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Correction of the operating modes of the induction motor 
with damage in the stator as part of an electric drive with DTC  

 
 

Abstract. The provision of reliable operation of power electrical systems is one of the basic requirements for most modern industrial applications. 
Thereby, it is necessary to develop a control strategy that would provide the continuous operation of applications in the event of equipment failures. 
The paper presents a method of fault-tolerant control of an induction motor as part of an electric drive system with direct torque control in the event 
of damage in the power circuit of the electric motor stator. The proposed control method is based on the introduction of an additional compensation 
signal into a closed loop for controlling the motor electromagnetic torque. The results of the research of the presented system confirm the possibility 
of compensating for the variable components of the electromagnetic torque and power consumption, which is reflected in the reduction of additional 
vibrations of the motor and a decrease in thermal overloads in the elements of the electromechanical system. The proposed control strategy is 
simple to implement and does not require the installation of new sensors or changes in the power circuit of a standard direct torque drive system. 
 
Streszczenie. Zapewnienie niezawodnej pracy systemów elektroenergetycznych jest jednym z podstawowych wymagań dla większości 
nowoczesnych zastosowań przemysłowych. Tym samym konieczne jest opracowanie strategii sterowania, która zapewni ciągłość działania aplikacji 
w przypadku awarii sprzętu. W artykule przedstawiono sposób bezawaryjnego sterowania silnikiem indukcyjnym w ramach elektrycznego układu 
napędowego z bezpośrednią regulacją momentu obrotowego w przypadku uszkodzenia obwodu mocy stojana silnika elektrycznego. 
Zaproponowany sposób sterowania polega na wprowadzeniu do pętli zamkniętej dodatkowego sygnału kompensacyjnego do sterowania 
momentem elektromagnetycznym silnika. Wyniki badań prezentowanego układu potwierdzają możliwość kompensacji składowych zmiennych 
momentu elektromagnetycznego i poboru mocy, co przekłada się na zmniejszenie dodatkowych drgań silnika oraz zmniejszenie przeciążeń 
cieplnych elementów elektromechanicznych system. Zaproponowana strategia sterowania jest prosta w realizacji i nie wymaga instalacji nowych 
czujników ani zmian w obwodzie zasilania standardowego układu bezpośredniego napędu momentu obrotowego. (Poprawa trybów pracy silnika 
indukcyjnego z uszkodzeniem stojana jako element napędu z DTC 
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Introduction 

An AC variable-frequency electric drive (ED) with an 
induction motor (IM) is the basis for the creation of many 
technical systems of the forward and rotational principle of 
action. The method of direct control of the stator torque and 
flux (DTC) is of particular interest among the existing 
methods of IM control [1]. Its control scheme is very simple. 
The DTC itself is a hysteresis stator flux and torque control. 
In this case, the control system directly selects one of six 
nonzero and two zero discrete voltage vectors of the 
inverter. Due to this, one can achieve the highest system 
performance. Using this principle enables the control of the 
flow and torque without making coordinate transformations. 
The dependence of the dynamic and energy characteristics 
of the electric drive on the accuracy of determining the 
resistive impedance of the IM stator windings is a significant 
drawback of DTC systems [2].  

The authors of papers [3–6] demonstrate that, despite 
its simplicity and reliability, IM is subject to many failures 
due to a number of problems, such as overloads, 
mechanical vibrations and loads, power quality, severe 
operating conditions or manufacturing defects. Research 
[7–9] reveals that up to 38 % of IM failures are caused by 
stator winding failures. It is known that damage to the stator 
winding begins with a short circuit, including several turns in 
the coil, and then transforms into a dangerous short circuit 
between two phases or a phase-to-earth short circuit (IM 
body).  

Since the DTC circuit uses the IM stator resistance to 
estimate the stator flux, a change in stator resistance due to 
stator winding faults results in an error in the calculated 
stator flux position, which can subsequently cause a failure 
of the entire electric drive system [10]. The termination of 
the operation of ED systems, due to the occurrence of the 
above problems, can cause a violation of the safe operation 
of equipment, as well as significant economic losses in case 
of accidents at facilities with a non-stop cycle of operation. 
Based on this, the development and use of fault-tolerant 

control systems (FTC) for frequency control systems of 
three-phase IM is of particular interest. 

Recently, a large number of research groups have been 
developing and implementing the FTC in industrial 
applications [11–13]. The main function of such control 
systems is to maintain the operability of the system in the 
event of various kinds of malfunctions. Based on this, an 
algorithm for detecting various types of damage in the early 
stages of their manifestation should function in the FTC 
systems. It will allow modifying the control law to solve the 
problem of extending the efficiency of electric drives till 
there is a possibility of their replacement or repair of the 
drive electric motor [14]. Thus, the rational use of the FTC 
system includes industrial applications that must maintain 
operability despite the deterioration in dynamic performance 
and energy efficiency [15]. 

The purpose of this paper is to develop an FTC system 
based on an ED system with DTC in case of damage in the 
stator power circuits in the early stages of their 
development to prevent unexpected stoppages of industrial 
processes. 

 
Theoretical theses 

A large number of FTC methods and systems are 
known today [16]. So, in [17] it was proposed to use the 
variable component of the electromagnetic torque to 
compensate for the vibrations of the damaged IM torque, in 
the classical direct vector control (FOC) system. The 
received signal is fed to the input of the regulator of the 
torque-generating component of the stator current in the 
speed control channel. Using this approach enables the 
reduction of the variable component of the motor 
electromagnetic torque to an acceptable level.  

The presence in the systems of direct torque control of 
the control circuit of the IM electromagnetic torque makes it 
possible to modify the specified method. Then the 
calculated value of the variable component of the 

electromagnetic moment eT
~

 enters the input of the relay 
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torque regulator in the angular speed control channel. 
Accordingly, the signal for setting the electromagnetic 
torque will be defined as: 

(1) ereferefe TTT
~

)()(  . 

The value of the variable component of the IM 
electromagnetic torque is extracted from the torque signal 
based on equation: 

(2) ,)(
1

)()(
~
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where )(tTe , erT  – is IM electromagnetic torque and its 

rated value, respectively; T  – is the signal period of the 
variable component of electromagnetic torque. 

In DTC systems the electromagnetic moment is 
determined by indirect calculation methods based on readily 
available variables.Then, the electromagnetic torque can be 
calculated from the measured components of the stator 
voltage and current as follows: 

(3)    sssspe IIzT
2

3
 

where pz  – the number of pairs of poles;  ss II ,  –  

the projections of the stator current vector on the axis of the 
fixed coordinate system;   ss ,  – the projections of the 

stator flux linkage vector on the axis of the fixed coordinate 
system, which are calculated as follows: 

(4)     ,; dtRIUdtRIU ssssssss     

where  ss UU ,  – the projections of the stator voltage 

vector on the axis of the fixed coordinate system;  

sR  – resistance of stator windings. 

The functional diagram of the proposed system of fault-
tolerant control of an induction motor as part of an electric 

drive system with DTC in the event of damage in the power 
circuit of the electric motor stator is shown in Fig. 1. 

 
Research method 

The FTC system was researched on mathematical 
models. A classical structure was chosen as a model of a 
frequency converter (FC), which includes: a three-phase 
uncontrolled rectifier, an LC filter in the DC link and a three-
phase autonomous voltage inverter. To solve the problem 
of modeling IM, a model in a three-phase coordinate system 
was used, in which the asymmetry coefficient εw is applied 
to simulate damage in the stator phase windings [18]. The 
research was carried out for the 4A112M4U3 series IM, the 
parameters of which are presented in Table 1. VS-
15ETH06PBF diodes were taken as the power switches of 
the uncontrolled rectifier, IRG4PC50UD transistors – for the 
autonomous voltage inverter; their parameters are given in 
Table 2. 

 

Table 1. IM parameters 
Parameter Value Parameter Value

Pr (kW) 5.5 Rs (Ω) 1.036 
p 2 Rr (Ω) 0.787 

nr (rev/min) 1445 Lsσ (mН) 4.75 
cosφ 0.85 Lrσ (mН) 7.94 
η (%) 85.5 Lμ (Н) 0.171 

 
Table 2. The parameters of FC semiconductor switches  

Rectifier diodes Inverter transistors
Parameter Value Parameter Value

IF(AV) (A) 15 IC (А) 27 
VF (V) 1.3 VCE(on) (V) 1.65 
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Fig. 1. A functional diagram of the DTC system with the function of compensation for the variable component  
of the electromagnetic torque of the IM 
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To assess the modes of the operation of the presented 
FTC, the following parameters were selected in the paper: 

– re Pp /~ , rfc Pp /~  – relative values of the variable 

components of the consumed active power and active 
power at the output of the FC.  

– ere TT /
~

 – relative value of the variable component of 

the electromagnetic moment; 
– 1CuP  – losses in copper of the IM stator in each 

phase separately; 
– recP  – losses in uncontrolled rectifier diodes; 

– VTP  – losses in transistors of an autonomous 

voltage inverter. 
When calculating the active power, the mathematical 

apparatus of the p-q theory of power was used [19–20]. 
During analyzing variable components from instantaneous 
power and torque signals, harmonics above the fifth were 
excluded.  

 
Research results 

Research of the operating modes of the proposed FTC 
system was carried out on mathematical models for the 
following levels of damage to the stator windings: 

– mode 1 (εwA = 0.95) – phase A asymmetry of 5 %; 
– mode 2 (εwA = 0.9) – phase A asymmetry of 10 %;  
– mode 3 (εwA = 0.95, εwC = 0.97) – phase A asymmetry 

of 5 %, and phase С asymmetry of 3 %; 
– mode 4 (εwA = 0.9, εwC  = 0.93) – phase A asymmetry 

of 10 %, phase С asymmetry of 7 %. 
So, the signals of the electromagnetic moment of the 

researched IM with damaged stator windings in the 
classical and proposed FTC system are shown in Fig. 2. 
The results are shown for the 2nd mode of operation  
(εwA = 0.9). 

NmTe ,

st,  
а) 

NmTe ,

st,  
b) 

Fig. 2. The electromagnetic moment of the damaged IM in the 
classical (a) DTC system and the proposed (b) FTC system 
 

Thus, the use of the proposed control system makes it 
possible to reduce the variable component of the 
electromagnetic torque. The root-mean-square values of 
the variable components of the IM torque for the indicated 
cases of damage to the stator windings are shown in Fig. 3 
where the following designations of the researched 
parameters are adopted: 

 – without FTC;  – using FTC. 

ere TT /
~

 
 
Fig. 3. Relative values of IM electromagnetic torque variable 
components 

Thus, the use of the proposed FTC system enables one 
to reduce the variable component of the electromagnetic 
torque by 50 % for cases of damage in one and two phases 
of the motor. The use of the proposed FTC system also 
makes it possible to reduce the variable components of the 
power consumption, the root-mean-square values of which 
are shown in Fig. 4. 

The results of the research revealed that the use of the 
proposed method of fault-tolerant control allows reduction of 
the variable component of active power consumed from the 
network by an average of 37 %, and the variable 
component of the power consumed from the inverter by  
34 % in case of damage both in one and two phases of IM. 
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Fig. 4. Variable components of active power consumed from the 
network (a) and from the FC (b)  

 

In [17], it is shown that with a decrease in the variable 
component of the consumed active power, a decrease in 
energy losses in individual elements of the electric drive is 
also observed. So the redistribution of losses in copper of 
the stator windings of the damaged IM (2nd mode of 
operation) in the classical DTC system and the proposed 
FTC system are shown in Fig. 5.  

%,1CuP

 
Fig. 5. Deviation of losses in stator windings without using the FTC 
system and when using it 

 

The redistribution of losses in the semiconductor 
switches of FC when working with a damaged IM (2nd 
mode of operation) in the classical DTC system and the 
proposed FTC system are shown in Fig. 6. 

%,recP

 
а) 

%,VTP

 
b) 

Fig. 6. The deviation of losses in rectifier diodes (a), transistors of 
an autonomous inverter (b) from their rated values without using 
the FTC system and when using it 
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Based on the analysis of energy processes in the 
considered system, it can be judged that the use of the 
proposed control method makes it possible: 

– to reduce the deviation of losses in copper in the most 
loaded phase by 40 % in case of damage both in one and 
two phases;  

– to reduce losses in power diodes of an uncontrolled 
rectifier by 50 % in case of damage in one phase, and by 
42% in case of damage in two phases of the motor;  

– to reduce losses in transistors of an autonomous 
voltage inverter by 35 % in case of damage in both one and 
two phases. 

 
Conclusions 

The induction motor FTC system has been developed 
based on an ED with a DTC with the function of 
compensating for the variable component of the 
electromagnetic torque. The proposed method of fault-
tolerant control of IM makes it possible to reduce the 
variable component of the electromagnetic torque of the 
motor to an acceptable level, while there is a slight 
decrease in the variable components of the consumed 
power and losses in the power section of the variable-
frequency electric drive. 

The proposed control system is easy to implement and 
does not require the installation of new sensors or changes 
in the power circuit of a standard electric drive system with 
direct torque control. 
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