed, emphasizing their advantages and 
disadvantages. The performance of three methods of torque angle closed-loop control for the proposed scheme was stud-
ied in terms of flux and torque ripple, current waveform distortion and transient responses. Simulation results showed that 
the proposed scheme improves the performance of induction motor BASIC-DTC by combining low flux ripple, low 
torque ripple and low current waveform distortion’s characteristics with fast dynamics. 
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1. INTRODUCTION 

The adjustable speed drives (ASD) is generally used in 
elevators, electric vehicles, hybrid electric vehicles, pumps, 
robotics, wind power generation and ship propulsion systems 
etc. DC motor is mainly used in DC-ASD, and induction 
motor is mainly used for AC-ASD [1]. 

The natural decoupling between flux and torque is 
achieved due to DC motor’s unique internal structure, thus 
DC-ASD has a good and fast dynamic response. DC motor 
has been dominant in industrial applications over the past 
few decades. However, DC motor has the disadvantages of 
higher cost, higher rotor inertia and maintenance difficulties 
with brushes and commutator. In addition, DC motor cannot 
operate in dirty and explosive environments. Induction motor 
has not the disadvantages of DC motor. Therefore, DC motor 
will be gradually substituted with induction motor. 

Induction motor’s control is much more complex than 
DC motor because of its mathematical model that has the 
nature of nonlinear, multivariable and strong couple.  

Field Oriented Control [2] (FOC) was proposed by F. 
Blashke in early 1970. FOC makes induction motor have a 
similar performance to the DC motor in static and dynamic 
characteristics. An accurate flux estimator had to be em-
ployed to ensure the estimated value used in calculation does 
not deviate from the actual value. Besides, the coordinate 
transformation had increased the complexity of this control 
method. 
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BASIC-DTC was first introduced by M. Depenbrock in 
1986 [3, 6]. A new direction had opened up for a high-
performance control of induction motor. Shortcomings of 
FOC’s control algorithm complexity and rotor parameters’ 
dependence were largely overcome by BASIC-DTC. How-
ever, BASIC-DTC also has its own disadvantages such as 
difficulty to control torque and flux at low-speed, high flux 
and torque ripple, high current waveform distortion and vari-
able switching frequency.  

A large number of technical papers appear in the litera-
ture mainly to improve the performance of Induction Motor. 
SVM-DTC scheme [4] that combined Space Vector Modula-
tion (SVM) and Direct Torque Control (DTC) was widely 
used in many schemes. SVM-DTC scheme used the PI con-
troller instead of the hysteresis comparator, used the SVM 
instead of the voltage vector selection table and used the flux 
observer instead of the pure integrator to solve the problems 
such as the difficulty to control torque and flux at low-speed, 
high flux and torque ripple, high current waveform distortion 
and variable switching frequency. However, due to the three 
PI controllers of closed-loop flux, speed closed-loop and 
torque closed-loop, the controller parameters’ design be-
comes difficult, and the rotate inverse transform makes the 
system structure complex. Thus SVM-DTC scheme lost the 
advantage of the simple structure of the BASIC-DTC system. 

The DTC scheme for induction motor based on torque an-
gle closed-loop control was presented in this paper. According 
to the approximate linear relationship between electromag-
netic torque and torque angle, the torque angle closed-loop 
control instead of the closed-loop torque control, the flux 
tracking control instead of the flux closed-loop control and 
the flux estimator instead of the pure integrator were used to 
achieve the control of the flux and torque. Three methods 
were used for torque angle closed-loop control: 
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(1) Torque angle difference closed-loop control; (Meth-
od-First). 

(2) Torque angle PI controller closed-loop control; 
(Method -Second). 

(3) Torque angle compensation closed-loop control; 
(Method -Third). 

Three methods of torque angle closed-loop control for the 
new control scheme were simulated by simulation tool. The 
simulation results were given. Three methods were com-
pared and analyzed, and finally conclusions were drawn. 

2. INDUCTION MOTOR MODEL AND FLUX OB-
SERVER 

The following state equations written in a stationary ref-
erence frame describe the dynamic behavior of an induction 
motor [7-10]. 
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The output equation is 

  

!
i
s
= C
!
!  (2) 

Where 
  

I =
1 0

0 1

!

"
#

$

%
& ，

  

J =
0 !1

1 0

"

#
$

%

&
' ,

  

!
u

s
= u

s! u
s"

#
$%

&
'(

T

, 
  

!
i
s
= i

s! i
s"

#
$%

&
'(

T

, 
  

!
! =

!
!

s

!
!

r

"
#

$
%

T

,

  
! = L

s
L

r
" L

m

2 , 

  
C = (1/ ! ) L

r
I "L

m
I#

$
%
&

,
  
A

11
= !(R

s
L

r
/ " )I , 

  
A

21
= (R

r
L

m
/ ! )I ,

  
A

12
= (R

s
L

m
/ ! )I , 

  
A

22
= !(R

r
L

s
/ " )I +#

r
J . 

The electromagnetic torque equation is: 
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Where nP  is number of pole pairs. 

The motor mechanical equation is: 
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Where rω  is motor angular speed. 

The flux observer state equation and output equation are:  
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is the estimated value of the observer. K  is the gain matrix 
of the observer. The parameter configuration of the observ-
er’s gain matrix can be configured according to the method 
of Ref [5]. 

3. PRINCIPLES OF BASIC-DTC 

The BASIC-DTC principle is to use the deviation of 
torque amplitude and stator flux amplitude respectively to 
produce the torque switching signal 

 
L

T  and the flux switch-
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L
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through the hysteresis torque comparator and 
the flux hysteresis comparator. And the appropriate voltage 
vector was selected with the voltage vector selection table 
according to the current position of the stator flux vector 
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to achieve the control of the torque and flux [4]. Fig. (1) is a 
block diagram of the induction motor BASIC-DTC. 

BASIC-DTC only realized the “qualitative” control of 
torque and flux due to not only the limited numbers of the 
voltage vector, but also the nature of the torque bias and flux 
bias that were only represented by 
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T
 and 

 
L
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. Thus the 
ripple of torque and flux was too high. The application of 
torque and flux hysteresis comparators led to the variable 
switching frequency of the inverter, and then led to the high-
er current waveform distortion. While the pure integrator 
with observing flux made the performance of control system 
be worsen at low speed [11, 12].  

4. DTC SCHEME FOR INDUCTION MOTOR BASED 
ON TORQUE ANGLE CLOSED-LOOP CONTROL 

DTC scheme for induction motor based on torque angle 

closed-loop control is that the straight axis component 
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signals driving the inverter were generated with using the 
SVM algorithm to achieve the “quantitative” control of the 
torque and flux, thereby reducing the flux and torque ripple, 
reducing the current waveform distortion, and so that the 
switching frequency is constant. The key to generating in-
verter drive signals is the calculation of 
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Fig. (1). Block diagram of BASIC-DTC. 
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Fig. (2). Stator flux vector in the steady state process. 
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Fig. (3). Stator flux vector in the dynamic process. 
 

Figs. (2 and 3) are respectively the reference stator flux 
vector 
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su  in the process of the steady-

state and dynamic process [13-15]. 
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As shown in Fig. (2).  

When the system is in the dynamic process, due to the 
imbalance between the electromagnetic torque and load 
torque, 
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As shown in Fig. (3). 

In order to arbitrarily control the electromagnetic torque 
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Considering the voltage drop of the stator resistance, then 
the required voltage space vector 
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4.1. Torque Angle Difference Closed-Loop Control 
(Method-First) 

To improve the performance of BASIC-DTC and not to 
lose the advantages of structure simple of the BASIC-DTC 
system, the method of torque angle difference closed-loop 
control ignores the increment 
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ss(k+1)
 of the steady-state 

phase angle of the stator flux, and then 
  
!"

s(k+1)
 is gotten 

with the method of torque angle difference closed-loop con-
trol to realize the control of torque and flux. Block diagram 
of DTC with closed-loop control of torque angle difference 
is shown in Fig. (4). 

Compared with the method of BASIC-DTC, the system 
structure of the method of torque angle difference closed-
loop control is further simplified due to omitting the rotation 
inverse transformation and the hysteresis comparator of 
torque and flux. 
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Fig. (4). Block diagram of DTC with closed-loop control of torque angle difference. 
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4.2. Torque Angle PI Controller Closed-Loop Control 
(Method-Second) 

The method of torque angle difference closed-loop con-
trol has little effect on the torque in the system’s steady-state 
process, although ignoring the increment 

  
!"

ss(k+1)
 of the 

steady-state phase angle of the stator flux. But there is a 
large impact on the torque in the system’s dynamic process. 
The torque cannot maintain a constant maximum in the sys-
tem’s dynamic process due to ignoring 

  
!"

ss(k+1)
, thereby 

reducing the dynamic response of the system. 

In order to maintain the inherent advantages of the 
BASIC-DTC’s fast dynamic response, the increment 

  
!"

ss(k+1)
 of the steady-state phase angle of the stator flux is 

gotten to control torque and flux using the method of torque 
angle PI controller closed-loop control. Block diagram of 
DTC with the method of torque angle PI controller closed-
loop control is shown in Fig. (5). The torque angle controller 
shown in Fig. (5) is the PI controller. 

The method of torque angle PI controller closed-loop 
control makes the torque maintain at the maximum constant 
in a dynamic process, and then to maintain a rapid system 
dynamic response. However, the advantages of the system 
simple structure is lost because of the usage of the torque 
angle PI controller. 

4.3. Torque Angle Compensation Closed-Loop Control 
(Method -Third) 

In order to overcome the shortcoming of the method of 
torque angle difference closed-loop control and torque angle 
PI controller closed-loop control, 

  
!"

s(k+1)
 is gotten with the 

method of torque angle compensation closed-loop control to 
realize the control of torque and flux.  

The method of torque angle compensation closed-loop 
control not only allows the torque to maintain a constant 
maximum in the dynamic process, and then to get a rapid 
dynamic response, but also can reduce the usage of PI con-
troller, and then has a advantages of simple structure of the 
BASIC-DTC system. Block diagram of DTC with the meth-
od of torque angle compensation closed-loop control is 
shown in Fig. (6). 

5. CALCULATION OF GIVEN TORQUE ANGLE AND 
FEEDBACK TORQUE ANGLE 

Another form of electromagnetic torque equation by for-
mula (3) is:  
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Where !  is the angle between the stator flux vector and 
the rotor flux vector, i.e., the torque angle. 

The relationship between the torque 
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angle !  is non-linear from formula (14). But 
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 and  sin!  is 

directly a proportional relationship when the amplitude of 
the stator flux, the rotor flux and torque is known. The scope 
of the torque angle is far less thanπ/2 under normal circum-
stances. The angle range of the Induction motor torque is 
generally between [-0.2,+0.2]. The relationship between the 
torque angle ! and  sin!  is shown in Fig. (7).  

From Fig. (7), the relationship between !  and  sin!  is 
approximately linear in the case of the small torque angle, 
and so the relationship between !  and 
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 is approximately 

linear.  
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Fig. (5). Block diagram of DTC with closed-loop control of torque angle controller. 
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In the condition of ignoring electromagnetic inertia of the 
stator and rotor, knowing the stator and rotor flux amplitude 
and torque, ! can be approximated by: 
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The feedback torque angle !  can be very simply ob-
tained based on taking full advantage of the flux observer. 
By the two components of the stator and rotor flux, the fol-
lowing equations are obtained: 
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Fig. (6). Block diagram of DTC with closed-loop control of torque angle compensation. 

 

 

Fig. (7). Relationship between !  and  sin! . 
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6. SIMULATION RESULTS AND ANALYSIS 

To compare the performance of the BASIC-DTC pro-
grams and the proposed control scheme in this paper, and in 
order to analyze their own characteristics of the three torque 
angle closed-loop control methods of the proposed control 
scheme, the simulation models of BASIC-DTC and the three 
torque angle closed-loop control methods of the proposed 
control scheme were established, and then simulation was 
carried out. The same motor parameters were used in both 
systems. 

 (a) stator flux amplitude of BASIC-DTC (b) stator flux 
amplitude of Method-First 

(c) stator flux amplitude of Method-Second (d) stator 
flux amplitude of Method-Third 

The length of simulation time is 6 seconds, and the given 
rotor mechanical angle speeds are respectively 160rad/s and 
60rad/s. The systems start up when Load torque is 50N.m, 
and Load Torque is 200N.m when the time is 4 seconds. 

The simulation results were shown in Figs. (8-11) when 
the given rotor mechanical angle speeds are respectively 
60rad/s. 

 

(a) Stator flux amplitude of BASIC-DTC 

 
(b) Stator flux amplitude of Method-First 

 

(c) Stator flux amplitude of Method-Second 

 

(d) Stator flux amplitude of Method-Third 

Fig. (8). Waveform of stator flux amplitude when the rotor angu-
lar speed is 60rad per second. 

As can be seen from Fig. (8): compared with BASIC-
DTC, the three torque angle closed-loop control methods of 
the proposed control scheme make the flux ripple signifi-
cantly reduced, especially at low speeds. The flux ripple has 
no significant difference when three torque angle closed-
loop control methods are compared with each other. And it 
was indicated that the effect on reducing flux ripple of the 
three torque angle closed-loop control methods is similar. 

As can be seen from Fig. (9): compared with BASIC-
DTC, the three torque angle closed-loop control methods of 
the proposed control scheme make the torque ripple signifi-
cantly reduced, especially at low speeds. The torque ripple 
has no significant difference when three torque angle closed-
loop control methods are compared with each other. And it 
was indicated that the effect on reducing the torque ripple of 
the three torque angle closed-loop control methods is similar. 

As can be seen from Fig. (10): compared with BASIC-
DTC, the three torque angle closed-loop control methods of 
the proposed control scheme make the current waveform 
distortion significantly reduced, especially at low speeds. 
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The current waveform distortion has no significant differ-
ence when three torque angle closed-loop control methods 
are compared with each other. And it was indicated that the 
effect on reducing the current waveform distortion of the 
three torque angle closed-loop control methods is similar. 

 

(a) Torque of BASIC-DTC  

 
(b) Torque of Method-First 

 
(c) Torque of Method-Second  

 
(d) Torque of Method-Third 

Fig. (9). Waveform of torque when the rotor angular speed is 60rad 
per second. 

 

 
(a) Stator current of BASIC-DTC  

 
(b) Stator current of Method-First 

Fig. (10). Contd… 
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(c) Stator current of Method-Second  

 

(d) Stator current of Method-Third 

Fig. (10). Waveform of stator current when the rotor angular speed 
is 60rad per second. 

As can be seen from Fig. (11): torque angle PI controller 
closed-loop control and torque angle compensation closed-
loop control can be obtained at the same speed dynamic re-
sponse as BASIC-DTC. The dynamic speed response of 
torque angle difference closed-loop control is slower than 
BASIC-DTC, because its torque in the dynamic process can-
not maintain a constant maximum. 

 
(a) Speed of BASIC-DTC  

 

(b) Speed of Method-First 

 
(c) Speed of Method-Second  

 
(d) Speed of Method-Third 

Fig. (11). Speed waveform when the rotor angular speed is 60rad 
per second. 
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of torque angle closed-loop control. The principle of three 
methods of torque angle closed-loop control for the proposed 
scheme was analyzed. Three methods of torque angle closed-
loop control improved the performance of the system in 
three areas such as flux ripple, torque ripple and current 
waveform distortion. Three methods of torque angle closed-
loop control have their own characteristics: 

Torque angle difference closed-loop control has a more 
simple system configuration, but its dynamic response was 
affected.  

Torque angle PI controller closed-loop control maintains 
the inherent advantage of the fast system dynamic response, 
but the usage of PI regulator increases the difficulty of the 
system parameter design. 

Torque angle compensation closed-loop control not only 
overcomes the shortcomings of the other two methods, while 
maintaining the fast dynamic response , but also it has a sim-
ple system architecture. 
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