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M.M. Zablodskiy, V.E. Pliuhin, S.I. Kovalchuk, V.O. Tietieriev 
 

Indirect field-oriented control of twin-screw electromechanical hydrolyzer 
 
Goal. Development of a mathematical model of indirect field-oriented control of a twin-screw electromechanical hydrolyzer. 
Methodology. The paper presents a mathematical model of Indirect field-oriented control of twin-screw electromechanical hydrolyzer. 
The mathematical model was developed in the MATLAB / Simulink software environment. The determination of the main parameters of a 
twin-screw electromechanical hydrolyzer was carried out by developing a finite element model in the Comsol Multiphysics software 
environment. Results. Based on the results of a mathematical study, graphical dependences of the distribution of magnetic induction in 
the air gap of a ferromagnetic rotor, a spatial representation of the distribution of magnetic induction on a 3D model of a ferromagnetic 
rotor of a twin-screw electromechanical hydrolyzer were obtained. The results of finite element modeling were confirmed by a practical 
study of a mock-up of a ferromagnetic rotor of a twin-screw electromechanical hydrolyzer. By implementing the MATLAB / Simulink 
model, graphical dependences of the parameters of the ferromagnetic rotor of a twin-screw electromechanical hydrolyzer are obtained 
under the condition of a stepwise change in the torque and a cyclic change in the angular velocity. Originality. The paper presents an 
implementation of the method of indirect field-oriented control for controlling the ferromagnetic rotor of a twin-screw electromechanical 
hydrolyzer. The work takes into account the complex design of the ferromagnetic rotor of a twin-screw electromechanical hydrolyzer. 
Practical significance. The practical implementation of the results of mathematical modeling makes it possible to achieve effective 
control of a complex electromechanical system, allows further research to maintain the necessary parameters of the technological 
process and to develop more complex intelligent control systems in the future. References 19, tables 4, figures 21. 
Key words: Maxwell's equations, field-oriented control, polyfunctional electromechanical converters, hydrolyzer, dissipative energy. 
 
У статті детально розглянуто конструктивні і електромагнітні особливості нестандартного електромеханічного 
перетворювача енергії – двошнекового електромеханічного гідролізера. Це технічний пристрій з поліфункціональними 
властивостями, здатний одночасно нагрівати, диспергувати, транспортувати, перемішувати та піддавати впливу 
магнітним полем в одному пристрої робочу сировину. Розроблено коло-польові та математичні моделі електромагнітних 
перехідних процесів цього пристрою. Основні параметри електромеханічної системи визначено шляхом кінцево-елементного 
моделювання та практичного дослідження феромагнітного ротора. В роботі представлено керування обертовим моментом 
та кутовою швидкістю феромагнітного ротора двошнекового електромеханічного гідролізера шляхом непрямого 
полеорієнтованого керування. Шляхом реалізації MATLAB / Simulink моделі отримано графічні залежності основних 
параметрів феромагнітного ротора за умов ступінчатої зміни обертового моменту та циклічної зміни кутової швидкості. 
За результатами моделювання помітно доцільність застосування методу непрямого керування з орієнтацією на поле для 
ефективного керування технологічним процесом двошнекового електромеханічного гідролізера. В порівнянні з розглянутими 
методами керування, непряме керування з орієнтацією на поле більш просте в проектуванні та реалізації, дозволяє досягнути 
бажаних характеристик та відкриває подальші можливості для дослідження двошнекового електромеханічного гідролізера. 
Бібл. 19, табл. 4, рис. 21. 
Ключові слова: рівняння Максвелла, непряме керування з орієнтацією на поле, поліфункціональний 
електромеханічний перетворювач, гідролізер, дисипативна енергія. 
 

Introduction. Efficient use of energy resources is an 
important task for today. The development of energy-
saving technologies is directly related to increasing the 
efficiency of individual elements of the system, integrating 
the functional features of the system in one device and the 
use of dissipative energy. Since the increase in efficiency, 
provided that a certain level of system optimization is 
achieved, is achieved by developing new active and 
insulating materials, the methods of increasing it are 
limited. For technological systems that combine the 
processes of movement, heating and mixing of materials, 
the method of using dissipative energy should be 
considered the most effective [1]. Under the conditions of 
the previously mentioned integration of functional features 
of the system in one device and the use of dissipative 
energy, it becomes possible to save resources that under 
traditional schemes of energy conversion and use were 
spent, dissipated as heat into the environment. 

Within the method of dissipative energy use, a 
double-screw electromechanical hydrolyzer has been 
developed for the processing of poultry by-products under 
the influence of a magnetic field. A double-screw electro-
mechanical hydrolyzer is a technical device with poly-
functional properties, capable of simultaneously heating, 
dispersing, transporting, mixing and exposing to a magnetic 
field in one device. The main working element of the 

double-screw electromechanical hydrolyzer is a 
ferromagnetic rotor (Fig. 1). The ferromagnetic rotor 
simultaneously acts as the rotor of the induction motor, 
heater, working element and protective shell [2]. 

 

 
Fig. 1. Ferromagnetic double-screw rotor 

electromechanical hydrolyzer 
 

The electromagnetic system of a double-screw 
electromechanical hydrolyzer consists of stators rigidly 
mounted on a fixed shaft. During the flux of current 
through the stator windings, they create electromagnetic 
moments that drive the ferromagnetic rotor. 
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Since the double-screw electromechanical 
hydrolyzer is a device that combines several technological 
processes, it is necessary to ensure effective control of the 
electromagnetic torque and rotation speed of the 
ferromagnetic rotor. Obtaining the necessary parameters 
of speed and torque is possible under the control of the 
joint operation of two stators, one of which operates in 
motor mode, the other – in generator mode, but with 
increasing stiffness of the resulting characteristics 
significantly reduces the overload capacity of the unit, 
developing another more effective management method. 

Analysis of recent research and publications. 
Methods of controlling electric machines of alternating 
current are a difficult task. In the field of highly effective 
methods of speed and torque control, two methods have 
become the most widespread – field-oriented control and 
direct torque control [3-5]. In most cases, these methods 
are sufficient to meet most industrial needs, but due to the 
rapid development of digital technologies, more and more 
research is being conducted in the field of nonlinear 
control [6]. Recent publications include many works on 
various methods of controlling electric machines. The 
control of an induction motor by the method of indirect 
field-oriented control, considering the influence of 
perturbations of the rotor resistance, was performed in 
[3, 7]. The general recommendations for the design of the 
control system are given in the works, the criteria of 
stability and the minimum necessary phase conditions for 
the torque control are indicated, the results of the 
experimental study of a typical induction motor are 
presented. In [8], a method of predicted current control 
with field orientation was described, which was 
developed for a three-level inverter with a fixed neutral 
point for controlling a three-phase induction motor. The 
algorithm for calculating the optimal switching vector 
was used in the method, the control circuit of the stator 
voltage, stator current and motor’s rotor speed was 
determined. The simulation results have a slight error 
when calculating the rotor flux and stator current. 
Sensorless direct torque control of an induction motor 
powered by a seven-level inverter using neural networks 
and fuzzy logic controller is presented in [9], fuzzy PI 
controller is used to control rotor speed, and artificial 
neural network is used to stator voltage. The method 
proposed in this work allows to control the torque, reduce 
the harmonic distortion of the stator current, improve the 
dynamic characteristics and reliability of the system. The 
method of operating cycle control, which is chosen to 
reduce the pulsation of torque and magnetic flux with 
direct torque control, is presented in [10]. A new 
algorithm for accurate selection of active voltage has been 
developed, the optimal duration of switching on at 
simultaneous control of stator magnetic flux and electric 
torque has been determined. According to the results of 
the study, the presented method provides less pulsations 
of torque and magnetic flux compared to the traditional 
method of direct torque control and a model that provides 
a better model of predicted current control. In [11], a 
model of predicted torque and magnetic flux based on 
perturbations was developed; the method of perturbation 
suppression is improved to ensure compatibility with the 
theory of finite sets; perturbation is provided for all 
possible switching states. According to the research 

results, this method improves the stability of the response 
of torque and current, significantly increases the 
resistance of the system to changes in the values of the 
stator and rotor resistance in comparison with traditional 
control methods. 

The methods presented in [7-11], built on the basis 
of complex algorithms of neural networks and fuzzy 
logic, allow to effectively control the parameters of 
electric machines, however, at the same time, they have 
certain disadvantages: high complexity of algorithms, a 
large number of controlled parameters, high design load 
and the need for a full-fledged system model [12, 13]. 

The double-screw electromechanical hydrolyzer is a 
new electric machine and most of its parameters and 
characteristics still need detailed research. From the 
existing research, a complete picture of the magnetic field 
of the ferromagnetic rotor of a double-screw 
electromechanical hydrolyzer is known [2, 14]. This 
allows to conclude that for its management it is advisable 
to use the method of field-oriented control. 

The aim of the work is to study the electromagnetic 
processes in a ferromagnetic rotor of a double-screw 
electromechanical hydrolyzer and to evaluate the 
feasibility of using the hydrolyzer indirect field-oriented 
control method. 

Presenting main material. Due to its simplicity, 
indirect field-oriented control is one of the most effective 
ways to control an AC machine. For effective control of 
torque and speed, the stator current components in the 
model must be separated from the vector magnetic flux of 
the rotor [15]. Since it is necessary to know the 
parameters of an electric machine to develop a model of 
indirect control with field orientation, there is a need to 
develop a mathematical model of the ferromagnetic rotor 
of a double-screw electromechanical hydrolyzer, where it 
is not needed to know these parameters. 

Finite element model in the time domain of the 
study. Due to the need for high accuracy, as well as due to 
the peculiarities of the design and the need to reduce the 
time for design, we used the software environment Comsol 
Multiphysics. The analysis of the electromagnetic field is 
performed based on the system of Maxwell's equations. 

The magnetization of the ferromagnetic rotor is given 
as the B-H curve and is determined from the equation: 

 
H

H
HfB  .                               (1) 

Multi-turn stator windings are used as a current 
source in the model (Fig. 2).  

In the diagram (Fig. 2) the beginning of the 
corresponding phases (conductors leave the groove) is 
marked in capital letters (A, B, C) and the end (conductors 
enter the slot) in small letters (a, b, c). 

The current density in the winding, А/m2: 

coil
coil

e e
A

IN
J 


 ,                          

where N – winding turns; A – winding cross-section, m2; 
Icoil – current in stator coil, А; ecoil – vector variable 
(to visualize the direction of winding turns). 

The simulation was performed for a ferromagnetic 
rotor, the finite element mesh of the model (Fig. 3) was 
created in the software environment Comsol 
Multiphysics. Particular attention was paid to the air gap 



 

Electrical Engineering & Electromechanics, 2022, no. 1 5 

at the interface between the stator and rotor of the 
electromechanical device. Statistics on the parameters of 
the mesh are given in Table. 1. 

 

 
Fig. 2. Stator winding circuit 

 

 
Fig. 3. Finite element mesh for ferromagnetic rotor model 

of double-screw electromagnetic hydrolyzer 
 

Table 1 
Parameters of the model finite element mesh  

Mesh parameters Values 
Number of mesh vertices 241325 
Tetrahedra 1444151 
Triangles 277074 
Edge elements 49887 
Vertex elements 2759 
Number of elements 1444151 
Minimum element quality 0,0307 
Average element quality 0,613 
Element volume ratio 2,027E-6 
Mesh volume 1,251E8 mm3 

 
MATLAB / Simulink model of indirect control 

with field orientation. In the case of low-speed 
orientation and for position control using an integration 
sensor-based flux sensor, a field-oriented indirect control 
model may not be acceptable for complex 
electromechanical systems. An alternative may be indirect 
control with field orientation without measuring the flux 
in the air gap [16]. Under such conditions, the torque can 

be regulated by the q-component of the stator current e
qsi  

and the difference in the angular frequencies of the 
magnetic field of the stator and rotor e – e. The rotor 
flux can be regulated by the d-component of the stator 

current e
dsi . Setting some desired value of the magnetic 

flux of the rotor '*
r , the desirable d- component of the 

stator current *e
dsi  can be obtained from the equation: 

*
''

'
'* e

ds
rr

mr
dr i

pLr

Lr


 ,                         (3) 

where '*
dr  – desirable d-component of the rotor current, 

Wb; '
rr  – induced active resistance of the rotor winding, ; 

Lm – mutual induction of stator windings, T; p – number 
of pole pairs. 

For the desired torque value *
emT  at a certain value of 

the rotor flux, the desired value q-components of the stator 

current e
qsi  described by the equation: 

**'
'

*

22

3 e
qs

e
dr

r

m
em i

L

LP
T  ,                    (4) 

where P – power, W; '
rL  – transient inductance of the 

rotor, H. 

Because at a certain orientation of the field e
dri '  equal 

to zero and e
dsm

e
dr iL' , then the desired angular speed of 

the rotor ω2
* (rad/s) described by the equation: 

*'

*'
*
2 e

dsr

e
qsr

re
iL

ir
  ,                      

where e – angular rotation velocity of the magnetic field, 
rad/s; r – angular rotation speed of the rotor, rad/s. 

The measured flux in the air gap is the resultant or 
reciprocal flux. This is not the same as the current 
connecting the rotor winding, whose angle  is the desired 
angle for field orientation. But, as the following equations 
shows, in combination with the measured stator current, it 
is possible to determine the value of  and the magnitude 
of the rotor flux. The measured stator currents abc are 
first converted to a stationary current qd using the 
equations: 

csbsas
s
qs iiii

3

1

3

1

3

2
 ,                     (6) 

 bscs
s
ds iii 

3

1
.                         (7) 

The flux coupling of the rotor on the q axis in a 
fixed coordinate system can be expressed as: 

    s
qrlrm

s
qslrlrm

s
qr iLLiLLL '''''  .         (8) 

Because s
mq  equal to  s

qr
s
qsm iiL ' , it is possible to 

define s
qr
'  by measured values, i.e. 

s
qslr

s
mq

m

rs
qr iL

L

L '
'

'   .                      (9) 

Similarly, s
dr
'  can be determined from 
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s
dslr

s
md

m

rs
dr iL

L

L '
'

'   .                    (10) 

Using calculated s
qr
'  and s

dr
' , lets determine the 

cosine and sine  by geometric ratios: 

s
r

s
dr
'

'
cos

2
sin











  ,                   (11) 

s
r

s
qr

'

'

sin
2

cos











  ,                    (12) 

where 
2'2''' s

qr
s
dr

s
r

e
r   .                    (13) 

The above calculations (6) – (13) are performed 

inside the field orientation unit. Estimated value e
r
'  

returns to the inlet of the flux regulator that control the 
flux in the air gap. Values are calculated inside the torque 

calculation unit e
r
'  and e

qsi  are used to estimate the value 

of the torque produced by the machine, then the 
calculated torque is returned to the input of the torque 
regulator. 

The corresponding output data of the torque and flux 

regulators are the values of the commands, *e
qsi  and *e

dsi , 

in the field-oriented rotor frame of reference. The 
transformations from qde to qds and qds to balanced abc 
take place in the whole unit of the qd to abc conversion 
unit: 

.
2

3

2

1

;
2

3

2

1

;

;cossin

;sincos

***

***

**

***

***

s
ds

s
qscs

s
ds

s
qsbs

s
qsas

e
ds

e
qs

s
ds

e
ds

e
qs

s
qs

iii

iii

ii

iii

iii















                (14) 

The orientation of the stator current field can also be 
achieved by applying the appropriate stator voltages. 
Since the strategy in the field-oriented circuit is to avoid 
disrupting the rotor flux connection as much as possible 
in response to changes in load torque, we can use a 
transient model in combination with properly oriented 
stator currents qd to determine stator voltage. Field-
oriented stator currents qd are determined by converting 
the measured abc currents to stationary qd and values  in 
the following transformation 

 sincos s
ds

s
qs

e
qs iii  ;                  (15) 

 cossin s
ds

s
qs

e
ds iii  .                  (16) 

In the transient model for a situation where it can be 
assumed that the flux coupling of the rotor remains 
constant, the machine can be represented by a constant 
voltage on the transient inductance of the stator.  

Stator flux coupling can only be expressed through 
stator currents and rotor flux coupling, i.e. 
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Setting the derivatives of the time of flux coupling 
of the rotor to zero and rearranging so that the left side 
contains the sum of the voltage across the transient 
resistance and the voltage drop across the transient 
resistance of the stator, then we obtain 

e
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e
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Lir '''  ;            (21) 
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Lir '''  .            (22) 

By adjusting the outputs of the torque and flux 
controllers for the cross-current, we obtain the required 

command values for e
qsv  and e

dsv . The command values 

for the stator voltages abc can be calculated as follows 
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The desired rotor speed less than the nominal with a 
certain nominal supply voltage is described by equations: 

       '''
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e
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e
qsses
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e
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'
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0
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r
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T




 ,                        

where e
qsv , e

dsv  – q and d voltage components, V; rs – 

stator winding resistance, ; '
sL  – stator inductance, H; 

'
qsE , '

dsE  – q and d component of the magnetizing 

voltage, V; '
lrx  – inductive scattering resistance of the 

rotor winding, ; mx  – inductive resistance of the stator 

core magnetization, . 
Simulation results. Finite element modeling was 

performed for the model with the parameters given in 
Table. 2. 

The materials of the model were chosen: 
 Soft Iron (without losses) – as a material of stator 

core; 
 Iron – as the shaft material; 
 Copper – as the stator winding material. 
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Table 2 
Parameters of the stator double-screw electromechanical 

hydrolyzer 
Selected materials 

Current in stator winding 10,5 A 
Simulation time Range (0, 0.1, 1) s 

 

Materials were selected from the library of materials 
of the Comsol software environment. As a material for the 
ferromagnetic rotor was chosen steel grade St3, the 
magnetization curve of which is shown in Fig. 4. 

 

 
Fig. 4. B-H steel St3 magnetization curve 

 

The picture of the distribution of magnetic induction 
for the nominal mode of operation of the ferromagnetic 
rotor of a double-screw electromechanical hydrolyzer is 
presented in Fig. 5. 

 
Fig. 5. Magnetic induction distribution pattern for the model 

ferromagnetic rotor of a double-screw electromechanical  
hydrolyzer, T 

 

Graphical representation of the distribution of 
magnetic induction in the air gap of the ferromagnetic rotor 
of a double-screw electromechanical hydrolyzer, at the 
beginning and end of the simulation is presented in Fig. 6. 

 
Fig. 6. Graphical representation of the distribution of magnetic 
induction in the air gap of a double-screw electromechanical 

hydrolyzer 

For quantitative assessment in Table 3 shows the 
average and maximum values of magnetic flux density in 
the air gap of a double-screw electromechanical 
hydrolyzer.  

 

Table 3 
Average and maximum values of magnetic flux density in the 

air gap of the double-screw electromechanical 
hydrolyzer 

Time, s Average value, T Maximum value, T 

0 0,216174 0,46575 

0,1 0,347887 0,794864 

0,2 0,348252 0,796307 

0,3 0,348275 0,796473 

0,4 0,348284 0,796515 

0,5 0,348277 0,796508 

0,6 0,348277 0,796515 

0,7 0,348278 0,79652 

0,8 0,348277 0,79652 

0,9 0,348285 0,796534 

1 0,348285 0,796536 
 

According to the simulation results, it is noticeable 
that the discrete arrangement of the stators along the axial 
line of the ferromagnetic rotor of the double-screw 
electromechanical hydrolyzer forms stable zones with a 
cyclic level of magnetic field intensity. Around the air gap 
of the double-screw electromechanical hydrolyzer 6 
narrow and wide zones, alternating with each other [14]. 

The main results of modulation were compared with 
the data obtained from the experimental study of the 
auger of the electromechanical hydrolyzer (Fig. 7). 

 

 
Fig. 7. Experimental sample of an electromechanical hydrolyzer  

 
During the research, magnetic induction was 

measured using MagneticFeldMeterTM-191 and PCE-
MFM 4000 instruments (Fig. 8). 

The average values of deviations between the results 
of mathematical and experimental research are 0.13 T, 
which is 2-3% in the measurement range of 0.4–0.8 T, so 
the mathematical model can be considered correct and 
used in further research. 
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Fig. 8. Measuring instruments MagneticFeldMeterTM-191 

and PCE-MFM 4000 
 

MATLAB / Simulink model of indirect control with 
field orientation is made for one stator of a double-screw 
electromechanical hydrolyzer with the parameters 
specified in Table 4. From studies of the 
electromechanical characteristics of the double-screw 
electromechanical hydrolyzer [14] it is known that the 
nominal speed of the working body (ferromagnetic rotor) 
is 200 rpm. Since it is known that the stator contains 6 
poles, the slip calculated as following: 

   
8.0

1000

2001000

1

21 






n

nn
s  

where n1 – synchronous speed, rpm; n2 – actual speed, 
rpm. 

 

Table 4 
Parameters of the replacement scheme for one stator and a 
ferromagnetic rotor of a double-screw electromechanical  

hydrolyzer 

Parameter Value 

Power 1400 W 

Rated voltage 118 V 

Rated current 10,5 А 

Power factor 0,65 

Number of pole pairs 6 

Rated frequency 50 Hz 

Rated slip 0,8 

Rated rotation speed 1000 rpm 

Stator winding resistance 200 rpm 

Reactive scattering resistance 
stator windings 0,1323  

Reactive scattering resistance 
rotor windings 0,2033  

Reactive magnetization resistance 
stator windings 0,2372  

Rotor winding resistance 5,0475  

The inertia of the rotor 0,174  
 

The scheme of replacement of the double-screw 
electromechanical hydrolyzer is presented in Fig. 9-11. 

 

 
Fig. 9. Scheme of stator replacement of ferromagnetic rotor of 

double-screw electromechanical hydrolyzer in reference system 
q-axis 

 

 
Fig. 10. Scheme of replacement of a stator of a ferromagnetic 

rotor of a double-screw electromechanical hydrolyzer 
in the frame of reference d-axis 

 

 
Fig. 11. Scheme of stator replacement of ferromagnetic rotor of 
double-screw electromechanical hydrolyzer in reference system 

zero-sequence 
 

In Fig. 12 a general Simulink model of indirect 
control with field orientation is shown. To reduce the 
duration of the model calculation, the work does not 
consider the transients that occur in the PWM converter 
during control, only the main components of the output 
voltages are taken into account [18, 19]. 

Figure 13 presents the implementation of the non-
direct control unit with field orientation. Values are 

calculated in the middle of the block *e
dsi , *e

qsi , *
2 , angle  

– the sum of the rotor rotation angle 2 and the angle of 
sliding integrated from the rotor rotation sensor r. 
In the middle of the block qde2abc (Fig. 12) is the 
generation of reference abc currents. 

During the simulation, two types of control were 
implemented. The first one is a step change of the torque 
according to the desired, fixed value of the angular 
velocity of rotation (Fig. 14 – Fig. 17). 
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Fig. 12. MATLAB / Simulink model of double-screw electromechanical hydrolyzer with indirect control with field orientation 

 

 
Fig. 13. Implementation of the model of indirect control of two-screw electromechanical hydrolyzer with field orientation 

 

 
Fig. 14. Angular speed during start-up and loading, rad / s 

 

 
Fig. 15. Voltage during start-up and loading, V 

 
Fig. 16. Current during start-up and loading, А 

 

 
Fig. 17. Torque during start-up and loading, Nm 



10 Electrical Engineering & Electromechanics, 2022, no. 1 

The second one is a cyclic change in the angular 
rotation velocity (Fig. 18 – Fig. 21). 

 

 
Fig. 18. Change of angular velocity during idle mode, rad / s 

 

 
Fig. 19. Voltage dependents in idle mode, V 

 

 
Fig. 20. Current dependents in idle mode, А 

 

 
Fig. 21. Torque dependents in idle mode, Nm 

 
Conclusions. Since the double-screw 

electromechanical hydrolyzer is a device that combines 
several technological processes, there is a need to 
maintain the exact parameters of the technological 
process. The simulation results were obtained under the 
following conditions: simulation time from 0 to 2 s with 
a step 0.5 s; the fixed value of the angular velocity at the 
torque step change is equal to the rated value; the time 
array of torque change is [0, 0.5, 0.75, 1, 1.25, 1.5] s; the 
time array of angular velocity cyclic change is [0, 0.25, 
0.5, 1, 1.25, 1.7] s.  

From the simulation results, the expediency of using 
the method of indirect control with field orientation in a 
double-screw electromechanical hydrolyzer is noticeable.  

Compared to the considered control methods, 
indirect control with field orientation is simpler in design 

and implementation, allows to achieve the desired 
characteristics and opens further opportunities for the 
study of double-screw electromechanical hydrolyzer. 

Conflict of interest. The authors of the paper state 
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Improvement of power transformer differential protection through detection and exploitation 
of the negative sequence currents 
 
Introduction. Power transformers are the most important and the most expensive equipment used in transport and distribution of 
electrical energy. Their failure results in huge economic losses. Despite the great advances in the design of power equipment in recent 
years, the feeble link in the chain remains the insulation weakness of coil turns of the power transformer. The novelty of the proposed 
research consists in the development of a new procedure for diagnosing and localizing the occurrence of turn to turn short-circuits in 
the windings of three-phase power transformer. The main problems of the current differential relay are short circuits of one or more 
turns of a transformer winding. Hence a new approach using' the amplitude comparison between the negative sequence currents' is 
developed and a digital discriminator internal / external fault is applied to discriminate turn to turn faults among the other ones. The 
proposed procedure is based on the exploitation of the negative sequence currents. The purpose of using this new procedure is to 
identify small faults inside power transformer coils and to distinguish inner faults from the outer faults by using an ameliorate circuit. 
The method used in this paper is a novel algorithm which based on the comparison between the negative sequence current amplitudes 
and to calculate the corresponding phase angle shifts. The performance of the proposed procedure has been confirmed by 
MATLAB/Simulink environment. The results of simulation reveal the efficiency of the suggested procedure, and indicate that this 
procedure can provide fast and sensitive approach for detecting low level turn-to-turn faults. References 22, figures 21. 
Key words: power transformer, diagnosis, inter turn faults, symmetrical components, negative sequence currents. 
 
Вступ. Силові трансформатори – найважливіше і найдорожче устаткування, яке використовується при передачі та розподілі 
електроенергії. Їх відмова призводить до величезних економічних втрат. Незважаючи на великі успіхи в проектуванні силового 
обладнання в останні роки, слабкою ланкою в ланцюзі залишається недостатня міцність ізоляції витків котушки силового 
трансформатора. Новизна запропонованого дослідження полягає в розробці нової методики діагностики та локалізації 
виникнення міжвиткових коротких замикань в обмотках трифазних силових трансформаторів. Основні проблеми 
диференціального реле струму – це коротке замикання одного або декількох витків обмотки трансформатора. Тому, 
розроблено новий підхід, який використовує порівняння амплітуд струмів зворотної послідовності, а також застосовується 
цифровий дискримінатор внутрішніх/зовнішніх несправностей для розрізнення міжвиткових короткого замкнень серед інших. 
Запропонована методика заснована на використанні струмів зворотній послідовності. Мета використання цієї нової методики 
– виявити невеликі несправності всередині котушок силового трансформатора і відрізнити внутрішні несправності від 
зовнішніх несправностей за допомогою поліпшеної схеми. Метод, який використовується в цій статті, це новий алгоритм, 
заснований на порівнянні амплітуд струму зворотної послідовності і обчисленні відповідних зміщень фазового кута. 
Еефективність запропонованої методики підтверджена у середовищі MATLAB/Simulink. Результати моделювання показують 
ефективність запропонованої методики і вказують на те, що цій метод може забезпечити швидкий і чутливий підхід для 
виявлення міжвиткових коротких замикань низького рівня. Бібл. 22, рис. 21. 
Ключові слова: силовий трансформатор, діагностика, міжвиткові короткі замикання, симетричні складові, струми 
зворотної послідовності. 
 

1. Introduction. Protective relays constantly 
monitor the power system to assure maximum continuity 
of electrical service with minimum damage to life and 
property. Thus, they are on guard throughout – from the 
generation, through transmission into distribution and 
utilization. They are found in large and small systems, in 
the power companies and in the industrials. This wide 
usage, with high demands for reliable operation, has 
created a continuing desire for additional training. Such 
training is valuable not only to those directly implicated 
but also to the many others indirectly associated with 
relaying. For the latter group, a better understanding of 
the protective relaying can contribute considerably toward 
better system design and operation [1].  

Power transformers are among the most important 
elements in electrical power systems. During their service 
they are exposed to various failures and abnormalities 
including dielectric, mechanical, or thermal failure. This 
means that the transformer cannot remain in service, and 
remedial actions are required before it can be returned to 
service [2]. 

Transformer abnormality means that the transformer 
operation is beyond the normal status, and this may 
adversely affect the performance or asset life of the 
transformer itself or other apparatus, or system reliability 

and operation. Power transformers can fail or be abnormal 
in a variety of factors and for a variety of reasons. The 
important factors and reasons are: 

Electrical faults originated from internal faults, 
transient over voltages, over-currents, ageing, service 
loading, pre-existing faults, and timescales for fault 
development [3]. 

Winding faults are considered to be the most reason 
of transformer collapse. They involve a magnitude of 
fault current which is small relative to the power 
transformer nominal currents. This indicates that once a 
fault takes a place, a rapid, sensitive and reliable 
protection for its detection and location is necessary to 
prevent more retards in the network function. 

Regarding to the IEEE recommendations [4], there 
is no unique standard way to protect all power 
transformers against small internal faults and at the same 
time to preserve basic protection recommendations such 
as sensitivity, selectivity, and rapidity. Turn to turn faults 
in transformer windings are considered to be among the 
difficult internal faults to detect because only IEEE 
Standard a few turns is initially implicated. The C37.91-
2000 admits that about 10 % of the transformer coils may 
as well be short circuited to generate a noticeable 
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variation in the ultimate current [5]. Therefore, when 
small numbers of turns are short-circuited, the resulting 
differential current won’t be detectable due to its initially 
small value. 

The winding inter turn fault detection, particularly at 
low current is critical. It has a negative effect on the 
transformer duration life. The cause of the coil inter turn 
fault is the insulation breakdown and short circuit of 
conductors with different voltages [6].  

According to [7], the frequency response analysis 
(FRA) technique is a powerful technique for diagnosing 
transformer winding distortion or for detection of small 
turn-to-turn short-circuits faults and several other types of 
troubles that are caused during fabrication, transportation, 
installation and/or exploitation. Article [7] studied and 
simulated many types of short-circuits under different 
fault severities in various winding points within the high 
voltage and low voltage. It introduces a novel approach 
for FRA signature by incorporating both magnitude and 
phase angle plots in one graph, which facilitates and 
standardized the FRA interpretation process. The 
suggested approach is simple, sensitive, and convenient to 
apply within current frequency response analyzers to 
normalize the FRA signature process. 

Generally, transformers are subject to failing due to 
internally or externally conditions, so the protected area 
is delimited by the area that incorporates equipment 
such as current transformers (CT), relays and power 
transformer. When a fault is within this area is called 
internal fault, and when it is outside is called external 
fault. It is essential that differential protection operates 
for internal faults only. 

From [1, 2], the examples of abnormal conditions 
are overvoltage, over excitation, and overload. For these 
cases a transformer is protected with a set of different 
relays (in case of electro-mechanical relays) or a multiple 
choice of different elements in one relay (in case of a 
numerical relay). Although this one is the most commonly 
used protection, still not yet powerful enough to detect 
small inter winding faults in power transformers. Since 
the resulted differential current is too small in comparison 
to input and output currents, so it will not be sensed by 
the percentage differential protection. This means that it is 
not sufficient and reliable in detecting minor internal 
faults in transformer windings. For instance, if the 
restraint characteristic of the percentage differential relay 
is set to 25 % and a minor internal fault gives a 
differential current of 10 %, thus the internal fault cannot 
be detected until this differential current fault exceeds a 
pre-determined value or the setting threshold value of 
25 %. For this reason, the traditional percentage 
differential protection is not sensitive enough to 
determine small turn-to-turn faults. Alternatively, the 
literature review shows that detecting small inter turn 
faults in power transformer winding is not an easy 
problem to solve [5, 6, 8]. 

Techniques and schemes, which have been proposed 
to ameliorate the differential relay towards diagnosis and 
location of internal faults within the power transformer, 
were emphasized by many research and studies. 

A digital relaying algorithm for detecting 
transformer winding faults in reference [9] introduces a 

protection algorithm based on verifying the validity of 
differential equations of voltages, currents and mutual 
flux linkages, at the primary and secondary windings 
during normal conditions, in the presence of external 
faults and magnetizing inrush. According to the results 
presented in this paper, the exposed algorithm was valid 
for 5 % of short circuited coil turns. Their algorithm is 
faster, supersensitive than the restraint differential current 
algorithm and is qualified in fault finding while 
energizing the transformer. 

The algorithm in [10] presents differential algorithm 
which uses the negative sequence currents to find turn-to-
turn fault in transformers. Studies presented in this paper 
were limited and dealt with one particular configuration 
and system conditions. It uses 1 % of shorted turns 
throughout ordinary function of the transformer. 

Primary and secondary negative sequence current 
magnitudes and their phase shifts are used to recognize 
internal faults and decline external faults. The results 
were also not convincing because of limited studies and 
no detailed investigations. 

The paper [11] proposes a transformer protection 
using Relay Increment of Flux Linkage (RIFL) for three 
phases Y-Y transformer, the increments of the flux 
linkages are calculated for a three phase Y-Δ transformer, 
the differences between the two phases of the increments 
of the flux linkages are calculated to use the line current 
because the delta winding current is unavailable. The 
RIFL is compared against the turn’s ratio, if there is a 
difference between them that means an internal fault 
exists.  

The performance of the proposed relay was 
compared with the conventional current differential relay 
with the harmonic blocking. Test results indicate that the 
proposed relay has perfectly distinguished the coil faults 
from inrush currents. It also, reduces the operating time of 
the relay for internal faults. The digital signal processor of 
prototype relay is implemented and it was concluded that 
the prototype algorithm is faster when compared to 
conventional relay with harmonic blocking. 

The work [12], by using the advanced digital 
technology, it becomes possible to protect power 
transformers with new differential protection principle. 
This new principle possesses higher sensitivity than the 
traditional transformer differential protection for minor 
turn to turn faults. It investigates the negative sequence 
currents. The new protection principle yields a higher 
sensitive protection for very small internal faults in the 
order of 1 % short-circuited turns. The new negative-
sequence current-based sensitive protection is an excellent 
backup to the traditional power transformer differential 
protection, which based on the famous differential 
characteristic. A case study of the new principle 
protection concludes some limitation of this algorithm, 
that it operates when power transformer is loaded and it 
does not indicate faulty phase(s).  

The authors of [13] present an advanced model of 
the frequency response analysis (FRA) to analyze the 
integrity of power transformer parameters which depend 
on windings and their material properties. Among a wide 
range of transformer failure modes, the authors focused 
on using FRA for detecting changes in FRA signatures 
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caused by breakdown insulation and deformation of 
transformer winding. In practice, insulation breakdown 
occurs due to the circulation of high currents and voltages 
in the transformer. As they are too much superior at the 
nominal values, simultaneously to this, a flashover of 
winding turns begins and causes a winding short circuit 
which may lead to transformer failure.  

In this work, the frequency of the input signal was 
varied over a certain range and resulting responses were 
profoundly studied and analyzed. This allows the 
detection of internal turn to turn faults and confirms the 
sensitivity of the FRA signature. 

In the scheme of [14] the transient states are taken as 
models. These different models are recognized by neural 
network. Inputs to neural network are the harmonics of 
the positive sequence of differential current. These inputs 
are the 1st, 2nd, and 5th harmonic components of the 
positive sequence differential current. The application of 
neural networks has some limitations because it requires a 
lot of training models which are produced by simulation 
of many cases and applied just on some specific power 
transformers. 

The work in [15] proposes to reduce the main losses 
of electricity which occur in distribution networks; 
transformers with power quantity up to 1000 kVA are 
used. The authors gave new technological proposals for 
improving the performance and effectiveness of 
transformers through structural-geometric transformations 
of active elements. Such transformers are mainly 
produced with rectangular section of rod and armored 
planar magnetic cores. 

Methods of energy saving in transformer 
construction are based on new electrical materials high 
technologies able to produce composite conductors of 
windings with «high-temperature» superconductivity and 
amorphous electrical steel. This agrees with the 
previously known optimization and design data of 
transformers. 

However, the cost increases significantly, and 
questions arise about the specifics of the design, operation 
and assembly of transformer and technological equipment. 
But a significant reduction in no-load losses is possible by 
performing all corner sections of the combined magnetic 
core from isotropic electrical steel and all rod and yoke 
sections from anisotropic electrical steel. 

It is known that the presence of the negative 
sequence currents in the power transformer windings 
proves the existence of an internal turn-to-turn faults 
within this transformer [16]. Even though, sensing small 
power transformer coil faults is a difficult task to do, still 
the aim of our paper is to propose an algorithm based on 
the symmetrical components theory and the application of 
a procedure where comparison of the vector group 
amplitudes and phase angle shifts between negative 
sequence current components are realized. 

The goal of the paper is to detect the internal faults 
for various operating conditions of the power transformer. 
And also, be sure that this proposed procedure is apt 
to accomplish its role significantly than any other 
classical relay. 

2. The proposed procedure. Turn to turn winding 
fault are regarded as the main factor of the transformer 

deficiencies, and can lead to small changes on primary 
and secondary voltages and currents [17, 18].  

This new algorithm is proposed to protect the power 
transformers against minor turn to turn faults through the 
exploitation of the negative sequence currents. 

According to symmetrical components properties, 
the phase quantities are expressed in phasors notation 
using complex numbers, as shown in Fig. 1. 

 
                  a                                b                                   c 

Fig. 1. Three phase voltage vector components: 
(a) positive sequence; (b) negative sequence; (c) zero sequence 

 
The three voltage phasors are expressed by the 

following formulas: 
 cbaabc VVVV  .                           (1) 

This formula can be arranged as follows: 
 210012 VVVV  ,                           (2) 

where 0, 1, and 2 subscripts are respectively referring to 
zero, positive, and negative sequence components. 

A phase rotation operator «a» is defined in (3) to 
rotate forward by 120 degrees. The [A] matrix is applied 
to convert phasors into symmetrical components: 
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The phase voltage sequences are represented by the 
sequence equation 
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Conversely, the sequence components are 
represented as: 
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The symmetrical components must satisfy the 
constraint that their vector sum equals the original set of 
unbalanced phasors. The corresponding impedances are 
determined by using Ohm law as follows: 

  abcabcabc IZV  ,                       (11) 

or 

    abcabcabcabcabc VYVZI  1 .           (12) 

It is known that, in faulty conditions the negative 
sequence currents in Fig. 1 are greater than the direct 
sequence currents [16–18]. The three symmetrical current 
components are described in this paper as:  

 positive sequence current in the primary winding 
leads the positive sequence current in the secondary 
winding by an angle θ; 

 negative sequence current in the primary winding 
lags the positive sequence current in the secondary 
winding by an angle θ; 

 zero sequence current in the primary winding is in 
phase with the zero sequence current in the secondary 
winding. 

It must be put in count that, when the turn to turn 
fault occurs inside the transformer, the negative-sequence 
current flows toward the fault point [19]. 

In this research, and in order to compare the 
negative sequence current amplitudes and the phase-angle 
shifts which separate them for both sides of the power 
transformer, three steps are to be followed. 

First step. The measurement method of the negative 
sequence current amplitudes is applied to the previous 
electrical circuit of Fig. 2, 3, where the negative sequence 
currents in the primary and secondary sides are 
respectively written as: I_neg.seq_P and I_neg.seq_S, 
then compared with the preset value 2 % of the 
differential protection’s base current. If the result is 
greater than the pre-set value a vector-group 
compensation for current amplitudes is done by the 
differential relay itself without changing the interposing 
CTs on both primary and secondary windings. The 
measured difference of the negative current amplitudes 
must be as small as possible to avoid unnecessary trip 
during normal operation. Ones, vector compensation is 
done, the second step will take place. 

Second step. An evaluation of phase angles shift 
difference between the two phasors of the negative 
sequence currents on both sides of the power transformer 
and the threshold is done. Generally, during no internal 
fault operation of the transformer this difference is equal 
to zero degrees. When internal turn to turn fault occurs a 
small phase angle shift due to high current in the shorted 
turns will happen, therefore, a trip command is issued. 

Third step. It consists on the use of powerful 
algorithm, which should discriminate between normal and 
abnormal operating conditions that occur in power system 
related to transformer such as external faults, internal faults 
and magnetizing inrush currents. If a fault occurs, within 
the protected area, the current balance will no longer 
maintained and the relay will close and release a trip signal 
to cause a certain circuit breakers to activate in order to 
disconnect the faulty transformer from the grid [15, 20]. 

3. Principle of operation. Fig. 2 shows a typical 
differential relay connection operating diagram 

conditions, the fault is outside the protected transformer, 
the negative sequence currents will flow as illustrated in 
Fig. 2, where the I_neg.seq_P is flowing out of the 
protected area and the transformed I_neg.seq_P’ will flow 
in the faulty side externally to the power transformer and 
will get out from the other side of the transformer. So 
I_neg.seq_P and I_neg.seq_P’ will have the same 
direction This means that the phase shift between them 
is 0, as it can be seen in the bellow electrical circuit of 
Fig.2. Meanwhile the current I_neg_P is getting from the 
external faulty secondary side towards the healthy 
primary side (it must be notice that I_neg.seq_P’ is a 
transformed I_neg.seq_P). 

 

 
Fig. 2. Electrical circuit showing the negative sequence current 

directions during external fault 
 

From Fig. 3 it can be seen that the fault is internal 
so, the negative currents I_neg.seq_P and I_neg.seq_S are 
flowing each from its own side towards the protected 
zone. But the negative sequence currents I_neg_P’ and 
I_neg_S will flow out of the primary and secondary sides 
respectively and will have the opposite directions, so, the 
phase shift between them will be equal to 180. 

 

 
Fig. 3. Electrical circuit showing the negative sequence current 

directions during internal fault 
 

In order to let the comparison of the negative 
sequence currents be relevant, the phase differences and 
turns ratio must be firstly compensated by the digital 
differential element which do this type of compensation 
automatically. 

During external fault condition, the differential relay 
is well performing as long as the current transformers 
give primary currents correctly otherwise and in case of 
CTs saturation, a relay false operation is happened. 

Modern logic differential relays are capable to 
accurately compute the negative sequence current 
quantities from actual measured current phases [21, 22]. 
So, internal/external fault discriminator algorithm can be 
developed on the basis of negative sequence current 
quantities and it can be reliable in detecting and locating 
external faults. It measures the amplitudes and their 
corresponding phase angle shifts of the negative sequence 
currents on both windings of the power transformer, and 
then detects the presence of the negative sequence currents 
which allows the fault location. It also uses the second 
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harmonic to prevent false tripping during magnetizing 
inrush conditions and the 5th harmonic to restrain the 
differential relay during over excitation conditions. 

4. Simulation results. The performances and 
effectiveness of the proposed algorithm are simulated 
under normal and abnormal transformer operating 
conditions. When the power transformer is under the 
condition of small turn to turn faults, it is preferred to use 
the negative-sequence currents for the detection of such 
type of faults. Since, the investigated power transformer is 
connected in Y-y mode, and is 20 MVA, 31.5 kV / 400 V; 
the detection of internal fault can be done directly due to 
the availability of the winding currents. 

Performance of the proposed scheme during 
external faults. Figures 4, 5 show that the differential 
relay is stable for external faults and didn’t trip because 
the fault was outside the protected transformer. This 
means that the relay has detected the external fault and the 
output of the negative-sequence current differential 
element did not trip during external fault and the 3 phase 
primary and secondary current wave forms did not alter. 
Also, it can be seen that the maximum and minimum 
current values of the primary side are respectively: 

 phase A – IAmax = 4 kA, IAmin = –2.2 kA; 
 phase B – IBmax = 2.3 kA, IBmin = –3.2 kA; 
 phase C – ICmax = 2.3 kA, ICmin = –3.2 kA. 

The external fault was detected within one cycle (0.96 s). 

 
Fig. 4. Primary phase currents of the proposed scheme during 

external fault 

 
Fig. 5. Secondary phase currents of the proposed scheme during 

external fault 
 

The maximum and minimum current phase values of 
the secondary side are respectively: 

 phase A – Iamax = 700 A, Iamin = –400 A; 
 phase B – Ibmax = 400 A, Ibmin = –550 A; 
 phase C – Icmax = 700 A, Icmin = –350 A. 

The differential relay did not issue the signal trip, 
because the fault was external. 

In Fig. 5 the primary phase and secondary phase 
current wave forms did not alter, this means that, the relay 
signal trip didn’t take place and no trip was executed, 
which confirms that the fault was external, as shown in 
Fig. 5. 

Figure 6 shows the wave form of the three phase 
primary currents during internal turn to turn fault in the 
presence of inrush currents. It can be seen that the 
differential relay didn’t send a trip signal because it 
considers the inrush currents as a transient phenomenon 
and will disappear quickly. 

The primary phase currents values during turn to 
turn fault in the presence of inrush currents are: 

 phase A – IAmax = 4 kA, IAmin = –2.2 kA; 
 phase B – IBmax = 2.3 kA, IBmin = –3.2 kA; 
 phase C – ICmax = 2.3 kA, ICmin = –3.2 kA. 

 
Fig. 6. Three phase primary currents during internal turn to turn 

fault in presence of inrush currents 
 

In Fig. 7 it can be seen that the internal turn to turn 
fault has happened during an interval time of 0.645 s and 
the digital differential relay has ordered a signal trip, 
because the fault was internal and without the presence of 
inrush currents. The obtained data from the wave current 
forms is as bellow: The maximum and minimum values 
of the secondary phase currents from Fig. 7 are: 

 phase A – Iamax = 0.6 A, Iamin = –0.6 A; 
 phase B – Ibmax = 0.6 A, Ibmin = –0.6 A; 
 phase C – Icmax = 0.6 A, Icmin = –0.6 A. 

Fault duration interval was from 0.48 to 1.125 s. 

 
Fig. 7. Three phase secondary currents of the proposed scheme 

during internal turn to turn fault in the absence of the inrush 
currents 
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The inrush current phenomenon shown in Fig. 8 is 
obtained from simulation study using the MATLAB 
Simulink environment. 

It can be noticed that the maximum value of the 
inrush current is higher many times than nominal current. 
The inrush currents may accidently push the protection 
relay to trip. In such conditions, the relay must be able to 
discriminate between the inrush currents and the internal 
turn to turn fault current and delay the trip signal until the 
inrush currents disappear, and then send a signal trip as 
illustrated in Fig. 9. 

 

(s) 
 

Fig. 8. Three phase inrush currents 

 
Fig. 9. Differential relay trip at 1.17 s 

 
From Fig. 10–21 the primary, secondary and 

magnetization impedances are calculated in per unit (pu) 
system. 

Performance of the proposed procedure during 
turn to turn faults. The performance of the proposed 
differential protection algorithm is profoundly studied and 
simulated by MATLAB/Simulink. Under turn to turn 
short-circuit conditions. Three sets of values for power 
transformer impedances are calculated in per unit system. 
Then, firstly, the negative sequence current amplitudes of 
primary and secondary sides are compared with the 
threshold 2 % of the winding. And secondly, the 
corresponding shift phase between these negative 
sequence currents are also compared to preset level which 
is from 0° to 3° to let the relay sensitivity higher for turn 
to turn faults recognition. 

The simulation study is done for different per unit 
calculated values of primary impedance Z1, secondary 
impedance Z2 and magnetization impedance ZM. These 
impedances values are equivalent to the percentage of 
short-circuited winding turns 10 %, 3 % and 0.5 %. 

Case 1: Turn to turn fault on the secondary side. 
If the quantity of the negative current amplitudes is higher 
than the preset level, and the phase shift is zero, this 
means that an internal turn to turn fault has happened and 
a signal trip must be issued. 

Figure 10 shows that a secondary internal turn to 
turn fault has happened in the calculated impedance 
values are: Z1 = Z2 = 0.002 pu, ZM = 0.5 pu. 

The corresponding negative sequence current 
amplitudes (I_neg.seq_P and I_neg.seq_P’) are compared 
with each other and with the preset level of 2 %. They are 
found to be equal and superior to the preset level as it can 
be seen on Fig. 10. 
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Fig. 10. Comparison of the negative sequence current 

amplitudes of I_neg.seq_P and I_neg.seq_P’ where calculated 
impedances are: Z1 = Z2 = 0.002 pu, ZM = 0.5 pu 

 
Figure 11 shows the phase shift comparison between 

the negative sequence currents (I_neg.seq_P and 
I_neg.seq_P’) during secondary turn to turn fault for 
calculated per unit impedances Z1 = Z2 = 0.002 pu, 
ZM = 0.5 pu. It was found that the phase shift between 
them is 180°, which means that they are in opposite 
directions as it was expected.  
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Fig. 11. Comparison of phase shift between I_neg.seq_P and 

I_neg.seq_P’ where impedances are: Z1 = Z2 = 0.002 pu, ZM = 0.5 pu 
 

Figure 12 shows an amplitudes comparison between 
I_neg.seq_P and I_neg.seq_P’ during turn to turn fault for 
calculated impedances Z1 = Z2 = 0.008 pu, ZM = 0.5 pu. 
It can be seen from Fig. 12 that the negative sequence 
current amplitudes of the faulted side I_neg.seq_P’ is 
equal to the magnitude of the negative sequence current 
I_neg.seq_P on the healthy side and both of them are 
higher than the preset level as expected.  
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Fig. 12. Amplitude comparison between I_neg.seq_P, and 
I_neg.seq_P’ where impedances are: Z1 = Z2 = 0.008 pu,  

ZM = 0.5 pu 
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In Fig. 13 it can be seen that, the phase angle 
between the two negative sequence currents I_neg.seq_P, 
and I_neg.seq_P’ during secondary turn to turn fault is 
180°, this means that they are opposite in directions, 
which is already proven by the previous corresponding 
electrical circuit diagram (Fig. 2). 
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Fig. 13. Phase angle comparison between I_neg.seq_P and 

I_neg.seq_P’ during secondary internal turn to turn fault 
for Z1 = Z2 = 0.008 pu, ZM = 0.5 pu 

 
Figure 14 shows equal amplitudes of the negative 

sequence currents on both sides of the power transformer. 
It can be seen in the previous electrical circuit (Fig. 2) 
which illustrating directions of the negative sequence 
currents during external fault. It can be noticed that 
I_neg.seq_P enters from the faulty side and leaves from 
the other side, after being transformed to become 
I_neg.seq_P’ (Fig. 15). 
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Fig. 14. Amplitudes comparison between I_neg.seq_P and 
I_neg.seq_P’ during secondary external fault for calculated 

impedances: Z1 = Z2 = 0.2 pu, ZM = 0.5 pu 
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Fig. 15. Phase angle comparison between I_neg.seq_P and 
I_neg.seq_P’ during secondary external fault side where 
calculated impedances are: Z1 = Z2 = 0.2 pu, ZM = 0.5 pu 

 
Case 2: Turn to turn fault at the primary side. 

Figures 16, 17 show that during internal turn to turn fault 
in the primary side, the negative current amplitudes of 
(I_neg.seq_S) are much higher than the amplitude of 
(I_neg.seq_P), due to the fault presence in the primary 
winding «very high resistance very low current 
Kirchhoff’s second law» and the phase shift between 
them is moderate.  
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Fig. 16. Amplitudes comparison between I_neg.seq_P and 

I_neg.seq_S, during internal turn to turn fault, where calculated 
impedances are: Z1 = Z2 = 0.002 pu, ZM = 0.5 pu 
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Fig. 17. Phase angle comparison between I_neg.seq_P and 

I_neg.seq_S during internal turn to turn fault, where calculated 
impedances are: Z1 = Z2 = 0.002 pu, ZM = 0.5 pu 

 

Figure 18 is illustrating the magnitudes of the 
negative sequence current in the primary and secondary 
sides respectively I_neg.seq_P and I_neg.seq_S during 
internal turn to turn fault for the corresponding impedances 
calculated in per unit system: Z1 = Z2 = 0.008 pu, 
ZM = 0.5 pu. It can be seen on Fig. 18 that the amplitude 
of the secondary negative sequence current (I_neg.seq_S) 
is almost 3 times higher than the primary negative 
sequence current. 
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Fig. 18. Amplitude comparison between I_neg.seq_P and 

I_neg.seq_S during internal turn to turn fault, where impedances 
are: Z1 = Z2 = 0.008 pu, ZM = 0.5 pu 

 

Figure 19 shows the phase angle shift between the 
negative sequence currents (I_neg.Seq_P) and 
(I_neg.seq_S) where it can be remarked that its value is 
about 3° because the impedance values are very small. 
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Fig. 19. Phase angle comparison between I_neg.Seq_P and 

I_neg.seq_S during internal turn to turn fault, where calculated 
impedances are: Z1 = Z2 = 0.008 pu, ZM = 0.5 pu 
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In Fig. 20, 21 it can be seen that amplitude of 
I_neg.seq_S is higher than of I_neg.Seq_P, and the phase 
angle between the two corresponding negative sequence 
currents during internal turn to turn fault for primary 
winding, is almost 0°. 
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Fig. 20. Amplitude comparison between I_neg.seq_P and 

I_neg.seq_S during internal turn to turn fault, where impedances 
are: Z1 = Z2 = 0.2 pu, ZM = 0.5 pu 
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Fig. 21. Phase angle comparison between I_neg.Seq_P and 

I_neg.seq_S during internal turn to turn fault, where impedances 
are: Z1 = Z2 = 0.2 pu, ZM = 0.5 pu 

 
5. Conclusions. 
This paper describes a new negative sequence 

current based protection method for detecting and 
locating the inter-turn faults in transformer windings 
that overcomes the limitation of the traditional 
transformer protection schemes in determining low level 
inter-turn faults. The negative current values are very 
exploited in the domain of protection in general and 
especially in the field of power transformers. In spite of 
that, the problem of detecting and locating the small 
internal turn to turn faults is a hard task to accomplish. 
Overall, when it consists to the power transformer itself. 
Because the variation in power transformer amplitudes 
and phase shifts is very difficult thing to be 
reestablished. The proposed procedure is built on the 
contributions to total negative sequence currents from 
both sides HV and LV of the power transformer, it has 
proved to be reliable, efficient, and fast. It takes only 
few milliseconds to detect faults up to 0.5 %, and to 
characterize it as internal or external. 

The evaluation of the proposed scheme has been 
done for different faults and operating conditions. It was 
found to be more sensitive than the classical differential 
relay. Hence, the scheme is very robust in such 
disturbance conditions which involves only few turns 
among primary or secondary windings of the power 
transformer.  
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Method of adjustment of three circuit system of active shielding of magnetic field 
in multi-storey buildings from overhead power lines with wires triangular arrangement 
 
Aim. For the first time the method of adjustment of three circuit system of the active shielding of the magnetic field based on 
experimentally determined space-time characteristics to increase the shielding factor in a multi-storey building located near a single-
circuit overhead transmission lines with a wires triangular arrangement was developed. Methodology. When synthesizing the laboratory 
model of system of active shielding the coordinates of spatial arrangement and of three shielding coils, the currents in shielding coils and 
resulting magnetic flux density value in the shielding space were calculated. The synthesis is based on the multi-criteria game decision, 
in which the payoff vector is calculated on the basis on quasi-stationary approximation solutions of the Maxwell equations. The game 
decision is calculated based on the stochastic particles multi swarm optimization algorithms. Results. Computer simulation and 
experimental research of the space-time characteristics of laboratory model of three circuit system of active shielding of magnetic field, 
generated by overhead power lines with phase conductors triangle arrangements in multi-storey building are given. The possibility of 
initial magnetic flux density level reducing to the sanitary standards level is shown. Originality. For the first time the synthesis and 
adjustment of laboratory model of three circuit system of active shielding of magnetic field based on experimentally determined space-
time characteristics to increase the shielding factor in a multi-storey building located near a single-circuit overhead transmission lines 
with a wires triangular arrangement carried out. Practical value. Practical recommendations from the point of view of the 
implementation of developed method of adjustment of the three circuit system of the active shielding of the magnetic field based on 
experimentally determined space-time characteristics in a multi-storey building located near a single-circuit overhead transmission lines 
with a triangular arrangement of wires are given. References 48, figures 11. 
Key words: overhead power lines, magnetic field, space-time characteristics, system of active shielding, shielding factor, 
computer simulation, experimental research. 
 
Мета. Вперше розроблено метод налаштовування триконтурної системи активного екранування магнітного поля на 
основі експериментально визначених просторово-часових характеристик для коефіцієнту екранування в 
багатоповерховому будинку, розташованому поблизу одноколових повітряних ліній електропередачі з трикутним 
розташуванням проводів. Методологія. При синтезі лабораторної моделі системи активного екранування були 
розраховані координати просторового розташування трьох екрануючих обмоток, струми в екрануючих обмотках та 
результуюче значення індукції магнітного поля в просторі екранування. Синтез системи базується на рішенні 
багатокритеріальної гри, в якій вектор виграшу розраховується на основі квазістаціонарних апроксимаційних розв’язків 
рівнянь Максвелла. Рішення гри розраховується на основі алгоритмів стохастичної оптимізації мультироєм частинок. 
Результати. Наведено результати комп’ютерного моделювання та експериментальних досліджень просторово-часових 
характеристик лабораторної моделі триконтурної системи активного екранування магнітного поля, яке створюється 
повітряними лініями електропередачі з трикутним розташуванням фазних провідників у багатоповерховому будинку. 
Показано можливість зниження початкового рівня індукції магнітного поля до санітарних норм. Оригінальність. Вперше 
проведено синтез та налаштовування лабораторної моделі триконтурної системи активного екранування магнітного 
поля на основі експериментально визначених просторово-часових характеристик для підвищення фактору екранування 
провідників у багатоповерховому будинку, розташованому поблизу одноколових повітряних ліній електропередачі з 
трикутним розташуванням проводів. Практична цінність. Наведено практичні рекомендації з точки зору реалізації 
розробленого методу налаштовування триконтурної системи активного екранування магнітного поля на основі 
експериментально визначених просторово-часових характеристик в багатоповерховому будинку, який розташовано 
поблизу одноконтурних повітряних ліній електропередачі з трикутним розташуванням проводів. Бібл. 48, рис. 11. 
Ключові слова: повітряні лінії електропередачі, магнітне поле, просторово-часові характеристики, система активного 
екранування, коефіцієнт екранування, комп’ютерне моделювання, експериментальні дослідження. 
 

Introduction. Most of the existing 10-330 kV 
overhead transmission lines, which were built during the 
last 50 years, often pass near old residential buildings. 
These overhead transmission lines generate a magnetic 
field of power frequency inside residential buildings, the 
level of which exceeds the sanitary standards of Ukraine 
[1]. One of the most economically feasible approach to 
the further safe operation of these residential buildings is 
to reduce the level of magnetic field (MF) inside these 
buildings by means of active shielding [2–4]. In Ukraine, 
in the area of old residential buildings, 110 kV power 
transmission lines with a triangular suspension of wires 
are the most common. 

Such overhead transmission lines generate magnetic 
field with a circular space-time characteristic. To compensate 
for such a magnetic field, at least two compensation 
windings are needed even when shielding magnetic field 

inside one-story residential buildings. When shielding such a 
magnetic field in multi-storey buildings, three or more 
compensation windings may be required [5–7]. The 
adjustment of such a three circuit system is a rather complex 
scientific problem. The problem of adjustment of three 
circuit system of the active shielding consists in 
experimentally adjustment of parameters of current 
regulators in compensation windings. For each compensation 
winding, it is necessary to determine the magnitude of the 
gain and phase shift for the regulator, which operates 
according to the open-loop control principle. And at the same 
time for each compensation winding, it is necessary to 
determine the magnitude of the gain for the regulator, which 
operates according to the closed-loop control principle with 
feedback on the induction of the resultant magnetic field. 

A feature of the system of the active shielding under 
consideration is the highly elongated space-time 
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characteristic ellipses of the resulting MF during the 
operation of individual compensating windings [8–10]. 
Moreover, when the windings work together, the 
magnetic field generated by the individual windings is 
mutually compensated, which makes it possible to obtain 
a high compensation efficiency of the initial magnetic 
field [11, 12]. Therefore, when adjustment the system of 
the active shielding, it is necessary to use space-time 
characteristic and therefore the development of method of 
adjustment of three system of the active shielding of the 
magnetic field based on experimentally measured space-
time characteristics is important and urgent scientific 
problem. 

The aim of the work is to develop of method of 
adjustment of three circuit system of the active shielding 
of the magnetic field based on experimentally determined 
space-time characteristics to increase the shielding factor 
in a multi-storey building located near a single-circuit 
overhead transmission lines with wires triangular 
arrangement. 

Statement of the research problem. The State 
Institution “Institute of Technical Problems of Magnetism 
of the NAS of Ukraine” developed the laboratory model 
of a single-circuit overhead power transmission line with 
a triangular arrangement of wires on a scale of 1 to 15. 
Figure 1 shows such a laboratory model. 

 
Fig.1. The laboratory model of a single-circuit overhead power 

transmission line with a triangular arrangement of wires 
 

Consider the synthesis and adjustment of the 
system of the active shielding of the space-time 
characteristic generated by this model of the power 
transmission line in the model of a multi-storey building, 
as it is shown in Fig. 2. 
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Fig. 2. The location of model of overhead power line, and 

shielding space in model of multi-storey building 
 

Let us introduce a vector of unknown parameters of 
the system of active shielding, the components of which 
are the coordinates of shielding coils and parameters of 
the regulator [13–18] and vector of uncertainty 
parameters of initial magnetic field model [19–23]. Then 
calculate of vector of unknown parameters of system of 
active shielding and of vector of uncertainty parameters in 
the form of a solution of multi-criteria game. The 
components vector payoff in this game are levels of 
magnetic flux density at points of the shielding space. 
These components are nonlinear functions of the vectors of 
unknown parameters and uncertainty parameters and are 
calculated on basis of Maxwell equations quasi-stationary 
approximation solutions [24–28]. First player is vector of 
unknown parameters and its strategy is minimization of 
vector payoff. Second player is vector of uncertainty 
parameters and this strategy is maximization of the same 
vector payoff [29–33]. 

And therefore the solution of multi-criteria game is 
calculated from the condition of minimum value of vector 
payoff for the vector of unknown parameters but the 
maximum value of vector payoff for the vector 
uncertainty parameters. This technique corresponds to the 
standard worst-case robust systems synthesis approach 
[34–38]. 

To find multi-criteria game solution from Pareto-
optimal set solutions taking into account binary 
preference relations [39, 40] used particle multi swarm 
optimization algorithm [41–47], in which swarms number 
equal number of vector payoff components. 

Computer simulation results. Consider the result 
of synthesis of model of system of the active shielding of 
magnetic field with circular space-time characteristic 
created by three-phase single-circuit overhead power line 
110 kV with phase conductors triangular arrangements in 
a multi-storey building, as it is shown in Fig. 2. In order 
to reduce the level of magnetic flux density of the initial 
magnetic field throughout the entire multi-storey building 
to the level of sanitary standards of Ukraine, in this case, 
it is necessary to use three shielding windings, as it is 
shown in Fig. 2. 

Figure 3 shows lines of equal level of module of the 
resultant magnetic flux density when the system of active 
shielding is on. 
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Fig. 3. Isolines of the resultant magnetic flux density 

when the system of active shielding is on 
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As follows from this figure, the level of magnetic 
flux density of the resulting magnetic field in the entire 
space of a multi-storey building does not exceed the level 
of 0.5 μT, which corresponds to the sanitary standards of 
Ukraine. Note that in the center of the multi-storey 
building under consideration, the level of magnetic flux 
density of the resulting magnetic field does not exceed 
0.2 μT, and, therefore, in this part of the space, using an 
system of active shielding, the induction level of magnetic 
flux density of the initial magnetic field can be reduced by 
more than 20 times. 

Figure 4 shows the space-time characteristics of the 
magnetic flux density vector of magnetic field generated 
by: 1) overhead power line; 2) all three shielding coils and 
3) the resultant magnetic field when the all three shielding 
coils are on. 
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Fig. 4. Space-time characteristics of magnetic flux density 
without and with system of active shielding with all three 

shielding coils and only all three shielding coils 
 

Now let us consider the shielding efficiency of the 
original magnetic field when only one single firs shielding 
coil is used at optimal values of the regulator of this coil. 
Figure 5 shows the space-time characteristics of the 
magnetic flux density vector of magnetic field generated 
by: 1) overhead power line; 2) the only one single first 
shielding coil and 3) the resultant magnetic field when the 
only one single first shielding coil is on. 
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Fig. 5. Space-time characteristics of magnetic flux density 

without and with system of active shielding with only one single 
first shielding coil (SC1) 

 

Now let us consider the shielding efficiency of the 
original magnetic field when only one single second 
shielding coil is used at optimal values of the regulator of 
this coil. Figure 6 shows the space-time characteristics of 
the magnetic flux density vector of magnetic field 
generated by: 1) overhead power line; 2) the only one 
single second shielding coil and 3) the resultant magnetic 
field when the only one single second shielding coil is on. 
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Fig. 6. Space-time characteristics of magnetic flux density without 
and with system of active shielding with only one single second 

shielding coil (SC2) 
 

Now let us consider the shielding efficiency of the 
original magnetic field when only one single third 
shielding coil is used at optimal values of the regulator of 
this coil. Figure 7 shows the space-time characteristics of 
the magnetic flux density vector of magnetic field 
generated by: 1) overhead power line; 2) the only one 
single third shielding coil and 3) the resultant magnetic 
field when the only one single third shielding coil is on. 
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Fig. 7. Space-time characteristics of magnetic flux density 

without and with system of active shielding with only one single 
third shielding coil (SC3) 

 
Now let us consider the shielding efficiency of the 

original magnetic field when only both first and second 
shielding coils are used at optimal values of the regulator 
of these coils. Figure 8 shows the space-time 
characteristics of the magnetic flux density vector of 
magnetic field generated by: 1) overhead power line; 
2) only both first and second shielding coils and 3) the 
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resultant magnetic field when the only both first and 
second shielding coils are on. 
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Fig. 8. Space-time characteristics of magnetic flux density 

without and with system of active shielding with only both first 
and second shielding coils and only both first and second 

shielding coils 
 

Note that from a comparison of the space-time 
characteristics shown in Fig. 8 follows that the space-time 
characteristic of the resulting magnetic field remaining 
after the operation of the only first and second shielding 
coil is a highly elongated ellipse, the major axis of which 
practically coincides with the space-time characteristics of 
the magnetic field generated by only one third shielding 
coil, as it shown in Fig. 7. 

As a result, with the help of the third shielding coil, 
the major axis of the space-time characteristic of the 
resulting magnetic field, which remains after the 
operation of the only first and second shielding coils, is 
compensated effectively. Due to such compensation, a 
sufficiently high shielding factor of 20 is provided in the 
system with the simultaneous operation of all three 
shielding coils. 

Note that the calculated space-time characteristic for 
the laboratory model of a single-circuit overhead power 
transmission line with a triangular arrangement of wires 
shown in Fig. 3–7 differs from the corresponding space-
time characteristic, calculated in [48] for a five-storey 
building. 

Results of adjustment of system of the active 
shielding. Based on the system of the active shielding 
obtained as a result of the synthesis, the coordinates of the 
location of the compensation windings relative to the 
overhead transmission lines were calculated. According to 
the coordinates obtained, the installation of three 
compensation windings relative to the wires of the power 
transmission line was carried out.  

A feature of the system under consideration is the 
fact that when compensating the initial magnetic field 
with the help of separate compensation windings, the 
space-time characteristic of the resulting space-time 
characteristic has the shape of a strongly elongated 
ellipse. In this case, there is a significant (2–3 times) 
overcompensation of the initial magnetic field. Such a 
magnetic field must be compensated for with another 
compensation winding. 

To realize the high shielding efficiency of such a 
magnetic field, it is necessary that the space-time 
characteristic magnetic field generated by the 
compensation winding be strictly parallel to the space-
time characteristic of the original magnetic field. 

Therefore, to adjustment of such system of the active 
shielding, it is necessary to use space-time characteristic. 

The simplest way is to calculate the magnetic 
induction of an infinitely long wire without taking into 
account its sagging. In this case, we can restrict ourselves 
to a two-dimensional model of the magnetic field, since 
the component of the magnetic induction vector, located 
parallel to this wire, is equal to zero. Taking into account 
the wire sag and the complex configuration of the wires, a 
three-dimensional model of the magnetic field is used 
with a significantly large number of elementary sections. 

Naturally, to synthesize the initial exact model of the 
magnetic field, initial data are required for the spatial 
location of all conductors of the group of all power lines, 
relative to the space under consideration, as well as the 
values of the currents and phases of all conductors of all 
power lines. For this purpose, measurements were carried 
out, experimental studies of the geometric dimensions of 
all power lines and the values of the vectors of the 
magnetic field induction at various points in space. 

Space-time characteristic of a three-dimensional 
space-time characteristic is a surface formed by the end of 
the magnetic field induction vector with time change. To 
measure the instantaneous value of the induction vector of 
such a space-time characteristic, it is necessary to have 
three measuring coils, the axes of which are orthogonal to 
each other. Figure 9,a shows such three coils for 
measuring system (Fig. 9,b) of three components of 
space-time characteristic. 

 
a 

 
b 

Fig. 9. The measuring windings (a) of system for measuring 
space-time characteristic (b) 
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For sufficiently long transmission lines of the 
magnetic field component, the parallel line of wires is 
practically zero. Therefore, the mathematical model of a 
space-time characteristic power transmission line is often 
adopted in the form of a two-dimensional model. For such 
a model, the space-time characteristic is a flat figure. 

A special measuring system has been developed for 
measuring space-time characteristic. This measuring 

system contains two measuring coils of magnetic field 
induction the axes of which are orthogonal to each other 
and directed along the axes of the original magnetic field. 
Figure 9,b shows such measuring system. 

When setting up this space-time characteristic 
measurement system, it is important to ensure the identity 
of the channels for measuring the amplitude and phase of 
the induction of the original magnetic field. 
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Let us consider the experimentally measured space-
time characteristics of resultant magnetic flux density of 
laboratory model of overhead transmission lines and 
shielding coils during their simultaneous work. 

Figure 11,a shows space-time characteristic of 
resultant magnetic flux density of laboratory model of 
overhead transmission lines and first shielding coils 
during their simultaneous work. 

Figure 11,b shows space-time characteristic resultant 
magnetic flux density of laboratory model of overhead 
transmission lines and second shielding coils during their 

simultaneous work. As you can see from this figure, these 
space-time characteristic are practically coincide. 

Let us now consider the space-time characteristic 
resulting magnetic field with the simultaneous operation 
overhead transmission lines, first and second windings. 
Figure 11,c shows the space-time characteristic of such an 
magnetic field. As can be seen from this figure, when the 
first and second windings work together, the horizontal 
components of the magnetic field generated by the first 
and second windings during their individual operation are 
practically compensated. 
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Fig. 11. Experimentally measured space-time characteristics of resultant magnetic flux density of laboratory model of overhead 
transmission lines and shielding coils during their simultaneous work 

 
The space-time characteristic of the resulting 

magnetic field, which remained after the joint operation 
of the first and second compensating windings, is 
practically parallel to the space-time characteristic of the 

MF generated by the third winding during its separate 
operation, as shown in Fig. 10,d, 11,c.  

With the simultaneous operation of the first and 
second windings, the third winding is adjusted in such a 

Fig. 10. Experimentally measured space-time 
characteristics of initial magnetic flux density 
of laboratory model of overhead power line and 
shielding coils during their autonomous work 

Figure 10,a shows space-time 
characteristic initial of magnetic flux 
density of laboratory model of overhead 
power line. Let us now consider the 
experimental space-time characteristic 
magnetic field generated by laboratory 
model of overhead power line and 
compensating windings during their 
autonomous operation. 

Figures 10,b–d show space-time 
characteristic of three compensating 
windings during their autonomous 
operation. As you can see from this figure, 
the space-time characteristics of the first 
and second windings practically coincide. 
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way that, due to its operation, the magnetic flux density of 
the magnetic field remaining after the joint operation of 
the first and second windings is compensated. This allows 
makes it possible to effectively compensate the resulting 
magnetic field remaining from the simultaneous operation 
of the first and second compensating windings, and as a 
result – effectively compensate for the original magnetic 
field generated by the power transmission line.  

The experimentally measured space-time 
characteristic of the resulting magnetic field, remaining 
after the simultaneous operation of all three compensating 
windings, is practically a point. The induction level of the 
resulting magnetic field measured by the magnetometer is 
0.5 μT. Thus with the help of the developed method of 
adjustment of a three circuit system of the active shielding 
the level of magnetic flux density of the magnetic field 
generated in a multi-storey building by a overhead 
transmission lines with a triangular arrangement of wires 
based on experimentally measured space-time 
characteristics the shielding factor of initial magnetic field 
is increased by more than 8 times. 

Note that the calculated value of the shielding factor 
in a small zone of the shielding space is more than 20 
units, as follows from Fig. 3. However, the experimental 
value of the screening factor in the same small zone of the 
screening space does not exceed 8 units. This is due to the 
presence of noise in the magnetic field induction sensors. 

Conclusions. 
1. For the first time the method of adjustment of three 

circuit system of the active shielding of the magnetic field 
based on experimentally determined space-time 
characteristics allowing to significantly increase the 
shielding factor of the magnetic field in a multi-storey 
building located near a single-circuit overhead transmission 
lines with wires triangular arrangement was developed. 

2. The possibility of increasing the shielding factor to 8 
units of the magnetic field by the active shielding system 
in a multi-storey building located near an overhead power 
line with wires triangular arrangement by using the 
developed method of adjustment is theoretically 
substantiated and experimentally confirmed. 
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Performance enhancement of direct torque control induction motor drive 
using space vector modulation strategy 
 
Purpose. The main objective of this work is to demonstrate the advantages brought by the use of space vector modulation technique 
in the direct torque control of the induction motor. To achieve this purpose, two different direct torque control approaches (with 
space vector modulation) are proposed and studied from a comparative aspect with each other and with the conventional direct 
torque control. The novelty of this work consists in the employment of an Integral-Proportional (IP) speed controller in the two 
proposed direct torque control approaches and a more in-depth evaluation for their performance mainly the switching frequency of 
inverter semiconductor components and motor torque ripples. Methods. Two different direct torque control approaches that use the 
space vector modulation strategy and/or fuzzy-logic control, are described in detail and simulated with IP speed controller. The 
simulation experiments are carried out using Matlab/Simulink software and/or fuzzy-logic tools. Results. Practical value. 
Comparison results show that the two proposed direct torque control structures (with space vector modulation) exhibit a large 
reduction in torque ripples and can also avoid random variation problem of switching frequency (over a wide range of speed or 
torque control). On the other hand, the use of IP speed regulator ensured good dynamic performance for the drive system as well as 
considerably minimized peak overshoot in the speed response. Practically all of these benefits are achieved while retaining the 
simplicity and the best dynamic characteristics of the classical direct torque control, especially with the modified direct torque 
control approach in which the design or implementation requires minimal computational effort. References 23, tables 4, figures 17.  
Key words: induction motor drive, direct torque control, voltage source inverter, space vector modulation, IP controller, fuzzy 
control. 
 
Мета. Основна мета даної роботи – продемонструвати переваги використання методу модуляції просторового вектора 
при прямому регулюванні крутного моменту асинхронного двигуна. Для досягнення цієї мети запропоновано два різних 
підходи до прямого управління крутним моментом (з модуляцією просторового вектора), які досліджуються з порівняльної 
точки зору  одного з іншим, а також зі звичайним прямим керуванням крутним моментом. Новизна роботи полягає у 
використанні інтегрально-пропорційного (IП) регулятора швидкості в двох запропонованих підходах до прямого 
регулювання крутного моменту та більш поглибленій оцінці їх ефективності, головним чином, частоти перемикань 
напівпровідникових компонентів інвертора та пульсації крутного моменту двигуна. Методи. Два різних підходи до 
прямого керування крутним моментом, які використовують стратегію модуляції просторового вектора та/або керування 
нечіткою логікою, детально описані та змодельовані за допомогою ІП-регулятора швидкості. Обчислювальні 
експерименти проводяться з використанням програмного забезпечення Matlab/Simulink та/або інструментів нечіткої 
логіки. Результати. Практична цінність. Результати порівняння показують, що дві запропоновані структури прямого 
керування крутним моментом (з модуляцією просторового вектора) демонструють значне зниження пульсації крутного 
моменту, а також можуть уникнути проблеми випадкових змін частоти перемикання (у широкому діапазоні регулювання 
швидкості або крутного моменту). З іншого боку, використання ІП-регулятора швидкості забезпечило хороші динамічні 
характеристики для приводної системи, а також значно знизило пікове перевищення швидкості. Практично всі ці переваги 
досягаються при збереженні простоти та найкращих динамічних характеристик класичного прямого керування крутним 
моментом, особливо з модифікованим підходом прямого керування крутним моментом, при якому проектування або 
впровадження вимагає мінімальних обчислювальних витрат. Бібл. 23, табл. 4, рис. 17. 
Ключові слова: електропривод з асинхронним двигуном, пряме керування крутним моментом, інвертор джерела 
напруги, модуляція просторового вектора, ІП-регулятор, нечітке керування. 
 

Introduction. Three-phase induction motors have 
been widely used in industrial applications due to their 
low maintenance, high robustness, simple structure and 
high efficiency. In fact, in high performance applications 
such as motion control of an induction motor (IM), it is 
generally desirable that motor can provide a good 
dynamic torque response as it’s in DC motor drive. In 
order to achieve this objective, many researchers have 
focused on developing several control algorithms. 
Recently, an innovative control method, called Direct 
Torque Control (DTC) is introduced because of its 
capability to produce a fast torque control for the IM 
without to use much on-line computation as it’s in field 
oriented control [1-13]. 

Indeed, the main advantages offered by DTC are: 
 Excellent torque dynamic with minimal response 

time; 
 robustness against rotor parameters variation; 
 decoupled control between the torque and stator flux; 
 no need of voltage modulator; 
 control method without inherent speed sensor. 

These merits are counterbalanced by some 
drawbacks like: 

 Possible problems either when starting the machine, 
or running at low speed or changing the load torque; 

 requirement for torque and flux estimation which 
includes machine parameters identification; 

 inherent ripples in the torque and stator flux; 
 greater harmonic distortion in stator voltages and 

waveforms of currents; 
 inverter switching states remain unchanged in a 

number of sample cycles. Thus, the switching frequency 
is not constant and inverter power components capacity 
will not be wholly utilized; 

 acoustical noise produced because of random 
inverter switching frequency variation [1-4], [14-18].  

To overcome these problems, a variety of techniques 
with different concepts are described in the literature. Some 
of diverse proposed solutions include DTC with; space 
vector modulation, various power converter topologies such 
as: multi-level inverter and matrix converter, sensorless 
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control methods, optimal stator flux estimation for high 
speed operation and artificial intelligence techniques (fuzzy 
or neuro controllers) [1, 2, 4-8, 14-21]. These methods 
achieve certain improvements such as reduction of torque 
ripples and fixed switching frequency operation. However, 
control system complexity is greatly increased.  

The goal of the paper. In order to solve problems, 
of ripples in both electromagnetic torque and stator flux 
and of random variation of inverter switching frequency, 
we have proposed and study in this work two different 
Direct Torque Control approaches making use of Space 
Vector Modulation technique (DTC-SVM) and/or fuzzy 
logic control. 

Practically, fuzzy logic is considered as an interesting 
alternative approach for its advantages such as: analysis 
close to exigencies of users, ability of nonlinear systems 
control, best dynamic performances and inherent quality of 
robustness. On the other hand, SVM strategy uses a digital 
algorithm to obtain an appropriate switching states 
sequence for Voltage Source Inverter (VSI) control. Thus, 
inverter can generate an output voltage vector which is 
closest to its reference voltage vector, with a previously 
imposed switching frequency. Also, in conventional DTC a 
single voltage vector is applied throughout the sample time. 
Therefore, for small torque errors, motor torque may 
exceed its upper or lower limit. Instead, with SVM 
strategy, which uses more than one vector during sample 
period, torque ripples can be reduced. 

Subject of investigations. First proposed DTC-
SVM approach, called Direct Fuzzy Torque Control 
(DFTC), is introduced with the aim of reducing ripples of 
electromagnetic torque and stator flux and improving 
stator currents waveform. The so-called DFTC uses both 
SVM technique and hysteresis comparators. In this 
approach, a look-up table decides angle choice of voltage 
vector applied to the motor, while an estimator based on 
fuzzy logic calculates the amplitude of this vector. Thus, 
reference voltage vector will be synthesized using the 
space vector modulation. 

The second DTC-SVM approach, named Modified 
Direct Torque Control (MDTC), uses an efficient 
algorithm, based on direct stator flux control, to 
independently control amplitude and position of reference 
stator flux vector of the IM. In fact, the proposed 
algorithm of MDTC structure is designed to calculate 
reference voltage vector amplitude leading to an optimal 
torque and stator flux control. 

Performances of these two DTC-SVM approaches 
are demonstrated by simulation using Matlab/Simulink 
software and/or fuzzy logic tools. Simulation results are 
compared to those of classical DTC with the use of an IP 
controller in all studied DTC structures. Systems 
performances evaluation is carried out mainly based on; 
inverter switching frequency, dynamic responses of 
torque/speed and flux, ripples content in torque and stator 
flux and distortion of stator currents or stator voltages. 
The comparison results illustrate clearly the effectiveness 
and superiority of the proposed DTC-SVM approaches 
over conventional DTC. 

Modeling of the induction motor and voltage 
source inverter. In order to properly design or simulate a 
control structure, mathematical model of the latter must 

be considered [4, 11, 12, 16]. So, under the usual 
assumption of no hysteresis, no eddy currents and no 
space harmonics, electrical model of IM can be expressed 
(in a stationary reference frame) by the following 
nonlinear equations: 
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where RS, LS, Rr, Lr are the resistances and cyclic 
inductances of stator and rotor respectively; 

rrrSSS iViV  ,,,,,  are the voltage, current and flux 

vectors of stator and rotor respectively; Lm,  are the mutual 
inductance and electric motor speed (or rotor frequency).  

The electromagnetic torque is expressed as a 
function of the stator and rotor fluxes  
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where p is the number of pairs of poles and  

( rSm LLL  21 ) is the motor dispersion coefficient.  

Elimination of Si  and ri  from (1) and (2), gives the 
state form model of the induction machine with the stator 
and rotor fluxes as state variables and S (S = LS/RS), 
r (r = Lr/Rr) are the stator and rotor time constants 
respectively 
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The mechanical mode, associated with the rotor 
motion, is described by: 
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where r and e are respectively the load torque and 
electromagnetic torque developed by the machine; 
J, f and Ω are the respectively inertia, friction motor 
coefficient and mechanical rotation speed ( =  / p).  

Figure 1 reveals the diagram of a typical three-phase 
VSI [4, 9, 10, 13, 22]. Here semiconductors are 
considered as ideal switches and Sa, Sb, Sc are switching 
states of each leg of this inverter. Relationships between 
switching states and phase output voltages (van, van, vcn) 
can be expressed as below: 
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where n is the neutral point of inverter load. 
As it is well known, two-level voltage inverter has in 

principle eight possible combinations for its switching 
states. Where two of these combinations are termed 
as zero vectors and they are designated homogeneously 

as state 0 ( 070 VV ), as their effects are equal. 
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The remaining six states represent stationary vectors 
in the complex α–β plane (Fig. 2). 

ܵܽ  

ܵ̅ܽ  

ܾܵ   ܿܵ  

ܾܵ̅   ܵ̅ܿ  

 
Fig. 1. Schematic diagram of a two-level VSI 

 
Fig. 2. Illustration of VSI state vectors in the α–β plane 

 

These six active state vectors can be expressed as 
follows: 
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where Vdc is the DC-link voltage. 
This equation shows that the amplitude of each 

active vector is (2/3)Vdc with a deviation angle of π/3 
between the different active vectors, thus building a 
regular hexagon with two zero vectors which are located 
at its origin (Fig. 2). 

Basic concepts of DTC. The basic configuration of 
conventional DTC, proposed by Takahashi, is shown in 
Fig. 3.  
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Fig. 3. Block diagram of the classical DTC 

 

It consists of a pair of hysteresis comparators, torque 
and flux estimators, voltage vector selector and a two-
level VSI. The fundamental idea of DTC is to choose the 
most appropriate voltage vector which allows 
simultaneous and independent control of stator flux and 
electromagnetic torque, thus ensuring decoupled control 
for these two machine quantities. In fact, the performance 
of this control technique depends directly on the 
estimation of torque and stator flux so that an incorrect 
estimation will result in a wrong selection of inverter state 
vectors [1-8, 14, 16-18, 20, 21, 23]. 

Mainly in DTC technique, torque and stator flux 
estimation can be done by means of measurement; of two 

or three different phase currents (iSa, iSb, iSc) and of DC-
link voltage. In fact, estimation procedure is carried out 
using the following equations: 
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Estimated stator flux is then given by: 
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where vsα,β, isα,β and  ,Ŝ
are the two α–β components of 

stator voltage, current and estimated flux respectively.  
The electromagnetic torque is estimated on-line by 

knowledge of instantaneous values of direct and quadratic 
components of the stator flux and stator current:  

   SSSSe iip  ˆˆ
2

3ˆ .              (11) 

As it can be seen in Fig. 3, there are two different 
loops corresponding to magnitude control of stator flux 
and electromagnetic torque. Thus reference values of 
torque and stator flux are compared with their estimated 
values and resulting errors are then used as inputs into 
two hysteresis blocks with three-level and two-level 
respectively. Outputs of these latter blocks, giving torque 
and stator flux correction states, as well as stator flux 
position, are used as inputs in the look-up table of 
Takahashi, as it’s depicted in Table 1.  

 

Table 1 
Switching table of the classical DTC 

Flux sector 1 2 3 4 5 6 
CTe=1 V2(110) V3(010) V4(011) V5(001) V6(101) V1(100) 

CTe=0 V7(111) V0(000) V7(111) V0(000) V7(111) V0(000) Cs = 1 
CTe=–1 V6(101) V1(100) V2(110) V3(010) V4(011) V5(001) 

CTe=1 V3(010) V4(011) V5(001) V6(101) V1(100) V2(110) 

CTe=0 V0(000) V7(111) V0(000) V7(111) V0(000) V7(111) Cs = 0 

CTe=–1 V5(001) V6(101) V1(100) V2(110) V3(010) V4(011) 
 

This switching table gives the inverter state vectors 
which will be applied, to the IM, during a sample period. 
Such that torque and stator flux errors tend to be restricted in 
their respective hysteresis bands [1, 4, 8, 15, 16, 19, 20, 23]. 

In order to reduce motor speed response time and 
cancel its static error while maintaining system stability, a 
Proportional-Integral (PI) corrector is generally used. In 
this work, an Integral-Proportional (IP) controller is 
applied for IM speed control, because of its various 
advantages such as good rejection of perturbations (zero 
static error) and overshoot restriction are obtained by a 
judicious tuning of its parameters. 

The speed control block diagram, including the IP 
regulator, is illustrated in the Fig. 4, where the integral 



32 Electrical Engineering & Electromechanics, 2022, no. 1 

part is in the feedforward path and the proportional part is 
in the feedback path. 

 
Fig. 4. Speed control loop with IP regulator 

 
Direct Fuzzy Torque Control (DFTC). The 

corresponding structure of DFTC employs space vector 
modulation strategy as shown in Fig. 5. In this case, flux 
and torque errors are used as two inputs either to fuzzy 

logic estimator of reference voltage vector amplitude  *
SV  

or to hysteresis comparators that deliver errors levels 

(Ce, CS) which are used for determining *
SV  position 

(via a lookup table). 
Unlike the conventional DTC technique, where the 

applied voltage vector has constant amplitude even if the 
motor torque is outside its hysteresis band, DFTC structure 
allows the calculation of an optimum voltage, which will be 
used in the control of IM, according to the states of torque 
and stator flux in relation to their desired values. Thus 
providing a fast and accurate control of the electromagnetic 
torque. In fact, this optimal voltage vector is synthesized 
using SVM block which generates the most appropriate 
switching states to the inverter [3, 14, 16, 23]. 
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Fig. 5. Block diagram of the proposed DFTC approach 

 
In this DTC approach, the reference voltage vector 

position relative to the stator flux vector must be chosen 
so as to maintain the stator flux and electromagnetic 
torque in an optimal error band around their respective 
reference values. Indeed, the position of this voltage 
vector (S) is obtained by adding an angle () to the 
position of stator flux (S) such as: 

SS   .                             (12) 

The angle  is selected based on hysteresis 
comparators output values as depicted in Table 2. It 
should be noted here, that both hysteresis regulators of 
torque and stator flux are three levels comparators. 

 

Table 2 
Selection of the stator voltage vector position 

Ce –1 0 1 
CS –1 0 1 –1 0 1 –1      0   1 

 
3

2
    

3

2
  

2


  

2


  

2


  

3


       0   

3


  

 

Also, reference voltage vector amplitude must be 
chosen so as to reduce flux and torque errors. Thus, a 
fuzzy logic estimator (FLE) is designed to generate the 
most appropriate amplitude of the reference voltage 
vector. Proposed estimator block diagram, that combines 
«fuzzification – rules base – defuzzification» modules, is 
given in the Fig. 6.  
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Fig. 6. Proposed fuzzy estimator for voltage vector amplitude 

estimation 
 

In fuzzification module, inputs are crisp physical 
signals (ne, ns) of real process and outputs are fuzzy 
subsets consisting of intervals and membership functions 
( se ee 

~ ,~
 ). These outputs will be inputs for the next 

module, fuzzy logic IF-THEN rules base of control, 
which requires fuzzy-subset inputs in order to be 
compatible with fuzzy logic rules [15, 18, 19, 22]. 

The general procedure in designing a fuzzy logic 
rules base includes the following: 

 defining process states and control variables; 
 determining input variables to inference engine block; 
 forming a fuzzy logic IF-THEN rules base 

(determined input variables in previous step will be used 
in rules base design); 

 establishing a fuzzy logic inference engine. 
In fact, this latter phase explains how FLE decides 

on an optimal reference voltage vector amplitude ( *
SV ) 

based on the control rules and linguistic terms. In general, 
inference systems have two types, namely Mandani and 
Takagi-sugeno [18, 21, 22]. Mandani method is used in 
this study because of its simple structure and design. 
Fuzzy rules consist of IF-THEN linguistic terms, and 
output membership functions are operated by fuzzy rules 

that are related to both inputs (e, s) and output ( *
SV ). 

Inference engine block, based on input fuzzy variables 
uses forty-nine IF-THEN rules, where AND method 
corresponds to minimum fuzzy inputs, in order to obtain 
final output fuzzy sets as shown in Table 3. These rules 
are setting in turn to take maximal amplitude for voltage 
vector, when torque is outside its error band. Otherwise, 
zero amplitude is assigned to this voltage vector.  

Table 3  
Complete rules base for the proposed FLE 

 ee
~  

se
~  NH NM NS ZE PS PM PH 

NH PH PM PS PS PS PM PH 
NM PH PM PS PS PS PM PH 
NS PH PM PS ZE PS PM PH 
ZE PH PM PS ZE PS PM PH 
PS PH PM PS ZE PS PM PH 
PM PH PM PS PS PS PM PH 
PH PH PM PS PS PS PM PH 

NH – negative high, NM – negative medium, 
NS – negative small, ZE – zero, PS – positive small, 

PM – positive medium, PH – positive high 
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In this work the fuzzification and defuzzification 
processes are carried out using asymmetrical triangular 
membership functions (so that computation complexity 
can be reduced) as shown in Fig. 7, where each of input 
variables (ne, ns) is mapped into seven different 
linguistic values. Mapping relationship between the inputs 
and output variables of FLE is also given in Fig. 8. 

 
Fig. 7. Fuzzy membership functions of the proposed FLE 

ee
~

u~

se
~

 

 
Fig. 8. Control surface of the fuzzy logic estimator 

 

Just like the first step of fuzzification, the 
defuzzification module transforms the overall control 
output (u~ ) obtained in the previous phase, to 
corresponding physical values (voltage) that system can 
accept. The voltage vector amplitude is then obtained by 
multiplying the crisp output value (du), by an appropriate 
gain. This latter is chosen so that the maximum amplitude 
of the reference voltage vector should not exceed the 
voltage vector maximum amplitude generated by a two 
level PWM inverter. 

Principle of Space Vector Modulation strategy. 
SVM technique is an advanced computation intensive 
PWM method and possibly the best PWM strategy for 
three-phase VSI used in industrial applications such as 
control of induction motors. Practically this modulation 
technique has several advantages either for inverter or 
motor such as; better utilization of DC-link voltage, less 
of torque ripples, motor current with lower Total 
Harmonic Distortion (THD), minimum of switching 
losses, and simplicity of implementation in digital 
systems [9, 10, 14, 23]. 

SVM principle is based on the concept of 

approximating a rotating reference voltage vector ( *
SV ) 

by using a combination of two out of the eight possible 
state vectors that can be generated from a three-phase 
VSI. This strategy differs from the sinusoidal PWM in 
such way that, there is no separate modulator used for 
each of three phases. Instead, the reference voltage vector 
is processed as a whole. In fact, the SVM is produced by a 
regular sampling of circular locus reference voltage 
created on the – plane. These voltage samples are then 

represented by two actives vectors, chosen from 1V  to 

6V , that are adjacent to the reference voltage vector 

together with either two null vectors; 0V  and 7V . The 

respective times corresponding to these state vectors are 
adjusted within a sample period [9, 10, 14]. 

Figure 9 shows the SVM principle, where reference 

vector ( *
SV ) is sampled at time intervals fixed and equal 

(Ts), called «sub-cycles». The sampled value  SS TV * is 
then used to solve the following equations: 
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where kV  and 1kV  are two switching state vectors 

adjacent in space, to the reference voltage vector ( *
SV ). 

Solution of (13) gives application times of switching 
state vectors  
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(14) 

If the over-modulation mode (Tk+Tk+1>TS) occurs, 
state vectors application time should be scaled as (15) to 
generate the best approximation of the reference voltage 
vector. This may be detected by examining the sign of 
calculated T0 and limit is then applied by maintaining the 
same angle for the reference voltage vector  
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                           a                                                        b 

Fig. 9. Principle of the SVM: a – functional diagram; 
b – switching state vectors in the first 60°–sector 

 

Having computed these modulation times, an 
adequate sequence of the state vectors must be well 
determined. The modulation scheme, used in this work, is 
based on a symmetrical sequence within each sample 
period (Fig. 10). Thus, switching sequence applied for a 
given sector can be described as: 

7,017,017,0   VVVVVVV kkkk   . 

This sequence is characterized by the weakest 
switching losses and also the lowest harmonic distortion 
due to the resulted symmetry in switching pulses 
waveform of the inverter power components. 

 
Fig. 10. Switching pulses waveform for the first 60°–sector 

 



34 Electrical Engineering & Electromechanics, 2022, no. 1 

Modified Direct Torque Control (MDTC). The 
proposed MDTC structure for IM is shown in Fig. 11, 
where the hysteresis comparators and switching table of 
conventional DTC are eliminated and replaced by  

 prediction of the reference stator flux; 
 determination of the reference voltage space vector; 
 application of the SVM technique.  
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Fig. 11. Block diagram of the proposed MDTC approach 

 

In fact, in MDTC structure, the torque control is 
achieved by maintaining constant amplitude for the reference 
stator flux. From (16) torque control is directly performed by 
controlling the torque angle changes (Fig. 12). This latter 
represents the angle between the two flux vectors (of stator 
and rotor). Thus, the instantaneous electromagnetic torque 
can be described as follows: 
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where  = Lr / Rr is the time constant.  

 
Fig. 12. Direct control of the stator flux vector 

 

The slip angular frequency depended on the stator 
angular frequency (S) and rotor angular frequency (), 
can be written as: 
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where Sl is the angle between the two flux vectors and t 
is the sampling time. 

By substituting (18) in (16), the instantaneous 
electromagnetic torque is given by: 
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According to (19), the control of the instantaneous 
electromagnetic torque is achieved by changing the value 
of slip angle that is controlled by using a direct control 

method for the stator flux vector. On the other hand, the 
reference torque is generated from the speed IP controller. 
Therefore, quantity e is the obtained error between the 
reference torque and estimated or real torque (Fig. 11). In 
order to compensate this error, the angle of stator flux (S) 
must be increased using the following expression 
(where *

Sl  is the slip angle that is generated from the 

torque PI controller) 

  tSlSSSS   ***  .        (20) 

Therefore, the required reference stator flux vector 
will be given in a polar form by: 

***
sSS   ,                            (21) 

where  *
S  is maintained constant at its rated value.  

The reference stator flux components and 
corresponding flux errors are given respectively by: 
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Then the reference stator voltage vector components 
are given by the following expressions: 
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Subsequently, by using these reference voltage 
components, the inverter control signals will be designed 
in such way that the average space vector generated 
within sample period is equal to the sampled value of the 
reference stator voltage vector. 

Simulation results and discussion. To show the 
effectiveness of the two proposed DTC-SVM structures, 
the simulation work is carried out, on an IM, using the 
Matlab/Simulink software and/or fuzzy logic tools. The 
parameters of used motor are listed in Table 4. 

 

Table 4  
Induction motor parameters 

Parameters Values 
Rated power, kW 4 
Stator voltage, V 220 
Stator resistance, Ω 1.2 
Rotor resistance, Ω 1.8 
Stator cyclic inductance, H 0.1554 

Rotor cyclic inductance, H 0.1568 
Mutual inductance, H 0.15 
Number of pairs of poles 2 

Inertia, Nm/rads 0.07 

Friction coefficient, kgm2 0.0001 
 

In order to validate these two approaches of DTC-
SVM, their performances are compared, under the same 
conditions, with those of classical DTC. In turn, the 
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dynamic behaviour of these three DTC structures (with 
speed IP controller) is tested under high and low speed 
and with various load torque commands. Simulation 
results, included in Fig. 13, show that a good tracking 
performances can still be achieved in the responses of 
speed, torque, flux and current with no distinct difference 
among the three DTC approaches (for all tested cases in 
terms of the damping capability and transient response 
under different reference speeds and mechanical loads). 

 

 
a 

 

 
b 

 
c 

Fig. 13. System responses for various operating conditions: 
a – classical DTC; b – DFTC; c –MDTC 

For a close inspection of the steady-state performances, 
we give in Fig. 14, 15 the static responses of the three 
DTC structures. Where for all, the machine is operating at 
high speed (100 rad/s) and with full load 
(20 Nm). From these results, it is possible to see that the 
two DTC-SVM approaches illustrate some better 
performances by reducing the ripples in the torque and 
stator flux and attenuating the speed vibrations. 

 
a 

 

 
b 

 
c 

Fig. 14. Steady-state responses of stator flux, torque and speed: 
a – classical DTC; b – DFTC; c – MDTC 

 
For the same steady-state operating conditions, we 

see significantly in Fig. 15 that the harmonic content of 
the stator current is quite attenuated by employing mainly 
the MDTC structure, wherein the stator line voltage is 
found closer to the desired staircase form. 
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a 

 
b 

 

 
c 

Fig. 15. Static responses of stator voltages and currents: 
a – Classical DTC; b – DFTC; c – MDTC 

 
Moreover, from the trajectories of the stator flux 

given in Fig. 16, we can notice an appreciable reduction 
in stator flux ripples, which is obtained with the two 
DTC-SVM structures. Particularly using the MDTC 
approach, the stator flux path represents the fastest 
dynamic response with the lowest ripples. 

 

    
                           a                                                    b 

 

Fig. 16. Locus of stator flux 
in the three DTC approaches: 
a – classical DTC; 
b – DFTC; c – MDTC 

                            c 

By representing the inverter switching frequency in 
Fig. 17, we have demonstrated that the use of SVM 
strategy in MDTC structure gives in reality a fixed 
switching frequency and equalling the sample frequency 
(5 kHz) used in the modulation sequence of stator voltage 
space vector. On the other hand, we have verified that 
with DFTC structure the switching frequency has a fixed 
average value for various speed or torque references. 

Therefore, from this analysis we have shown that the 
two proposed structures of DTC-SVM exhibit good static 
and dynamic performances with low torque ripples and a 
fixed switching frequency (over a wide range of torque or 
speed control). All of these benefits are obtained through 
the use of the SVM strategy and the speed IP controller. 

 
Fig. 17. Inverter switching frequency in each DTC approach 

 

Conclusions.  
The study of the two proposed direct torque control 

approaches (with space vector modulation), applied to the 
induction motor drive, is carried out here by means of 
physical considerations, analytical developments and 
simulation tests. Thus demonstrating how the electromagnetic 
torque and the stator flux can be kept under control through 
the application of the space vector modulation strategy.  

A comparison between the classical direct torque 
control and the two direct torque control structures (with 
space vector modulation) is presented where the 
modification aim was some drawbacks attenuation of 
conventional direct torque control such as; the torque 
ripples, current distortion and random switching 
frequency variation. Indeed, the two proposed direct 
torque control approaches (with speed IP controller) have 
shown, through the different simulation tests, their 
effectiveness and superiority over the classical direct 
torque control without deteriorating the dynamic control 
capability of this technique. 

The foremost revealed improvements of these two 
approaches are: 

 ripples reduction in the torque and stator flux for 
either static or dynamic responses (under high and low 
speed operation); 

 more attenuated distortion in the stator voltage and 
current waveforms by using the modified direct torque 
control structure; 

 a switching frequency with fixed average value is 
achieved under various operating conditions (thanks to 
use of the space vector modulation strategy); 

 fast dynamic response for the stator flux and a 
constant switching frequency in the inverter by using 
particularly the modified direct torque control structure.  
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In fact, the lowest switching frequency is obtained 
with the modified direct torque control approach. That 
will reduce the switching losses as well as stress on the 
inverter semiconductor components. Also, the modified 
direct torque control structure is more suitable for real 
time implementation due to its efficiency and simplicity. 
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On the electromagnetic shielding properties of carbon fiber materials 
 
Introduction. Due to the good electrical and thermal properties of carbon, carbon-based materials represent a major trend is 
various applications, including electromagnetic compatibility. Among carbon-based materials, graphite-impregnated woven fabrics 
represent a new trend in the field of electromagnetic shielding, with the perspective of being used for protective clothing. The novelty 
of the proposed work consists in the exhaustive comparative analysis of various carbon-based sample shields by employing both 
simulation and experimental methods. The selected configurations included a simple graphite plate, a graphite powder strip network, 
and a graphite-impregnated fabric with 22 twill weave. Purpose. The main scope of the analysis is to prove the efficiency of the 
graphite-impregnated twill woven fabric in the field of electromagnetic shielding. Methods. Two main research methods were 
employed: simulation and experiment, both following the same protocol: the shield placed in the middle, with the excitation 
(transmitting antenna) on one side and the measurement / receiving antenna on the other. The experimental stage was thorough, 
being performed in two different laboratories and by applying the double transverse electromagnetic (TEM) cell method and the 
shielded box method. Results. A significant difference yielded from the comparison of the simulation and experimental results for the 
shielding effectiveness, probably due to the fact that the virtual model is an idealized version of the physical one, not taking into 
account its imperfections. The virtual analysis yielded the graphite plate shield as the most efficient, followed closely by the twill 
fabric. The graphite strip network had significantly poorer performance compared to the other two shields, probably due to the 
electrical contact imperfections between the graphite strips and the optical transparency of the shield. The main focus of the analysis 
was the twill woven graphite-impregnated fabric; therefore, its shielding effectiveness was determined through simulation and 
experiment. The experimental analysis was performed in two stages in two different electromagnetic compatibility laboratories, by 
employing the double TEM cell method and the shielded box method, respectively, both methods providing similar results and 
classifying the shielding performance as good. Practical value. The paper provides an accurate analysis of the graphite-impregnated 
22 twill woven fabric in terms of electromagnetic shielding effectiveness, by employing both simulation and experimental methods, 
and comparing its performance to the one other graphite-based shields. References 14, tables 2, figures 14. 
Key words: carbon fiber, double TEM cell, electromagnetic shielding, graphite, shielded box method, shielding effectiveness. 
 
Вступ. Завдяки хорошим електричним і тепловим властивостям вуглецю, вуглецевмісні матеріали являють собою основні 
напрямки у різних застосуваннях, у тому числі в області електромагнітної сумісності, завдяки хорошим екрануючим 
властивостям. Серед матеріалів на основі вуглецю просочені графітом тканини є новою тенденцією в області 
електромагнітного екранування з перспективою використання для захисного одягу. Новизна запропонованої роботи полягає у 
вичерпному порівняльному аналізі різних зразків екранів на основі вуглецю з використанням як моделювання, так і 
експериментального методів. Вибрані конфігурації включали просту графітову пластину, сітку зі смуг з графітового порошку і 
просочену графітом тканину з переплетенням саржею 22. Ціль. Основною метою аналізу є доказ ефективності саржевого 
полотна, просоченого графітом, у галузі електромагнітного екранування. Методи. Використовувалися два основних методи 
дослідження: моделювання та експеримент, обидва слідували одному й тому ж протоколу: екран розташовувався посередині, з 
збуджуванням (передаючою антеною) з одного боку і вимірювальною/приймальною антеною з іншого. Експериментальний етап 
був ретельним і проводився у двох різних лабораторіях із застосуванням методу подвійної поперечної електромагнітної (ПЕМ) 
комірки та методу екранованої скриньки. Результати. Порівняння результатів моделювання та експериментів стосовно 
ефективності екранування демонструє суттєву відмінність, ймовірно, через те, що віртуальна модель є ідеалізованою версією 
фізичної, не враховуючи її недосконалості. Віртуальний аналіз показав, що екран із графітових пластин є найбільш ефективним, 
за ним близько слідує саржева тканина. Мережа з графітових смуг мала значно гірші характеристики порівняно з двома 
іншими екранами, ймовірно, через недосконалість електричного контакту між графітовими смужками та оптичною 
прозорістю екрана. Основним предметом аналізу була тканина саржевого переплетення, просочена графітом; тому її 
ефективність екранування визначалася шляхом моделювання та експерименту. Експериментальний аналіз був виконаний у два 
етапи у двох різних лабораторіях електромагнітної сумісності з використанням методу подвійної ПЕМ комірки та методу 
екранованої скриньки, відповідно, обидва методи дали аналогічні результати та визначили характеристики екранування як 
хороші. Практична цінність. У статті наведено точний аналіз просоченої графітом саржевої тканини 22 з точки зору 
ефективності електромагнітного екранування з використанням як моделювання, так і експериментальних методів, а також 
порівняння її характеристик з іншими екранами на основі графіту. Бібл. 14, табл. 2, рис. 14. 
Ключові слова: вуглецеве волокно, подвійна ПЕМ комірка, електромагнітне екранування, графіт, метод екранованої 
скриньки, ефективність екранування. 
 

Introduction. Carbon exists in nature in different 
forms with different physical properties: as diamond, as 
graphite (also called amorphous carbon), as fullerene – 
geodesic dome-type structures and in cylindrical 
structures – as carbon nanotubes. Graphite is one of the 
two allotropic states of carbon, in which the atomic lattice 
– also known as stratified lattice – occupies a volume of 
space formed by parallel planes of carbon atoms arranged 
in a regular planar hexagonal structure. The planar two-
dimensional structure of graphite, actually having a 
monoatomic thickness, is called graphene and has 
superior properties in terms of electrical and thermal 

conductivity. It was obtained in 2004 by Andrei Geim 
through an exfoliation technique. The research undertaken 
by Andrei Geim and Konstantin Novoselov on this type 
of material brought them in 2010 the Nobel Prize [1].  

The low mass density and high tensile strength of 
carbon fiber recommend it for the use in aerospace 
industry, in automotive industry (the sports competition 
sector), or sports articles, while the high electrical 
conductivity of carbon turns it into a solid option for 
electromagnetic shielding materials. Although metals are 
traditionally used in electromagnetic shielding, their high 
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mass density prevents using them in applications where 
the shield portability is required. Another limitation of the 
metal shield is given by the fact that the shielding 
mechanism relies mostly on reflection, which renders 
such shields inadequate for stealth applications, for 
instance. Conductive polymers come as an alternative for 
electromagnetic shielding, but with the inconveniences of 
low thermal stability and high processing cost. Carbon-
based polymer nanocomposites offer the advantages of 
both conductive polymers and carbon, having low mass 
density, high electrical conductivity, and a shielding 
efficiency based on absorption and multiple internal 
reflections mechanisms [2].  

Depending on the application, several types of 
carbon-based shielding materials such as polymer 
composites, cellulose composites, woven fabrics, or 
fabric/epoxy composites are investigated in [2-9]. 
Carbon-based technical textiles have also proved their 
economic efficiency in the aerospace industry, yielding a 
20 % fuel saving for aircrafts with wing movables made of 
carbon fiber epoxy composites instead of aluminum [7].  

Referring to carbon woven fabrics, several papers 
report the results of their analyzes on the impact of weave 
type, the number of carbon fiber layers, as well as their 
direction. In [9], Rea et al. investigate the shielding 
effectiveness (SE) of two woven carbon fiber composites 
used in aerospace industry, and placed in satin weave. Both 
samples are made of three plies, the difference between 
samples consisting in the direction of the middle ply. 

The twill weave was analyzed in terms of shielding 
effectiveness in the frequency band up to 3 GHz, when 
compared to the plain weave and the uniform direction 
weave [6, 8, 10, 11]. In [10], Pamuk et al indicate the 21 
twill structure has higher shielding effectiveness 
compared to a plain 11 weave and a satin 6 weave. 

The goal of the paper is to perform a comparative 
analysis in terms of electromagnetic shielding 
effectiveness, of various carbon-based materials through 
both numerical and experimental methods.  

Subject of investigations. Due to its high 
absorption properties, carbon is extremely efficient in 
electromagnetic shielding [12]. In this paper, the 
properties of various carbon fiber materials are studied, 
including graphite powder and graphite impregnated 
woven fabric [12-14]. Since the textile carbon fiber 
materials represent a new tendency in electromagnetic 
shielding, a sample of twill woven fabric is analyzed with 
reference to other carbon-based screen types. The 
shielding effectiveness of three selected samples, for the 
1 GHz frequency, is initially investigated through 
simulation in a commercial Finite Element Method 
(FEM) software, by following an approach similar to the 
standard experimental procedure. The carbon-based fabric 
is built in great detail in the virtual environment. The 
second research method described in this paper was 
experimental and it investigated the efficiency of two 
sample shields. The experimental stage was carried out in 
two different electromagnetic compatibility (EMC) 
laboratories employing different methods – the double 
transverse electromagnetic (TEM) cell method and the 
shielded box method, respectively. The results obtained 

for the same frequency as in the simulation stage are 
presented and discussed. 

Presentation of the selected samples. The 
following types of screens are investigated: 

 a shielding material consisting of graphite 
impregnated fabric with twill weave (Fig. 1); 

 a graphite plate; 
 an orthogonal grid graphite powder screen (Fig. 2). 

From the materials listed above, the fabric and the 
graphite strip mesh have been practically made and 
studied both theoretically and experimentally. The 
graphite plate was investigated only in the simulation.  

 
Fig. 1. The 22 twill carbon-based weave 

 
Fig. 2. Orthogonal grid with graphite powder strips 

 
Description of the twill weave. Twill weave is a 

diagonally woven fabric and is characterized by the 
interweaving of warp and weft yarns at a specific angle. 
In this case, the two categories are perpendicular. This 
characteristic binding gives the fabric a particular 
appearance. Diagonal weaves can be: diagonal weft 
(when the weft yarns are visible on the face of the fabric 
and outnumber the warp yarns), diagonal warp (when the 
visible warp yarns are predominant on the face of the 
fabric) and diagonal balanced. The cross stitches are 
fewer than in the woven pile bond and therefore the fabric 
will be smoother, looser, softer and less durable than 
woven pile bond fabrics. Diagonal-bonded fabrics are 
softer, suppler, with more friction-resistant stitches. 
Diagonal bonded fabrics do not have high bond strength 
like woven bonded fabrics and therefore these fabrics will 
have mechanical properties inferior to the ones of woven 
bonded fabrics. The 22 twill weave is widely used in the 
decoration field and in the automotive industry and is 
made according to the following pattern: the warp yarns 
are arranged in the Ox direction, at a fixed distance, and 
the warp yarns are arranged perpendicularly, in the Oy 
direction, so that the warp yarn passes over two warp 
yarns, then under two other warp yarns. The 22 twill 
fabric model was built in the Ansys HFSS simulation 
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environment (Fig. 3), following textile industry standards. 
The model characteristics are given in Table 1.  

 
Fig. 3. Geometric pattern of 22 twill fabric 

 

Table 1 
Virtual twill fabric model parameters 

Parameter specification Value 

Threads diameter 1 mm 

Distance between warp threads 3 mm 

Distance between batting yarns 0.1 mm 

Shield width 20 mm 

Shield length 1000 mm 
 

Calculation of shielding effectiveness by means of 
simulation. To obtain the shielding effectiveness (SE), 
the procedure is similar to the experimental method: place 
the shield in the middle of a field, with excitation at one 
end, and determine the field or power level at the other 
end, with respect to the no-shield situation.  

The model used is illustrated in Fig. 4 and is 
represented by a parallelepiped-shaped air box, with a 
square cross-section with a side equal to one screen side 
and a length of 1 m. The following boundary conditions 
were applied: on the top-bottom surfaces the «Perfect E» 
boundary condition was imposed, and on the front-back 
surfaces, the «Perfect H» condition, and thus waveguide 
propagation medium was obtained. 

 
Fig. 4. Simulation domain, boundaries and excitation 

 
«Wave Port» excitation is applied to one end of the 

domain, corresponding to the cross section of the domain 
and having the electric field distribution mode such that the 
curvilinear integral of the electric field along a vertical line 
is positive. At the opposite end of the excitation, a 
«Radiation» boundary condition was applied, which is 

actually an Absorbing Boundary Condition (ABC). This 
minimizes reflections of waves incoming from the 
perpendicular direction or nearly perpendicular to the 
boundary. Figure 4 shows the excitation applied to the near-
plane base, the «Radiation» condition on the far-plane base, 
and the side surfaces with the «Perfect E» (top and bottom) 
and «Perfect H» (left and right) condition, respectively. The 
working frequency of the simulation is 1 GHz. 

In the absence of the shield, the simulation domain 
behaves like a waveguide with the excitation on the left 
side, as shown in Fig. 5, which illustrates the electric field 
distribution in the longitudinal plane.  

 

 
Fig. 5. Propagation of the electromagnetic field 
within the domain in the absence of the shield 

 

Simulation of the shielding effectiveness of the 
graphite twill fabric. In the analysis of the shielding 
effectiveness of the carbon material, the 22 twill 
geometric model is extended to a 20 mm wide square-
shaped screen, arranged in the air box at mid-length, and 
the excitation on the left side. The electric field distribution, 
illustrated in Fig. 6, highlights the mechanisms of 
electromagnetic field reflection and absorption. Thus, in the 
left half of the longitudinal plane, an increase of the electric 
field is observed – highlighted by the increase of the peak 
values compared to the previous case, due to the reflection 
process of the electromagnetic (EM) waves by the screen 
located in the middle. The right-hand side shows the 
electric field transmitted through the screen after the 
internal reflection, absorption and refraction mechanisms 
have occurred; it is approximately half compared to the 
situation without the shield.  

 

 
Fig. 6. Propagation of the EM field, with the shield placed 

in the middle of the domain 
 

In both cases the same distance is observed between 
the maximum and minimum points, which means that the 
wavelength does not change, due to the fact that the 
propagation medium is the same (air) and the impedance 
of the medium is constant. For a more precise 
determination of the shielding effectiveness of the carbon 
fabric, the electric field strength E and the 
electromagnetic wave power density S are plotted on the 
central longitudinal axis. The variation of the two 
physical quantities on the central longitudinal axis in the 
two cases is given in Fig. 7, 8, respectively. 

For the first case – in the absence of the shield, the 
maximum value of the electric field strength 
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Emax = 1315.34 V/m and Smax = 2423.35 W/m2. As noted 
in Fig. 7, there is a natural fluctuation of the power 
density S, generated by the discontinuous structure of the 
discretization mesh. Depending on how the mesh was 
applied, only a portion of the mesh vertices are located on 
the longitudinal axis on which the E and S quantities were 
calculated. For points on the longitudinal axis that do not 
coincide with the mesh vertices, the E and S quantities are 
calculated by interpolating the values of adjacent vertices. 
The S graph in Fig. 7 shows an average value of the 
transmitted power and a peak deviation of 250 W/m2 
which, compared to the average value, indicates a relative 
deviation of approximately 10 %. 

S 

E 

 
Fig. 7. The power density S (blue line) and the electric field 
strength E (red line) on the central longitudinal axis – in the 

absence of any shield 

 

S 

E 

 
Fig. 8. The power density S (blue line) and the electric field 
strength E (red line) on the central longitudinal axis – in the 

presence of the fabric material shield 
 

In the second case – in the presence of the shield, a 
significant reduction of the values of the two magnitudes 
in the second half of the axis and an increase of the values 
on the left side (compared to the first case) is evident, as 
shown in Fig. 8. On the right side, the value of S is zero 
and that of E = 0.06 V/m. Applying the formula for 
calculating SE based on the electric field strength, we 
obtained: 

dB8.86
06.0

34.1315
lg20lg20

2

1 
















E

E
SE . 

In this case, the value of SE indicates a very high 
degree of shielding. 

Simulating the shielding efficiency of a graphite 
plate. To complete the analysis of the carbon powder 
fabric, we evaluate the results obtained from the 
simulation by comparing it with a shield consisting of a 
continuous graphite plate with the same dimensions as the 
first shield. The results for the two sizes considered are 
given in Fig. 9. Using the same formula and the same 
value for E1, but modifying E2 = 0.03 V/m, we obtain 
SE = 92.8 dB. 
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Fig. 9. The power density S (blue line) and the electric field 
strength E (red line) on the central longitudinal axis – in the 

presence of the graphite plate shield 
 

Simulation of shielding effectiveness of an 
orthogonal network made of graphite powder strips. 
The shielding material is an orthogonal network of 
graphite powder strips of 1 mm thickness and 10 mm 
width. These are arranged in parallel at 10 mm intervals. 
The physical screen has been illustrated in Fig. 3. A mesh 
has been represented in the simulation (Fig. 10) which 
falls within the same simulation domain used in the 
previous cases.  

 
Fig. 10. The geometric pattern of the graphite mesh 

 
The simulation results, shown in Fig. 11, indicate a 

maximum electric field level after the screen of E2 = 10.3 V/m 
and also a good degree of shielding effectiveness of 
about 42.1 dB. 
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Fig. 11. Power density S (blue line) and electric field strength E 

(red line) on the central longitudinal axis – in the presence 
of a graphite strip grid shield 

 
Experimental determination of shielding 

effectiveness. The experimental determination was 
carried out in two steps performed in two different EMC 
laboratories. Although the experimental investigation 
covered a wide band of frequencies, for the purpose of 
comparison with the numerical method only the SE values 
for the 1 GHz frequency will be presented.  

In the first experimental stage, a double TEM 
(DTEM) cell from TESEO was used. A DTEM cell 
consists of two cells that provide a good approximation of 
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the far field propagation and which are coupled through a 
rectangular aperture. The DTEM cell has two of its ports 
connected to a Rohde & Schwarz FSH3 spectrum 
analyzer with tracking generator. The textile shield was 
placed inside the DTEM cell, covering the common 
aperture between the two parts. The other two ports of the 
DTEM cell there were connected 50  impedances. The 
input port was fed from the spectrum analyzer with 
signals in the 500 MHz – 1 GHz frequency range, and the 
transmitted signal was received at the output port of the 
cell into the spectrum analyzer. The measurement setup 
described above is illustrated in Fig. 12. This 
experimental stage was focused on the textile shield. 

 
Fig. 12. The experimental setup used in stage 1 

 

Second stage of the experimental investigation of the 
shielding effectiveness was based on the use of a steel box 
in a cubic shape with the side of 60 cm. The shield partly 
replaced one box side – as it can be noticed in Fig. 13. 
The measurements were performed in a different EMC 
laboratory and investigated both the textile material and 
graphite strips screen. The measurement setup drawn in 
Fig. 14 consisted in placing the transmitting (Tx) antenna 
outside the steel box and the receiving (Rx) antenna 
inside it, along with a Signal Hound BB60C SDR 
receiver, a personal computer (PC), and a media converter 
(MC). The MC was connected through optical fiber to 
another PC, and the Tx antenna was fed by a Rohde & 
Schwarz SMP04 signal generator. Both Tx and Rx 
antenna were Rohde & Schwarz HF906 horn type and 
were placed so as to have horizontal polarization.  

 

 
Fig. 13. Shield installation on one side of the steel box 
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Fig. 14. The experimental setup used in stage 2 

 

Shielding effectiveness results. In order to compare 
the simulation and experimental results, the SE values for 
the test frequency of 1 GHz are presented in Table 2. 

 
Table 2 

Values obtained for the shielding effectiveness of the three 
sample screens, at a test frequency of 1 GHz  

Experimental results 
Shield pattern Simulation results 

Stage 1 Stage 2 

Twill weave 86.8 dB 57 dB 54.8 dB 

Graphite plate 92.8 dB – – 

Graphite strip network 42.1 dB – 6.5 dB 

 
Results discussion. Significant differences are 

observed between the simulation results and the 
experimental results. Among the three sample shields, the 
graphite plate was investigated only through simulation, 
but its shielding performance proved to be superior to the 
other ones, although closely followed by the carbon-based 
fabric. The superiority of the graphite plate is obvious due 
to the fact that there are no holes or apertures in the shield 
structure. Since the twill sample was the focus of the 
investigation, it was analyzed through both simulation and 
experiment – in both EMC laboratories. As it can be seen 
in Table 2, there is a slight difference between the SE 
results obtained through different methods. Although 
a 30 dB difference is noted when compared to the 
simulation results. A similar 35 dB difference between 
simulation and experiment is also obtained for the 
graphite strips shield. This difference could be explained 
by the virtual model construction, which does not include 
imperfections in electrical contact between strips and has 
a constant thickness on the entire surface of the screen.  

Conclusions. 
1. There is analyzed the shielding performance at 

1 GHz of three types of carbon-based screens: a graphite 
plate, a network of orthogonal graphite powder strips, and 
a twill woven graphite-impregnated fabric. All screens 
were investigated by simulation means, following an 
approach similar to the experimental procedure. The 
second and third screens were investigated 
experimentally.  

2. From the virtual analysis, the graphite plate shield 
was the most efficient, followed closely by the twill 
fabric. The graphite strip network had the poorest 
performance, 45-50 dB lower than the other shields, 
probably due to electrical contact imperfections between 
graphite strips and the shield optical transparency. 

3. The main focus of the analysis was the twill woven 
graphite-impregnated fabric; therefore, its shielding 
effectiveness (SE) was determined through simulation and 
experiment – by employing the DTEM cell and the 
shielded box method. The experimental results of the two 
stages were similar: SE = 57 dB from the former and 
SE = 54.8 dB from the latter, respectively.  

4. A significant difference yielded from the 
comparison of the simulation and experimental results for 
the SE. This is probably due to the fact that the virtual 
model is an idealized version of the physical one, not 
taking into account its imperfections. 
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5. Both from the simulation and experimental stages, 
the efficiency of the graphite-based twill fabric proved to 
be at least at a good level, with SE ≈ 55 dB. 

6. Graphite has considerable advantages over other 
materials currently used due to its properties: high 
electrical conductivity, lower mass density than metals, 
corrosion resistance in hostile environments, mechanical 
flexibility, easy processing. Compact graphite structures 
have higher attenuation than other structures due to their 
low transparency to the electromagnetic field. 

7. Properties related to the electromagnetic field 
absorption and the mechanical properties recommend the use 
of graphite fabric for protective clothing and electromagnetic 
security. The protective clothing has variable and dynamic 
geometric structure, and such qualities are provided by the 
carbon fiber fabric. 

8. A further research direction consists in manufacturing a 
twill woven protective suit and investigating its shielding 
properties in terms of specific absorption rate reduction. 
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Power quality improvement in distribution system based on dynamic voltage restorer 
using PI tuned fuzzy logic controller 
 
Purpose. This article proposes a new control strategy for Dynamic Voltage Restorer (DVR) in utility grid for distribution system. The 
proposed DVR using PI tuned fuzzy logic scheme is based on replacement of conventional DVR and voltage sag compensation in 
distribution system network. The novelty of the proposed work consists in presenting an enhanced PI tuned fuzzy logic algorithm to 
control efficiently the dynamic voltage restorer when voltage sag is suddenly occurred. Methods. The proposed algorithm which 
provides sophisticated and cost-effective solution for power quality problems. Our strategy is based on tuned fuzzy control of 
reactive powers and also closed loop for harmonic reduction in distribution system. The proposed control technique strategy is 
validated using MATLAB / Simulink software to analysis the working performances. Results. The results obtained clearly show that 
DVR using PI tuned fuzzy logic have good performances (sag compensation, harmonic reduction) compared to conventional DVR. 
Originality. Compensation of voltage sag/ swell in distribution for reactive power and current harmonic reduction by using DVR 
based PI tuned fuzzy logic controller. Practical value. The work concerns the comparative study and the application of DVR based 
on PI tuned fuzzy techniques to achieve a good performance control system of the distribution system. This article presents a 
comparative study between the conventional DVR control and PI tuned fuzzy DVR control. The strategy based on the use of a PI 
tuned fuzzy controller algorithm for the control of the continuous voltage sag and harmonic for the distribution network-linear as 
well as non-linear loads in efficient manner. The study is validated by the simulation results based on MATLAB / Simulink software. 
References 27, tables 3, figures 20. 
Key words: dynamic voltage restorer, proportional integral controller, proportional integral tuned fuzzy logic controller, 
voltage source inverter, pulse-width modulation generator, total harmonic distortion. 
 
Мета. У статті пропонується нова стратегія управління пристроєм динамічного відновлення напруги (ДВН) в мережі 
розподільної системи. Запропонований ДВН, що використовує схему нечіткої логіки з ПІ-налаштуванням, заснований на заміні 
звичайного ДВН та компенсації провалів напруги в мережі розподільної системи. Новизна запропонованої роботи полягає у 
поданні удосконаленого алгоритму нечіткої логіки з ПІ-налаштуванням для ефективного управління динамічним відновником 
напруги при раптовому виникненні провалу напруги. Методи. Запропоновано алгоритм, який забезпечує складне та економічне 
вирішення проблем якості електроенергії. Наша стратегія заснована на нечіткому керуванні реактивною потужністю, що 
налаштовується, а також на замкненому контурі для зниження гармонік в розподільній системі. Запропонована методика 
управління перевіряється за допомогою програмного забезпечення MATLAB/Simulink для аналізу робочих характеристик. 
Результати. Отримані результати чітко показують, що ДВН, який використовує нечітку логіку з ПІ-налаштуванням, має 
хороші характеристики (компенсація провалів, зниження гармонік) порівняно із звичайним ДВН. Оригінальність. Компенсація 
провалів/стрибків напруги у розподільній мережі для зниження реактивної потужності та гармонік струму за допомогою 
нечіткої логіки з використанням ДВН на основі контролера нечіткої логіки з ПІ-налаштуванням. Практична цінність. 
Робота стосується порівняльного дослідження та застосування ДВН на основі нечіткої логіки з ПІ-налаштуванням для 
досягнення хороших параметрів системи керування розподільною системою. У статті представлено порівняльне 
дослідження звичайного керуванням ДВН та нечіткого керування ДВН з ПІ-налаштуванням. Стратегія, заснована на 
використанні алгоритму нечіткої логіки з ПІ-налаштуванням для ефективного керування безперервним провалом напруги та 
гармоніками для лінійних та нелінійних навантажень розподільчої мережі. Дослідження підтверджено результатами 
моделювання на основі програмного забезпечення MATLAB/Simulink. Бібл. 27, табл. 3, рис. 20. 
Ключові слова: динамічний відновник напруги, пропорційно-інтегральний контролер, контролер нечіткої логіки з 
пропорційно-інтегральним налаштуванням, інвертор джерела напруги, генератор широтно-імпульсної модуляції, 
повне гармонічне спотворення. 
 

Introduction. Power quality management has 
become a crucial challenge in today’s electrical power 
system. Load with increased sensitivity and complexity 
leads to voltage fluctuation, non-standard current and 
frequency, thereby lowering the power quality. Even a 
short term voltage fluctuation results in malfunctioning of 
the entire distribution system. As a result, it is highly 
crucial to enhance the power quality, which is considered 
to be a difficult task for industrial customers as it leads to 
the failure of variety of sensitive electronic equipment. 

The demand for electricity is increasing day by day 
and the issues associated with transmitting the power 
through the distribution system are growing as well. 
Voltage fluctuation is regarded to be the most serious PQ 
issue that must be addressed. Voltage fluctuation often 
leads to power distribution system failure or malfunction of 
a continuous process [1, 2]. The voltage fluctuation issues 
that cause the system to malfunction are voltage sag, swell, 

transient disruptions, harmonic distortions, spikes and 
surges [3]. However, voltage sag and swell are regarded to 
be the most serious power PQ among them. On the other 
hand, the magnitude of the voltage is one of the most 
important elements that determine the quality of electrical 
power, and it is essential to increase the quality of the 
power before it is utilized further [4]. A reliable power 
supply is essential in today's economy, and both power 
distributors and consumers have realized the value of 
power quality throughout time. Furthermore, authorities are 
now very interested in ensuring that power distributors 
have met their PQ responsibilities or not [5, 6]. 

The power produced by the power generation system 
has to be upgraded in order to offer clean and pure power 
to the power consumers. Previously, generation and 
transmission systems are responsible for power quality 
maintenance, but now the primary focus is on the 
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distribution system, which is highly susceptible to 
electrical breakdowns [7-9]. So that, power distributors 
have to ensure that the quality of power supplied to the 
customer have met the operational norms and national 
standards or not [10]. 

Therefore, FACTS (Flexible AC Transmission 
System) controllers are utilized to improve the behavior 
of the power distribution system [11, 12]. These devices 
are employed to solve various PQ issues like harmonic 
distortion and transient stability [13, 14]. FACTS devices 
such as Static synchronous compensator (STATCOM), 
Static synchronous series compensator, unified power 
flow controller (UPFC), interline power flow controller 
(IPFC) are utilized to deliver high quality electricity. 
Custom power devices are FACTS devices that have been 
customized to be employed in electrical distribution 
systems. Therefore, unified power quality conditioner, 
active filter, DVR and distribution static synchronous 
compensator (DSTATCOM) are the commonly employed 
custom power devices. Such devices are utilized to solve 
power quality issues in power distribution network [15-18]. 
Among all custom power devices, DVR has attracted the 
researchers as it possesses quick response, smaller size 
and provides cost effective solutions. Therefore, in this 
work, DVR is utilized to compensate the voltage 
fluctuations by injecting the voltage in series with the 
supply from another feeder.  

In steady state condition, the DVR has been 
operated in such a way that it does not receive or supply 
any real power. However, for any system, the DVR have 
to maintain minimum VA rating without reducing the 
compensation capability. To enhance the behavior of the 
DVR, a control scheme has been utilized [19]. The output 
generated by the DVR is controlled by the control signal 
generated by the proportional integral (PI) controller and 
the switching pulse generated by a Pulse-Width 
Modulated (PWM) generator. PI follows feedback control 
strategy and it produces the required control signal for the 
PWM generator using a weighted sum of error signal [20-
23]. The non-linearity of semiconductor components 
present in the inverter leads to distortions in the output 
waveform. To solve this problem, a highly qualified 
power supply with an excellent LC filter unit is utilized 
[24]. However, the PI controller doesn’t respond to the 
abrupt change in error signal, which is considered to be a 
serious drawback [25-27]. Therefore, a PI tuned Fuzzy 
Logic Controller (FLC) is utilized in this work. Here, an 
inference engine with a rule base of if-then rules is used 
to determine an output control signal. 

In this proposed control scheme, a DVR is employed 
in this work in order to enhance the PQ in distribution 
systems. A PI tuned FLC is utilized to control the DVR’s 
inverter. The rest of the work are explained such as 
modeling of DVR, PI controller and PI tuned FLC. 

Proposed control scheme. The proposed block 
diagram comprises 3 phases AC supply, source inductance, 
PI tuned FLC, PWM generator, 3 phases Voltage Source 
Inverter (VSI) and non-linear load. The schematic 
representation of control scheme is shown in Fig. 1. 

Recurrent Neural Network based reference current 
generation is utilized for effective harmonic elimination. 
3 phases VSI for inverting the input DC voltage along 

with LC filter and AC grid is also employed in 
STATCOM applications. 

 

 
Fig. 1. Schematic representation of control scheme 

 
3 phases AC supply, which is given to the non-linear 

load, creates voltage oscillations in the distribution 
system. For reducing the voltage oscillations in the 
distribution system, the DVR is utilized in this proposed 
work, which provides sophisticated and cost-effective 
solution for PQ problems. DVR is a variable or 
controllable voltage source, which is linked in series with 
the point of common coupling and the load. DVR controls 
the active and reactive power, which helps to regulate the 
load voltage by injecting the suitable voltage during the 
voltage quality events. The capacitor will be discharged, 
in order to retain the DC-link voltage as constant. Here an 
external energy source is needed to deliver reactive power 
injection. To control the DVR’s inverter, the gating pulses 
for VSI are generated with the aid of PI tuned FLC 
through which the VSI is controlled and so the reactive 
power compensation takes place. 

Modeling of proposed system. 
Dynamic Voltage Restorer (DVR). For sag voltage 

compensation a DVR is widely utilized equipment. The 
sensitive loads are linked in series to the DVR, which 
adds the required voltage when needed. It is a cost 
effective technique, which is used to compensate the 
voltage sag in small and big loads up to 45 MVA or even 
more. VSI, a voltage injection device, a filter, an energy 
storage device and a controlling device are the essential 
components of DVR. The structure of DVR is illustrated 
in Figure 2. 

 
Fig. 2. Structure of DVR 
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Construction of DVR. The power and control 
circuits are the two components of DVR. The DVR 
system injects the control signal, which is made up of 
complex variables like magnitude, phase shift and the 
frequency. The switches are utilized in the power circuit 
in order to produce voltage-dependent control signals.  

Energy Storage Unit. Superconducting magnetic 
energy storage, flywheels, super-capacitors and lead-acid 
batteries are the equipments, which are used to store 
energy. The storage unit’s major duty is to deliver the 
required real power when the occurrence of voltage sags. 
The real power, which is generated by the energy storage 
device determines the DVR’s compensating capability. 
Instead of employing other storage devices, lead batteries 
are chosen because they have a fast charging and 
discharging response time. The rate of discharge which is 
based on a chemical reaction that controls the amount of 
internal space available for energy storage. 

Voltage Source Inverter. PWM VSI technique is 
commonly utilized. A DC voltage has been generated 
using an energy storage instrument. A VSI is utilized, to 
convert the voltage from DC-AC voltage. To boost the 
magnitude of voltage at the time of sag, DVR power 
circuit’s step-up voltage injection transformer has been 
utilized. As a result, a minimal voltage with VSI is 
sufficient. 

Passive Filters. In this technique, the inverted pulse 
waveform of PWM, which is transformed into a 
sinusoidal with the utilization of low passive filters. In 
order to accomplish this conversion in VSI, the higher 
harmonics are eliminated during the conversion of DC-
AC, which also alters the compensated output voltage. 
Circuit layout of different filters in DVR are indicated in 
Fig. 3.  

 
Fig. 3. Different filters in DVR 

 
If the filters are placed on the inverter side, the 

harmonics are eliminated. The phase shift and voltage 
drop problems are occurs, when it is placed on the side of 
inverter. This issue can be resolved by placing the filter 
on the load side. Because a high valued transformer is 
required, the transformer’s secondary side allows high 
harmonics currents. 

By-Pass Switch. A DVR is equipment which linked 
in series. If a fault occurs in the downstream, the current 
flows through the inverter, which creates a fault current. 
A By-pass switch is utilized for inverter protection. A 
crowbar switch is commonly utilized to bypass the circuit 
of inverter. The crowbar identifies current scale, if the 
current is within the range of parts of inverter. If the 
current is too large, however, it will be possible to bypass 
the inverter’s components. 

Voltage Injection Transformers. The voltage 
injection transformer consists of two parts, such as 
primary and secondary side. The primary, which is linked 
in series with a distribution line and the secondary, which 
is linked to the DVR’s power circuit. One 3 phases (3 ph.) 
or 1 phase (1 ph.) transformers are utilized for 3 ph. 
DVRs. However, only one 1 ph. transformer is utilized for 
1 ph. DVRs. At the point of contact between three 1 ph. 
transformers and a 3 ph. DVR, a «–» type connection 
is employed. 

The voltage level, which is delivered by the filtered 
output of VSI to a required level usually simulates the 
circuit of DVR from the setup transformer’s 
transformation system. The pre-examined as well as 
significant values are winding ratios, which are 
determined by the needed voltage at the secondary side of 
voltage. The current on primary side with ratio of higher 
frequency affects the inverter circuit parts and the 
winding ratio’s higher cost with higher frequency currents 
also affect the inverter circuit parts. When calculating the 
DVR’s operating efficiency, the transformer value is a 
crucial factor. The upward distribution transformer, which 
is influenced by the transformer’s winding ratio. As a 
result, the DVR rewards the arrangement of positive and 
negative segments. 

PI controller. The effectiveness of the PI controller 
in controlling the steady state error as well as its simple 
instigation are the reasons for its widespread use. 
However, this controller has the drawback of not being 
able to increase the system’s transient response. As 
indicated in Fig. 4, the PI controller’s equation (1) has the 
control output which is given to the PWM generator is 
denoted as U, the proportional and integral gains, which 
are denoted as KP and KI, these gains are dependent on the 
system variables and the error signal is denoted as : 

     
t

IP ttKtKtU
0

d .                  (1) 

 
Fig. 4. Block diagram of PI controller 

 
The PI controller creates a pole in the whole 

feedback loop, which causes the root locus to change. In 
terms of analysis, the pole causes a change in the response 
of control scheme. The end result is a decrease in steady 
state error. The constants KP and KI, on the other hand, 
control the system’s stability and transient response in (2).  

   maxminmaxmin ,and, IIIPPP KKKKKK  . (2) 

The minimum as well as maximum constants of PI 
are estimated in practice using experimentation and 
iterative methods. As a result, the expert’s knowledge is 
required for the design of a PI controller. The control 
system becomes unstable if the constants of compensator 
exceed the permitted values. The tuning of instantaneous 
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parameter constants occurs after the domain of the PI 
constants has been determined. Depending on the error 
signal , the parameter constants has been adjusted. The 
constants KP and KI are varies to ensure that the system’s 
steady state error is kept to a minimal, if not zero. 

PI tuned fuzzy controller. The drawback of PI 
controller is that it is incapable of reacting to abrupt 
changes in the error signal ε since it determines only error 
signal’s instantaneous value without taking into account 
the change in the error signal’s the rise and fall, which is 
the error signal’s derivative . To overcome this issue, a 
fuzzy based PI is utilized as it is indicated in Fig. 5. The 
control signal’s output, which is determined by an 
inference engine with a rule base of if then rules, which is 
shown in equation (3): 

if  and , then KP and KI.                    (3) 

 
Fig. 5. Block diagram of PI tuned FLC 

 
The constants KP and KI are changed by the rule 

base, which is based on the error signal  and the change 
in error . Trial-and-error procedures are utilized to 
structure and determine the rule basis. 

The fuzzy subsets of all the parameters for the inputs 
 and  are specified as (NB, NM, NS, Z, PS, PM, PB). 
The fuzzy subsets employs a membership function of 
«Z»-shaped on the left, triangular shaped on the middle, 
as well as the «S»-shaped on the right are taken into 
consideration. The input membership function curves, 
which are represented in Fig. 6.  

 
Fig. 6. Input membership function curve 

 
The fuzzy subsets of output parameters KP and KI 

only have a membership function of triangular form, 
which is represented in Fig. 7. The fuzzy control rule, 
which is based on the modelling of long-term practical 
experience of operators, however, the rules were 
established by the repetitive simulation by means of a PI 
controller. The fuzzy control rules for the output 
parameters KP and KI are represented in Tables 1, 2. 

 
Fig. 7. Output membership function curve 

 
Table 1 

Fuzzy control rules for KP 

/ NB NM NS Z PS PM PB 
NB PB PB PM PM PS PS Z 
NM PB PB PM PM PS Z NS 
NS PM PM PM PS Z NS NM 
Z PM PS PS Z NS NM NM 

PS PS PS Z NS NS NM NM 
PM PS Z NS NM NM NM NB 
PB Z NS NS NM NM NB NB 

 
Table 2 

Fuzzy control rules for KI 
/ NB NM NS Z PS PM PB 
NB NB NB NB NM NM NS Z 
NM NB NB NM NM NS Z PS 
NS NM NM NS NS Z PS PS 
Z NM NS NS Z PS PS PM 

PS NS NS Z PS PS PM PM 
PM NS Z PS PM PM PB PB 
PB Z NS PS NM PB PB PB 

 
Results and discussions. The behavior of proposed 

control scheme is simulated through MATLAB software. 
To rectify the PQ issues, a DVR is utilized in this work, 
which provides sophisticated and cost-effective solution 
for PQ issues. To control the DVR’s inverter, a PI based 
FLC is utilized in order to generate the required injected 
voltage, through which the reactive power compensation 
takes place. The specifications, which are used for DVR 
is represented in Table 3.  

Table 3 
Specifications of DVR 

Specifications Values 
Source voltage 415 
Line resistance 0.1  
Line inductance 0.5 mH 
Turns ratio of series transformer 1:1 
DC bus voltage 120 V 
DC capacitor 220 F 
Filter LF = 3 mH, CF = 1 F 
Line frequency 50 Hz 
Switching frequency 10 kHz 

 
The waveforms of AC source voltage and current 

are illustrated in Fig. 8, 9 respectively. From the voltage 
waveform, it is noticed that the input source voltage of 
415 V is retained as constant. When this input voltage of 
415 V is fed to the non-linear load, the harmonics are 
occurred in the current waveform. 
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Fig. 8. AC source voltage waveform 

 
Fig. 9. Waveform of AC source voltage 

 
The waveforms of input AC source voltage and 

current using DVR are illustrated in Fig. 10. When the 
input voltage of 415 V is fed to the non-linear load, the 
harmonics are removed with the utilization of DVR. Thus, 
it is observed that the waveform becomes sinusoidal by 
using DVR. 

 
Fig. 10. Input AC source V and I waveform using DVR 

 
The waveforms of reference and actual voltages of 

DVR are illustrated in Fig. 11, 12 respectively. The actual 
and reference voltages are analogized with the aid of PI 
tuned FLC, through which the gating pulses are generated 
to control the inverter of DVR.  

 
Fig.11. Reference voltage waveform of DVR 

 
Fig. 12. Actual voltage waveform of DVR 

 
The DC-link voltage waveform is represented in 

Fig. 13. When the DVR is controlled, the DC-link voltage 
of 900 V is attained. The occurrence of voltage 
fluctuations in the initial stage is eliminated and retained 
as constant after the time of 0.7 s. 

 
Fig. 13. DC-link voltage waveform 

 

The waveforms of load voltage and current using 
DVR are illustrated in Fig. 14, 15 respectively. The 
occurrence of fluctuations in the load voltage and current 
are minimized after the time 0.2 s with the utilization of 
DVR. With the assistance of PI tuned FLC, the inverter in 
the DVR is controlled. Thus the voltage and current 
become sinusoidal in nature. 

 
Fig. 14. Waveform of load voltage using DVR 

 
Fig. 15. Waveform of load current using DVR 
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The waveforms of real and reactive power are 
illustrated in Fig. 16, 17 respectively. The waveforms 
have shown that the reactive power compensation is 
achieved after the time of 0.5 s with the aid of DVR by 
minimizing the power quality issues. 

 
Fig. 16. Waveform of real power 

 
Fig. 17. Waveform of reactive power 

 
The waveform of power factor is illustrated in 

Fig. 18. When supplying the input voltage to the non-
linear loads, certain power quality issues are occur, which 
are overcome by implementing the DVR. Thus it assists 
in attaining the UPF through the reactive power 
compensation. From this waveform, it is noted that the 
UPF is attained after the time 0.3 s.  

 
Fig. 18. Waveform of power factor 

 

The waveform of total harmonic distortion (THD) 
with the utilization of PI tuned FLC is illustrated in 
Fig. 19. From the above graph, it is noted that the THD of 
4.1 % is attained for the PI tuned FLC.  

 
Fig. 19. Waveform of THD 

 

The comparative analysis of THD is illustrated in 
Fig. 20. The THD of PI tuned FLC is which is 
comparatively better than the THD values 4.1 %, of FLC 
and PI. Thus, it is observed that the PI tuned FLC gives 
better performance than the FLC and PI controllers in the 
minimization of THD.  

 
Fig. 20. Comparative analysis of THD 

 
Conclusions. 
This paper describes the control strategy of DVR 

which offers a self-sufficient solution for tackling several 
issues of power quality. It provides solution for different 
PQ issues like voltage sag/swell compensation and 
harmonics. The proposed DVR maintains the significant 
features and eliminates the complexity by using PI tuned 
FLC. It generates compensating voltages for the control 
of DVR and handles the error signal resulted due to 
system disturbances. The entire work is validated through 
MATLAB simulation. Thus, the proposed method has 
delivered improved performance in reducing the PQ 
issues with the minimum THD of 4.1 %. 
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Comparative study between sliding mode control and the vector control of a brushless doubly 
fed reluctance generator based on wind energy conversion systems 
 
Introduction. Nowadays, global investment in renewable energy sources has been growing intensely. In particular, we mention here 
that wind source of energy has grown recently. Purpose. Comparative study between sliding mode control and vector control of a 
brushless doubly fed reluctance generator based on wind energy conversion systems. Methods. This paper deals with conceptual 
analysis and comparative study of two control techniques of a promising low-cost brushless doubly-fed reluctance generator for 
variable-speed wind turbine considering maximum power point tracking. This machine's growing interest because of the partially 
rated power electronics and the high reliability of the brushless design while offering performance competitive to its famous spring 
counterpart, the doubly-fed induction generator. We are particularly interested in comparing two kinds of control methods. We 
indicate here the direct vector control based on Proportional-Integral controller and sliding mode controller. Results. Simulation 
results show the optimized performances of the vector control strategy based on a sliding mode controller. We observe high 
performances in terms of response time and reference tracking without overshoots through the response characteristics. The 
decoupling, the stability, and the convergence towards the equilibrium are assured. References 29, figures 10. 
Key words: wind energy, brushless doubly fed reluctance generator, vector control, sliding mode controller, maximum power 
point tracking. 
 
Вступ. Нині глобальні інвестиції у відновлювані джерела енергії стрімко зростають. Зокрема, звернемо увагу, що 
останнім часом має місце зростання  вітряних джерел енергії. Мета. Порівняльне дослідження між управлінням ковзним 
режимом та векторним управлінням безщіткового реактивного генератора з подвійним живленням на основі систем 
перетворення енергії вітру. Методи. Стаття присвячена концептуальному аналізу та порівняльному дослідженню двох 
методів управління перспективним недорогим безщітковим реактивним генератором з подвійним живленням для вітряної 
турбіни зі змінною швидкістю з урахуванням відстеження точки максимальної потужності. Інтерес до цієї машини 
зростає частково завдяки силовій електроніці, а також високій надійності безщіткової конструкції, яка при цьому 
пропонує характеристики, порівняні з його загальновідомим пружинним аналогом, індукційним генератором з подвійним 
живленням. Автори особливо зацікавлені у порівнянні двох видів методів управління. Автори вказують тут на пряме 
векторне управління на основі пропорційно-інтегрального регулятора та регулятора ковзного режиму. Результати. 
Результати моделювання показують оптимізовані характеристики векторної стратегії управління на основі контролера 
ковзного режиму. Спостерігаються високі показники з точки зору часу відгуку та відстеження еталонних значень без 
перевищення показників відгуку. Розв'язка, стабільність та прагнення до рівноваги гарантуються. Бібл. 29, рис. 10. 
Ключові слова: енергія вітру, безщітковий реактивний генератор з подвійним живленням, векторне управління, 
регулятор ковзного режиму, відстеження точки максимальної потужності. 
 

1. Introduction. The earth climate can be seriously 
influenced by increasing green house gas emissions from 
conventional energy sources (such as oil and coal) as well 
as the growing concern of depletion of these resources in 
the near future [1].Wind turbine is one way to generate 
electricity from renewable sources, mainly because it is 
clean and economically viable [2]. At the same time, there 
has been a rapid development of related wind turbine [3]. 

The wind turbine is a very effective component in 
wind energy conversion systems (WECS) that converts the 
wind kinetic energy into mechanical energy that can be used 
to derive an electrical generator. The wind turbine generator 
converts the output mechanical energy of the wind turbine 
into electric power [4]. It can be connected either to stand-
alone loads or connected to the utility grid [5]. 

Wind turbine generators used in wind energy 
conversion systems can be classified into two types: fixed 
speed wind turbine (FSWT) and variable speed wind 
turbine (VSWT). For the first one, the generator is 
connected directly to the grid without any intermediate of 
power electronic converters (PECs), and for the other one, 
the generator is connected through PECs [6–8]. Their 
findings show that the VSWT provides better energy 
capture over the FSWT because it can quickly adapt to a 
wide range of wind speed variations [9]. For this reason, 
the model considered in this research is the VSWT 
coupled to a Brushless Doubly Fed Reluctance Generator 
(BDFRG). 

The brushless doubly-fed generator (BDFG) is a 
prominent economical solution to reliability and 
maintenance problems of brushes and slip-rings with the 
traditional doubly-fed induction generator (DFIG) in 
WECS [10, 11]. The BDFRG merits have inspired the 
research on its design, control, and grid integration aspects 
targeting WECS as one of the leading applications [12]. 
The strengths of this design include simple infrastructure, 
economical, reliable high efficiency, and robust power 
factor control capability [13]. Due to its high reliability 
these machines are also adaptable in air craft industry but 
some of design challenges include harsh aerodynamic and 
complex rotor design [14]. The background and 
fundamental structure of the Brushless Doubly Fed 
Reluctance Motor (BDFRM) was described in [15]. 

Control research [16], similar in context to that 
conducted on the BDFIG [17], and DFIG [18], has been 
carried out on the BDFRM(G) involving: scalar control, 
voltage vector-oriented control (VC) [19], direct torque 
and flux control (DTC) [20], torque, and reactive power 
control (TQC) [21, 22], direct power control (DPC) [23], 
sliding-mode power control [24], and even nonlinear 
multiple-input-multiple-output control [3]. Recently, 
sliding mode control (SMC) was integrated largely in the 
command of nonlinear systems [25]. 

The variable structure control possesses this 
robustness using the sliding mode controller. It offers 
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excellent performances compared to unmodelled 
dynamics [26], insensitivity to parameter variation, 
external disturbance rejection, and fast dynamic [27]. 

The proposed system comprises a wind turbine, a 
BDFRG, an inverter, and a vector control based on PI 
controller and sliding mode controller. 

This paper is organized as follows. A description of 
the studied WECS is presented in section 2. In section 3 
the modeling of the wind turbine and the control of the 
maximum power point tracking (MPPT) are provided. 
Then, the BDFRG is modeled in Section 4. The vector 
control of BDFRG is given in Section 5. The sliding 
mode control is described in Section 6. The sliding mode 
control of the BDFRG is given in Section 7. Finally, 
simulation results and interpretations are presented in 
Section 8. 

2. Description of the studied WECS. The WECS 
adopted here is shown in Fig. 1. The proposed system is 
constituted of a wind turbine, BDFRG, inverter, and 
power control. The BDFRG has two stator windings of 
different pole numbers. Generally, different applied 
frequencies (Fig. 1): the primary (power) winding is grid-
connected, and the secondary (control) winding is 
converter fed. The performance of the proposed system 
has been tested to prove the MPPT control. The 
independent control of grid active and reactive powers 
using stator flux oriented control technique is used to test 
the ability to operate in two quadrant modes (sub-
synchronous and super-synchronous modes). 

inverter 

wind 
turbine 

connections 

sensor 

wind 

gear box 

BDFRG 

grid power 
winding 

reluctance 
motor 

control 
winding 

 
Fig. 1. Conceptual diagram of the BDFRG-based WECS 

 
3. Modeling of the wind turbine. The mechanical 

power extracted by the turbine from the wind is defined 
as: 

,
2

1 3VCAP pt                      (1) 

where  is the air density; A = πR2 is the rotor swept area; 
R is the turbine radius; Cp is the power coefficient; V is 
the wind speed. 

The power coefficient Cp represents the 
aerodynamic efficiency of the wind turbine. It depends on 
the tip speed ratio λ and the pitch angle β (Fig. 2, 3). The 
tip speed ratio is given as: 

V

Rt 
 ,                                (2) 

where Ωt is the turbine speed. 
For our example, the power coefficient Cp is given 

by the following equations 
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Fig. 2. Characteristics of the wind turbine power coefficient Cp 
with the tip speed ratio  at different values of the blade pitch angle  
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Fig. 3. Power speed characteristics for different wind speeds 

 

The maximum value of Cp (Cp max = 0.48) is for 
β = 0 degree and for λ = 8.1. The turbine torque Tt can be 
written as: 

ttt PT  .                                 (5) 

The mechanical speed of the generator m and the 
torque of the turbine referred to the generator Tm are given by: 







,

;

GTT

G

tm

tm                                 (6) 

where G is the gearbox ratio. 
The mechanical equation of the system can be 

characterized by: 

mem
m fTT
t

J 



d

d
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where J is the equivalent total inertia of the generator 
shaft; f is the equivalent total friction coefficient; Te is the 
electromagnetic torque. 

To extract the maximum power from the wind 
turbine the electromagnetic torque command of the 
BDFRG Te-ref should be determined at the optimal value 
of the tip speed ratio and the corresponding maximum 
value of wind turbine power coefficient. 

4. Mathematical model of BDFRG. The electrical 
equations of the BDFRG in the (d–q) Park reference 
frame are given by: 
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The electromagnetic torque is expressed as: 

 sdpqsqpd
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The active and reactive powers equations at the 
primary stator, the secondary stator, and the grid are 
written as, respectively: 
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where Up and Us are power and control windings voltages 
in the dq axis, respectively; Ip and Is are power and 
control windings currents in the dq axis, respectively; 
Rp and Rs are power and control windings resistances, 
respectively; Lp and Ls are leakage inductances of power 
and control windings, respectively; Lm is the mutual 
inductance between power and control windings; ωp and 
ωs are angular frequencies of the power and control 
windings, respectively; ωr is the BDFRG mechanical 
rotor angular speed; p and s are power and control 
windings flux linkages in the dq axis, respectively. 

5. Vector control of the BDFRG. In order to 
decouple the stator active and reactive powers, the 
primary stator flux vector will be aligned with d-axis pd 
(pd = p and pq = 0), and the stator voltages will be 
expressed by: 
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The expressions of the primary stator currents are 
written as: 
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By replacing these currents in the secondary stator 
fluxes equations, we obtain: 
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where σ is the leakage coefficient defined by: 
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The secondary stator voltages can be written 
according to the secondary stator currents as: 
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where 




















.

;

;

p
p

m
s

sdssd

sqssq

L

L
e

ILe

ILe









                      (19) 

The active and reactive stator powers of the BDFRG 
are expressed by: 
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where s is the slip of the BDFRG. 
The electromagnetic torque can be written as: 

sqpd
p

mr
e I

L

LP
T 




 
2

3
.                (21) 

 
Fig. 4. Block diagram of power control 

 
For relatively weak sleep values and by neglecting 

the voltage drops, the grid active and reactive powers are 
simplified into: 
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From (22) we have: 
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Substitute (23) in (18), we obtain: 
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where 
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In order to capture the optimal mechanical power, 
the control of the mechanical speed is applied (Fig. 5). 

 
Fig. 5. MPPT with the control of the speed 

 

The reference value of the active power exchanged 
between the wind generator and the grid is generated by 
MPPT control, and it’s given by: 

Pg–ref = Tem–ref  mech.                     (26) 
The reference grid reactive power Qg–ref is fixed to 

zero value to maintain the power factor at unity. The 
detailed scheme of the studied system is illustrated in Fig. 6. 

 
Fig. 6. The scheme of BDFRG using vector control 

 
6. Sliding mode control. A Sliding Mode Controller 

(SMC) is a Variable Structure Controller (VSC) [28], 
which VSC includes several different continuous 
functions that can map plant state to a control surface, 
whereas switching among different functions is 
determined by plant state represented by a switching 
function [29]. The design of the control system will be 
demonstrated for the following nonlinear system: 

     txutxBtxfX ,,,  ,                  (27) 

where XRn is the state vector; uRm is the control 
vector; f(x, t)Rn; B(x, t)Rnm. 

From the system (16), it possible to define a set S of 
the state trajectories X such as: 

    0,  txtxS  ,                     (28) 

where 

        Tm txtxtxtx ,,...,,,,, 21   ,        (29) 

where T denotes the transposed vector; S is called the 
sliding surface. 

To bring the state variable to the sliding surfaces, the 
following two conditions have to be satisfied: 

    0,;0,  txtx   .                   (30) 

The control law satisfies the precedent conditions is 
presented in the following form: 
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where U is the control vector; Ueq is the equivalent control 
vector; Un is the switching part of the control (the 
correction factor); Kf is the controller gain. 

Ueq can be obtained by considering the condition for 
the sliding regimen, (x, t) = 0. The equivalent control 
keeps the state variable on the sliding surface, once they 
reach it. For a defined function φ: 
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The controller described by (29) presents high 
robustness, insensitive to parameter fluctuations and 
disturbances. However, it will have high-frequency 
switching (chattering phenomena) near the sliding surface 
due to the (sgn) function involved. These drastic input 
changes can be avoided by introducing a boundary layer 
with width ξ. Thus replacing sgn((t)) by saturation 
function sat((t)/ξ) in (29) we have 

  txKUU feq ,sat  ,            (33) 

where ξ > 0  
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Consider a Lyapunov function: 

2

2

1 V .                            (35)  

From the Lyapunov theorem we know that if V  is 
negative definite, the system trajectory will be driven and 
attracted toward the sliding surface and remain sliding on 
it until the origin is reached asymptotically: 
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where η is the constant positive value. 
In this work we use the sliding surface proposed by 

J.J. Slotine 
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where 
x = [x, x, x, …, xn–1] is the state vector; 
xd = [xd, xd, xd, …, xd–1] is the desired state vector; 
e = xd – x = [e, e, e, …, en–1] is the error vector; 
 is a positive coefficient; n is the system order [28]. 
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In BDFRG control using sliding mode theory the 
surface is chosen as a function of the error between the 
reference input signal and the measured signals. 

7. Sliding mode control of the BDFRG. The 
mathematical model of the grid active and reactive 
powers in (24) has two vector controls, so we define two 
switching surfaces, and we set n = 1. According to (37) 
the switching surfaces of the stator powers are given by: 
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The second step consists of giving the structure of 
the vector control. One of the possible solutions is given 
by: 

Uc = Ueq + Un ;                           (39) 
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where Ueq (Usqeq, Usdeq) and Un (Usqn, Usdn) indicate the 
equivalent and discontinuous components of the control 
input vector Uc (Usq and Usd), respectively. 

Ueq is calculated from   0xS  
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Substituting (24) in (41) we will have: 
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Replaced Usq and Usd from (40) in (42) we obtain: 
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In the permanent regime Un = 0 (Usqn = 0 and Usdn = 0). 
Replaced them in (43) and we extract Usqeq and Usdeq: 
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Usqn and Usdn are achieved by the condition: 
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A simple used form of Un is a relay function: 
Un = –ksgn(S(x));                      (47) 
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where k (k1, k2) must be positive to satisfy the previous 
condition. 

Substituting (44) and (48) into (40) we obtain the 
expressions of the reference rotor voltages such as: 
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 (49) 

The reference value of the active power exchanged 
between the wind generator and the grid is generated by 
MPPT control and it has given by (26). The reference grid 
reactive power Qg–ref is fixed to zero value to maintain the 
power factor at unity. The detailed scheme of the studied 
system is illustrated in Fig. 7. 

 
Fig. 7. The scheme of BDFRG using the sliding mode controller 

 

8. Results and interpretations. The control 
technique suggested in this paper has been approved by 
the Matlab/Simulink software. The generator used in this 
simulation is 4.5 kW. This generator is connected directly 
to the grid through its primary stator and controlled 
through its secondary stator. Rated parameters are next 
[5]: Rp = 3.781 Ω, Rs = 2.441 Ω, Lp = 0.41 H, Ls = 0.316 H, 
Lm = 0.3 H, J = 0.2 kgm2, Pr = 4. Wind turbine parameters 
are next: blade radius R = 4 m, gearbox ratio G = 7.5, 
turbine inertia 1.5 kgm2, air density  = 1.225 kg/m3 and 
number of blades is 3. 

Figure 8 indicates the speed of the wind. The 
mechanical speed generated by the turbine is similar to 
the wind profile applied to the turbine. The reference 
value Pg–ref of the grid active power is determined by (26), 
and the reference of the reactive power is maintained at 
zero to guarantee unity power factor. 

 
Fig. 8. Wind speed 

 

Figures 9 demonstrate the performances of the 
vector control and SMC of the grid active and reactive 
powers used to a wind turbine mechanism structured from 
a BDFRG. 
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Fig. 9. Vector control and sliding mode control of the BDFRG: 
a and a’ – mechanical speed;   b and b’ – electromagnetic torque;   c and c’ – grid active and reactive power; 
d and d’ – secondary stator phase voltage and current;   e and e’ – primary stator phase voltage and current; 

f and f’ – total harmonic distortion of line current 
 

Both control strategies approve an idealist 
decoupling between both elements of the BDFRG power 
(active and reactive). The outcomes found, without any 
doubt, demonstrate that the usage of the two commands 
can maintain the active and reactive powers to their aimed 
values. Figure 9 is the simulation results for active and 
reactive power response in using MPPT when the 

traditional PI controller (Fig. 9,a–e) and sliding mode 
control (Fig. 9,a’–e’) are applied. In this study, simulation 
results show clearly the improvement of active and 
reactive power demand obtained by applying sliding 
mode control in terms of time response and good 
reference tracking accuracy than those obtained using the 
traditional PI regulator. In the case of star-up, we notice 
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that the sliding mode controller transient responses of 
both active and reactive powers present no overshoot, 
whereas the steady-state error is close to zero. 

Figures 9,d,e and Fig. 9,d',e' present the winding 
currents in which we observe that both the frequency and 
the amplitude of these control currents (secondary 
currents Is) change during the period of variation of active 
and reactive powers.  On  the other hand, the frequency of  

the current of the supply winding (primary currents Ip) 
remains constant to be adapted to the supply frequency of 
the grid, so when the reference of the active power is 
changed, the amplitude of the current also is changed. 

Robustness tests. Figure 10 represents a comparison 
between the two controllers robustness: PI and SMC with 
parametric variations Lp, Ls, Rs and Lm of –20 % and +20 % 
of their nominal values. 
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Fig. 10. Comparison of robustness between power control with PI and SMC of BDFRG 
with parametric variations Lp, Ls, Rs and Lm of –20 % (a) and +20 % (b) of their nominal values 

 

From the obtained results (Fig. 10,a and Fig. 10,b) 
the SMC strategy is better than the vector control with PI 
in terms of response time and reference tracking. 

Conclusions. This paper has presented a comparative 
study between two controllers of active and reactive 
powers for the wind energy system equipped with a 
brushless doubly fed reluctance generator. The first one is a 
proportional-integral controller, and the second is a sliding 
mode controller-based field oriented control strategy. 

Simulation results show the optimized performances 
of the vector control strategy based on a sliding mode 
controller. We observe high performances in terms of 
response time for vector control is 0.2 s and for sliding 
mode is 0.04 s. Spectral analysis of line current shows 
that total harmonic distortion of vector control is 27.25 % 
unlike sliding mode able to reduce the total harmonic 
distortion to a low value of around 16.25 % (without 
filter) and reference tracking without overshoots through 
the response characteristics. The decoupling, the stability, 
and the convergence towards the equilibrium are assured. 
Furthermore, this regulation presents a high dynamic 

response, and it is more robust against parameter 
variation of the brushless doubly fed reluctance generator 
versus the conventional proportional-integral controller. 
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Power quality improvement using ultra capacitor based dynamic voltage restorer 
with real twisting sliding mode control 
 
Introduction. Power quality is a major problem in today's power system, since it may have an impact on customers and utilities. 
Problem. Power quality is important issue of financial consequences for utilities, their consumers and load apparatus vendors. Voltage 
sag/swell are the most significant and usually occurring power quality issues in a secondary distribution system for sensitive loads. 
Goal. Dynamic voltage restorer is a fast, flexible, effective and dynamic custom power device can be used to compensate voltage 
sag/swell with integration of energy storage. Ultra capacitors have ideal properties of great power density and low energy density for 
elimination of voltage sag/swell. Their performance is mostly determined by the control strategy established for switching of voltage 
source converters. Originality. In this research, a strategy for the voltage source converter of dynamic voltage restorer based on the real 
twisting sliding mode control and ultra capacitor is developed to correct the fault that successfully eliminates the impacts of voltage 
sag/swell. Methodology. Ultra capacitor along with real twisting sliding mode control gives the more robustness and faster response, 
with also increasing the compensation time of the dynamic voltage restorer. Testing environment. To evaluate the performance of the 
proposed control approach, the MATLAB / Simulink SimPower System tool box is employed. Practical values. According to Simulation 
results clearly shows that the ultra capacitor along with real twisting sliding mode control effectively eliminate the voltage sag/swell in a 
very short time of 2 ms as compared to IEEE standards that is 20 ms, with less than 5 % total harmonic distortion for sensitive loads as 
per Information Technology Industry Council Curve and SEMI-F-47 Standards. References 18, tables 1, figures 8. 
Key words: dynamic voltage restorer, power quality issues, sliding mode control, real twisting algorithm, voltage sag/swell. 
 
Вступ. Якість електроенергії являє собою серйозну проблему в сучасній енергосистемі, оскільки вона може впливати на 
споживачів та комунальні служби. Проблема. Якість електроенергії є важливим питанням з точки хору фінансових наслідків 
для комунальних підприємств, їх споживачів та постачальників апаратури-навантажень. Провали/стрибки напруги є найбільш 
серйозними проблемами з огляду на якість електроенергії, які зазвичай виникають у вторинній системі розподілу для чутливих 
навантажень. Мета. Динамічний відновник напруги — це швидкий, гнучкий, ефективний і динамічний пристрій живлення, який 
можна використовувати для компенсації провалів/стрибків напруги за допомогою інтеграції накопичувача енергії. 
Суперконденсатори мають ідеальні властивості високої щільності потужності та низької щільності енергії для усунення 
провалів/стрибків напруги. Їх ефективність переважно визначається стратегією управління, встановленої для комутації 
перетворювачів джерел напруги. Оригінальність. У цьому дослідженні розроблено стратегію для перетворювача джерела 
напруги динамічного відновника напруги на основі керування реальним ковзним режимом скручування та суперконденсатора для 
виправлення несправності, яка успішно усуває наслідки провалу/стрибка напруги. Методологія. Суперконденсатор разом із 
керуванням реальним ковзним режимом скручування забезпечує більшу надійність та швидшу реакцію, а також збільшує час 
компенсації динамічного відновника напруги. Середовище для тестування. Для оцінки ефективності запропонованого підходу 
до управління використовується комплекс програмного забезпечення MATLAB/Simulink SimPower System. Практична цінність. 
Згідно з результатами моделювання ясно видно, що суперконденсатор разом з керуванням реальним ковзним режимом 
скручування ефективно усувають провали/стрибки напруги за дуже короткий час 2 мс у порівнянні зі стандартами IEEE, у 
відповідності до яких він становить 20 мс, із загальним спотворенням гармонік менше 5 % для чутливого навантаження 
відповідно зі стандартами Information Technology Industry Council Curve та SEMI-F-47. Бібл. 18, табл. 1, рис. 8. 
Ключові слова: динамічний відновник напруги, проблеми з якістю електроенергії, керування ковзним режимом, 
реальний алгоритм скручування, провали/скачки напруги. 
 

1. Introduction. Power quality is a key problem in 
today's power system, since it may have an impact on 
customers and utilities [1, 2]. The development in the new 
technology lead to improve the sensitive load that 
presents in the distribution system, these sensitive loads 
have badly effected on the quality of power supply. Power 
quality frequently occurred due to the problems like 
voltage sag/swell and harmonic distortion [3]. According 
to IEEE standards, voltage sag is defined by IEEE 1152-
1995 as a sudden reduction in RMS value of the AC 
voltage from the 0.1 to 0.9 p.u. during a half-cycle 
to 1 min. While the voltage swell is defined as an increase 
in rated voltage caused by an abrupt disengagement of the 
load or by a highly capacitive load from 1.1 p.u. to 1.8 
p.u. for duration of 0.5 cycles to 1 min [4]. These issues 
voltage sag/swell are small period voltage change that do 
not present for more than 1 min as available in Fig. 1 [5]. 

To eliminate these power quality problems, 
Dynamic Voltage Restorer (DVR) is the most efficient 
and best solution over other custom power devices like 
unified power quality conditioner (UPQC), distribution 
static synchronous compensator (DSTATCOM), static var 

compensator (SVCs) and uninterrupted power supply 
(UPS), due to its smaller size, fast response, effective and 
dynamically behavior [6-8]. 

 
Fig. 1. IEEE Standard 1159-1995 for voltage decrease 

 

The DVR contains Voltage Source Converter (VSC) 
with ultra capacitor (UC) as battery storage, LC filter, 
injection transformer and control circuit, which are 



60 Electrical Engineering & Electromechanics, 2022, no. 1 

connected with source voltage and load voltage at point of 
common coupling (PCC) as shown in Fig. 2 [9], where Rs, 
Ls are the source resistance and inductance, respectively; 
Vd is DVR injected voltage; VL is load voltage; Lf, Cf are 
the filter inductance and capacitance, respectively. 

 

 
Fig. 2. DVR component 

 

Various forms of rechargeable energy storage 
technologies are contrasted, including flywheels, ultra 
capacitors, superconducting magnets energy storage, and 
batteries in [10]. The method of ultra capacitors rises the 
DVR compensation time as compared to the previous 
techniques because of its properties of great power density 
and low energy density [11]. It connects to the system to 
improve the sag/swell compensation. In [12-14] many 
control schemes are discussed for the VSC of DVR to 
remove voltage sag/swell, but this has some disadvantage 
of depending on mathematical modeling of system and 
some stability problem. Therefore, a non-linear sliding 
mode controller is introduced as it has advantage of 
independent on mathematical modelling of the system, but 
it has important disadvantage named chattering effect [15]. 
To avoid this chattering effect, some algorithms such as 
real twisting, super-twisting, optimal, sub-optimal, global, 
integral and state-observer algorithms are used in literature 
[16-18]. Among these algorithms, real twisting algorithm 
has upper hand due to its stability, robustness and more 
tracking accuracy with less chattering effect. 

The goal of the article. In this research, a control 
scheme of real twisting sliding mode controller (RTSMC) 
with integration of ultra capacitor is presented for the 
voltage source converter of dynamic voltage restorer 
using MATLAB/Simulink software package which can 
successfully mitigate voltage sag/swell and total harmonic 
distortion according to IEEE Standard [5]. 

2. Mathematical modeling of DVR in distribution 
system. Figure 3 depicts the equivalent circuit diagram of 
a DVR. In the figure, the distribution system is linked in 
series with a DVR, as well as source and load. The 
voltage injected by DVR stated as 

VL + = Vsource + Vdvr,                         (1) 
where VL, Vsource, Vdvr are the load, source and DVR 
voltages, respectively. 

Filter parameters Lf and Cf are depicted in Fig. 3. 
These filter settings are used to remove the high-
frequency component present in the VSC's AC output. 
The filter capacitor is defined as follows: 

t

V
Ci dvr

fc d

d
 .                            (2) 

 
Fig. 3. DVR equivalent circuit 

 
By applying Kirchhoff's circuit law at node Z1 in 

Fig. 3 we have 
is – iL + iC = 0.                               (3) 

where is is the source current; iL is the inductor current of 
filter. 

By putting ic from (2) in (3), we have 
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Equation (4) after the simplification gets the form 
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The above equation (5) is the 1st DVR state 
equation. For the second DVR state equation, apply 
Kirchhoff's voltage law at closed loop (Fig. 3)  

Vdvr + VL – Vin = 0,                         (6) 
where Vin is the VSC AC voltage; Vl is the load voltage 
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So, substituting (7) in (6) we have 
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After the simplification, we get 
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Finally, the state space model DVR is 
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where iL and Vdvr are the state variables, while the is and 
Vin are the input variables. 

3. Mathematical modelling of ultra capacitor 
(UC). The ultra capacitor model consists of equivalent 
series resistance (ESR), capacitance and equivalent 
parallel resistance (EPR) as shown in Fig. 4. The charging 
and discharging resistances of system are represented by 
the ESR, while EPR represents the self-discharging losses 
of the system. 

The UC voltage with the capacitance and resistance 
can be described as follows 

   tVtV i  exp ,                     (11) 

where  = RC is the time constant to determine the 
charging and discharging process for some capacitor 
initial voltages. 
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EPR 
C 

 
Fig. 4. UC equivalent model 

 

The change in voltage terminal and the capacitance 
are directly proportional to the energy drawn from the UC 
expressed as 

 22

2

1
fi VVCE  ,                     (12) 

where Vi is the initial voltage before discharging start; 
Vf is the final voltage after discharging start.  

The total UC system resistance (Rtotal) and 
capacitance (Ctotal) of the UC bank are calculated as 

p
stotal n

ESR
nR  ;                          (13) 

s
ptotal n

C
nC  ,                          (14) 

where ns is the number of capacitor cells in series; 
np is the number of capacitor cells in parallel. 

4. Designing of second order real twisting sliding 
mode control. There are two steps, which are necessary 
for the implementation of sliding mode control. The first 
stage is to select the sliding surface. The DVR displays 
the desired performance when the state trajectory is 
pushed on the specified sliding line. The second stage is 
to drive the system's state to reach and remain on the 
chosen sliding surface in finite period. 

4.1: Sliding surface selection. Create a control 
strategy for DVR that is free of system parameters and 
load. This approach will be used to eliminate voltage 
sag/swell, hence the state vector will be defined as 











v

v
V


,                                 (15) 

where V is the state vector; v is the state variable and 
v  is the first derivative state variable V.  

Select which sliding surface that is utilized to adjust 
the DVR's VSC AC output voltage for these state 
variables. For the chosen method, the change between 
reference and load voltage is a sliding surface (S). The 
sliding surface is indicated by signal (S) in Fig. 5. As 
indicated in Eq. (16), this signal (S) is based on the 
computed error voltage (Verror) 

Verror = Vreference – Vload.                    (16) 
In (16) the sliding surface which comprises the 

difference of Vreference and VLoad and after this takes 
derivative of this error voltage and finally add it 

t

V
kVS error

error d

d
 ,                     (17) 

where k is the gain of feedback. 

 
Fig. 5. RTSMC block diagram 

 

When detect the error in actual voltage compare the 
sliding surface (S) with ±c constant quantity. When 
comparison is done, then outcomes go through the 

multiplexer. Multiplexer is used for applying the 
switching law on the desired signal. 

4.2 Reachability condition. The following 
condition must be satisfied in order to obtain the state 
trajectory onto the sliding surface and confirm the 
operation's existence 

S = 0;                                   (18) 
0S .                                  (19) 

In a short period of time, the control approach used 
here will turn all of the state vectors into a sliding surface. 
The switching law that we employ will reveal the system's 
stability status while it is in the sliding mode. The 
following is the criterion for the presence of sliding mode 

0 SS  .                               (20) 
The above equation is basically the Lyapunov 

function, used to check the stability condition for the 
system stability. Some key points are listed below. 

 if S > 0 and 0S , then S will be reduce to 0; 

 if S < 0 and 0S , then S will be increase to 0. 
4.3 Determination of control law. The switching 

law may be expressed as follows 

 








,if,1

;if,1

cS

cS
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where x(t) is represented as the variable for switching 
control; c is the constant for the comparison with faulty 
signal. 

If we receive x(t) = +1, inverter switch S1 and switch 
S4 are turned on as shown in Fig. 6. If we receive x(t) = –1, 
inverter S2 and S3 will be turned on as shown in Fig. 6. 

 
Fig. 6. Three phase system with connected DVR 

 
Basically an ideal SMC is working on the infinite 

frequency, when the state vector is aimed directly towards 
the sliding surface. However, power converters do not have 
an infinite switching frequency, that is why the converter 
does not operate properly and state vector will not move 
towards origin, but keep travelling with the some 
discontinuous surface with unwanted oscillation, which is 
known as chattering. Therefore real twisting algorithm 
(RTA) is utilized in SMC to remove the chattering effect. 

The block diagram of SMC along RTA is show in 
Fig. 5. When the RTA is apply on sliding surface, 
switching law gives the modified input of control Z as 
given below 

   SsignnSsignnZ  21 ,              (22) 
To remove the undesirable switching components, two 

tuning constants n1 and n2 are used in the control law of 
RTA. The sliding manifold term sign(S), removes the 
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switching frequency of components to increase the life of 
switches. When the designed sliding surface s is greater or 
less than zero, the signum function sign(S) of the sliding 
manifold gives the +1 and –1 output respectively. The total 
effect of RTA on SMC results in less chattering effect, faster 
response and robustness to variation in external parameter. 

5. Simulation result and discussion. To test the 
efficiency of a real twisting sliding mode control (RTSMC) 
for DVR in MATLAB/Simulink, a test system is develop 
(Fig. 6). All the parameter detail is given in Table 1. 

Figure 6 depicts the suggested distribution system that 
used to model and simulate the UC based DVR using the 
RTSMC. Three-phase programming source produces voltage 
sag/swell in distribution test system, which is then corrected 
by DVR. The following analysis is carried out to evaluate the 
effectiveness of the suggested control approach. 

 voltage sag/swell mitigation; 
 Total harmonic distortion. 

Table 1 
Parameter of distribution test system 

No. Description of parameters Values 

1 Grid voltage(phase-phase) 400 V 
2 Frequency of system(f) 50 Hz 
3 Impedance of line (Rs, Ls) 0.8929 Ω, 16.58 mH 

4 Loads rating 
Linear load: 

P = 10 kW, Q = 1 kVar 
5 Switching constant ±c 0.1 
6 Ultra capacitor 40 V 
7 LC filter (Lf, Cf) 1.8 mH, 5.5 µF 

8 
Power rating for coupling 
transformer 

100 kVA 

9 Control action RTSMC 

10 SMC gain γ 0.14210–6 
11 Switching frequency (fs) 10 kHz 

12 Solver for simulation 
Ode23tb (stiff/TR-

BDF2) 
13 Time of sampling 5 µs 
14 Filter cutoff frequency 405 Hz 
15 RTSMC tuning gains, n1 and n2 0.5 and 0.5 

 
The RTSMC does not provide any switching signal to 

run the DVR when the system voltage does not change 
(normal state). When the voltage (voltage sag/swell) of the 
system deviates from its tolerated range, the controller begins 
to operate. RTSMC operates in the following manner: 

 detect voltage sag/swell; 
 compute the voltage sag/swell (in percentage); 
 determine the signal of switching control; 
 generate switching signal of pulse width modulation 

(PWM) for VSC to activate source and load voltage; 
 generations of necessary switching signal 

uninterruptedly to ensure that voltage sag and swell is 
compensated; 

 Terminate the switching PWM signal, when voltage 
sag/swell is resolved. 

5.1. Voltage sag mitigation. A three-phase balanced 
voltage sag of 30 % arises as a result of the rapid switching 
ON of sensitive load on the supply side. As shown in Fig 
7,a, the occurrence time of this sag begins at 0.1 s and ends 
at 0.2 s. To correct the disturbance, the controller is 
utilized. If there is no sag during normal operation, no 
voltage is introduced. When a fault occurs, the controller 
detects the sag and evaluate the sag magnitude. 

The problem (voltage sag) is resolved in a relatively 
short period (2 ms) compared to the IEEE Standard 
acceptable limit of 20 ms. Figure 7,b illustrates that DVR 
just injects the missing value. To reduce unwanted high 
frequency elements, a low pass filter is used. Figure 7,c 
shows the pure and sag-free corrected system voltage. 
The voltage corrected Total Harmonic Distortion (THD) 
value for phase A, B and C is 1.13 %, 4.62 % and 4.05 % 
respectively, indicating that the harmonic content in the 
load voltage is less than the 5 % suggested by IEEE 
Standard 1159-1995. 
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Fig. 7. Voltage sag waveform before and after mitigation: 

(a) source voltage with 30 % sag; 
(b) voltage injected by DVR to mitigate sag; 

(c) compensated load voltage 
 

5.2. Voltage swell compensation. A three-phase 
balanced voltage swell of 30 % arises as a result of the 
rapid switching ON of sensitive load on the supply side. 
As shown in Fig 8,a, the occurrence time of this swell 
begins at 0.1 s and ends at 0.2 s.  
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Fig. 8. Voltage swell waveform before and after mitigation: 

(a) source voltage with 30 % swell; 
(b) voltage injected by DVR to mitigate swell; 

(c) compensated load voltage 
 

The problem (voltage swell) is resolved in a relatively 
short period (2 ms) compared to the IEEE Standard 
acceptable limit of 20 ms. Figure 8,b illustrates that DVR 
just injects the missing value. To reduce unwanted high 
frequency elements, a low pass filter is used. Figure 8,c 
shows the pure and swell-free corrected system voltage. 
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The corrected voltage THD value is for phase A, B, and C is 
1.83 %, 4.91 % and 4.51 % respectively, indicating that the 
harmonic content in the load voltage is less than the 5 % 
suggested by IEEE Standard 1159-1995. 

Conclusion. A control scheme of real twisting sliding 
mode control with integration of ultra capacitor is presented 
for the voltage source converter of dynamic voltage restorer 
using MATLAB/Simulink software package which can 
successfully mitigate voltage sag/swell and total harmonic 
distortion according to IEEE Standard. The ultra capacitors 
rise the dynamic voltage restorer compensation time due to 
its ideal properties of great power density and low energy 
density for elimination of voltage sag/swell and control 
mechanism eliminates chattering, while attains a constant 
switching frequency. As a result of using real twisting 
algorithm in dynamic voltage restorer control, a continuous 
control input is generated, which can be contrasted to the 
triangular carrier signal to generate pulse width modulation 
signals. To evaluate the performance of the suggested 
approach, the MATLAB/Simulink SimPower System tool 
box is employed. According to simulation results this clearly 
shows that the ultra capacitor along with real twisting sliding 
mode control effectively eliminates the voltage sag/swell in a 
very short time of 2 ms as compared to IEEE Standards that 
is 20 ms, with less than 5 % total harmonic distortion for 
sensitive loads as per Information Technology Industry 
Council Curve and SEMI-F-47 standards. 
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Simulation-based analysis of dynamic voltage restorer with sliding mode controller 
at optimal voltage for power quality enhancement in distribution system 
 
Introduction. Nowadays, power quality issues are of considerable interest to both utilities and end users as they cause significant 
financial losses to the industrial customers. Due to this, power quality assurance in power distribution systems is very important, 
when considering commercial and industrial applications. Problem Statement. Unfortunately, sudden faults such as sag, transients, 
harmonics distortion and notching in the power system create disturbances and affect the load voltages. Out of these, voltage sag 
and harmonics seriously affect sensitive devices. Harmonics in the power system cause increased heating of equipment and 
conductors, misfires in variable speed drives, and torque pulsations in motors. Harmonics reduction is considered desirable. 
Methodology. This paper presents an efficient and robust solution to this problem by using dynamic voltage restorer in series with 
distribution system. Dynamic voltage restorer is economical and effective solution for protecting sensitive loads from harmonics and 
sag. Control strategy is adopted with dynamic voltage restorer topology and the performance with the proposed controller is 
analyzed. Novelty. In this research work modelling, analysis and simulation of dynamic voltage restorer with proportional integral 
controller and dynamic voltage restorer with sliding-mode controller at optimal voltage is used to improve the dynamic voltage 
restorer performance by reducing total harmonic distortion. Results. The simulation is performed in MATLAB / Simulink software 
package and comparative analysis of dynamic voltage restorer with different controllers for distribution system is presented. The 
proposed scheme successfully reduced percentage total harmonics distortion and voltage sag using dynamic voltage restorer with 
sliding mode controller at optimal voltage which is found to be 0.38 %. References 22, tables 1, figures 19. 
Key words: dynamic voltage restorer, sliding-mode controller, total harmonics distortion, voltage sag, power quality 
improvement. 
 
Вступ. Сьогодні питання якості електроенергії викликають значний інтерес як для комунальних підприємств, так і для кінцевих 
споживачів, оскільки вони завдають значних фінансових втрат промисловим споживачам. У зв’язку з цим забезпечення якості 
електроенергії в розподільних системах є дуже важливим при розгляді комерційних та промислових застосувань. Постановка 
задачі. На жаль, раптові несправності, такі як прогини, перехідні процеси, спотворення гармонік і виїмки в енергосистемі 
створюють збурення та впливають на напругу навантаження. З них провали напруги та гармоніки серйозно впливають на 
чутливі пристрої. Гармоніки в енергосистемі викликають посилений нагрів обладнання та провідників, пропуски запалювання в 
приводах із змінною частотою обертання, пульсації крутного моменту в двигунах. Зниження гармонік вважається бажаним. 
Методологія. У цій статті представлено ефективне та надійне рішення цієї проблеми за допомогою динамічного відновника 
напруги послідовно з розподільною системою. Динамічний відновник напруги – це економне та ефективне рішення для захисту 
чутливих навантажень від гармоній та провисань. Прийнято стратегію керування з топологією динамічного відновника напруги 
та проаналізовано ефективність при використанні запропонованого контролера. Новизна. У цій дослідницькій роботі 
використовується моделювання, аналіз та чисельне дослідження динамічного відновника напруги з пропорційним інтегральним 
контролером та динамічного відновника напруги з регулятором ковзного режиму при оптимальній напрузі для підвищення 
ефективності динамічного відновника напруги за рахунок зменшення сумарних гармонійних спотворень. Результати. 
Моделювання виконано в програмному комплексі MATLAB / Simulink та представлено порівняльний аналіз динамічного відновника 
напруги з різними контролерами для розподільчої системи. Запропонована схема успішно зменшила відсоток спотворення 
сумарних гармонік і провалів напруги за допомогою динамічного відновника напруги з регулятором ковзного режиму при 
оптимальній напрузі, який становить 0,38 %. Бібл. 22, табл. 1, рис. 19. 
Ключові слова: динамічний відновник напруги, регулятор ковзного режиму, загальні гармонічні спотворення, провал 
напруги, покращення якості електроенергії. 
 

1. Introduction. Nowadays, power quality issues are 
of considerable interest to both utilities and end users as 
they cause significant financial losses to the industrial 
customers. Due to this, power quality assurance in power 
distribution systems is very important when considering 
commercial and industrial applications. Unfortunately, 
sudden faults such as sag, transients, harmonics distortion 
and notching in the power system create disturbances and 
affect the load voltages. Out of these, voltage sag and 
harmonics seriously affect sensitive devices. Harmonics in 
the power system cause increased heating of equipment and 
conductors, misfires in variable speed drives, and torque 
pulsations in motors. Harmonics reduction is considered 
desirable. Voltage total harmonics distortion (THD) also 
plays very important role in a power system and power 
quality. According to standard of IEEE 519-1992, the value 
of THD should be equal or less than 5 % of the fundamental 
frequency. Standard of IEEE 1152-1995 define the voltage 
sags root mean square i.e. RMS voltage variation having a 
magnitude in between (0.1-0.9) p.u. of value of nominal 
voltage and its duration typically varies from 0.5 cycle to 
60 s. Installation of custom power device, voltage mitigation 

or compensation can be achieved to remove/cancel out the 
disturbances at the load side [1, 2]. Number of customized 
power devices are obtainable each having its own Pros and 
Cons for voltage reduction compensation such as 
DSTATCOM, Superconducting Magnetic Energy Storage 
(SMES), Dynamic Voltage Restorer (DVR) and Static VAR 
Compensation (SVC). 

DVR refers a controllable voltage source usually 
inserted between the sensitive load voltage and network, 
which accurately generates a disturbance that perturbs the 
sensitive load voltage by inserting the voltage into the 
distribution line through a transformer. Lead-acid battery-
powered DVRs are the best and most attractive technology, 
providing superior dynamic voltage restoration compared 
to shunt-connected devices. The main function of a voltage 
source inverter power system equipped with a DVR is to 
inject the desired three-phase voltage into the load [3, 4]. In 
this paper modelling, analysis and simulation of DVR with 
PI controller and DVR with Sliding-Mode Controller 
(SMC) at optimal voltage is used to reduce THD to 
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improve DVR performance. DVR with SMC at optimal Vdc 
has successfully reduced THD and voltage sag to 0.38 %. 

2. Dynamic Voltage Restorer. DVR is a series 
connected power electronics switching device and is 
connected in series with the distribution line to inject the 
desirable controlled voltage. The DVR includes injection 
transformer, harmonic filter, voltage source inverter, 
control unit and DC storage unit [3-7]. 

The heart of DVR is the control unit, which is 
mainly used to monitor the presence of drop in voltage in 
the network and if necessary to compensate/insert the 
missing voltage after determining its phase and 
magnitude. Control unit has a reference voltage (Vref) 
structure for the purpose of comparison. A three-phase 
reference voltage scheme is used as a reference in a 
dynamic voltage restorer. However, the Vref three-phase 
voltage must be needs to synchronize with the load 
voltage (VL) to correctly inject the missing voltage based 
on magnitude and phase. Simulink diagram for obtaining 
the reference waveform of voltage is shown in Fig. 1. 

 
Fig. 1. Simulink reference voltage diagram 

 

In the control unit, a Park transformation also known 
as direct-quadrature-zero (dq0) transformation has been 
used to control the DVR. The 3-phase system is more of a 
simplified system, and it can easily be controlled after 
transformation from 3-phase abc voltage to two voltage 
components i.e. Vd and Vq. The V0 which is zero sequence 
components are ignored for simplicity 
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where ω is the angular frequency. 
There are two modes of DVR which are given below. 
In first injection mode, voltage inject operation has 

been done using DVR to correct the sag. While in the 
second mode, monitoring operation is usually done in 
standby mode [8-10]. So, there is no type of other voltage 
is being injected. Injected transformer low voltage side is 
shorted using the voltage source inverter. The sag voltage, 
DVR voltages and load current are written as 

  ;LLLL VjQPI                            (3) 

  ;SSSLDVR VIZVV                      (4) 

 ,SLSSAG ZIVV                            (5) 

where IL is the load current; PL, QL are load active and 
reactive powers respectively; VL, VS are the load and 

supply voltages respectively; ZS, IS are source impedance 
and current respectively; VDVR is the injection voltage by 
DVR and VSAG is sag voltage. 

The equivalent circuit of the power system under 
study is shown in Fig. 2 and phasor diagram of 
distribution system with DVR is shown in Fig. 3 [11, 12]. 

 

 

 

ZL VS VS VL 

VDVR ZS 

 
Fig. 2. Equivalent circuit of the power system under study 

 
Fig. 3. Phasor diagram of distribution network using DVR 

 
3. DVR with PI controller. The DVR plays a key 

role in detecting voltage sag events, correcting voltage 
sag problems, and generating Pulse Width Modulation 
(PWM) trigger pulses. The control unit generates a three-
phase Vref and compares the VL to the Vref value [13]. An 
error signal is generated when voltage is missing from the 
power system due to voltage sag. If the difference 
between Vref missing VL is equal to the error signal, the 
DVR starts to work and injects the missing voltage into 
the power distribution network. That is, an error signal is 
transmitted to the PI controller and then PI controller 
output is converted back to a Park transformation. The 
signal is transmitted in a discrete pulse width modulation 
block. Discrete PWM compares the input three-phase 
converted signal to a saw tooth wave and the PWM 
generates a pulse to trigger the PWM VS (voltage source) 
inverter with the desired firing arrangement. The DVR 
collects the required direct current voltage from the 
storage device (e.g. 500 V). A voltage source inverter is 
used to invert the DC storage unit voltage to an AC 
voltage, and eventually the missing voltage is injected 
through a three-phase injection transformer, which is then 
connected in series with the distribution line. The phase-
locked loop for a DVR with PI controller is shown in 
Fig. 4 and the Simulink model is shown in Fig. 5. 

 
Fig. 4. Phase Locked Loop for DVR with PI controller 
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Fig. 5. Simulink Model of DVR with PI сontroller 

 
4. Control circuit for DVR with SMC. SMC is a 

robust and nonlinear control scheme at which the 
arrangement of the controller is being modified in 
reaction to the varying state of the system to obtain a 
desire result. The control procedure for fast switching is 
used and the trajectory of the system is forced to move 
along the selected switching area in the state space [14]. 

There are three major advantages of SMC i.e. model 
reduction, performance design and robustness parameters. 
The sliding phase (S.P.) at which a system slides and properly 
to approach to zero to make the system stable i.e. S = 0 (S is 
the sliding surface variable). While a system approaches to 
sliding phase is known as reaching phase (R.P.) i.e. S ≠ 0. 
Equation (6) gives the main equation of SMC 

 Ssignu  ;                               (6) 

xaxS   ,                                 (7) 
where S = 0 and a is the variable 

xax  ,                                   (8) 
Reachability phase is very simple and it says that 

any controller which obeys SṠ < 0 will reach to sliding 
surface/phase. The system has an inertia due to which the 
reaching phase will little bit move forward as shown in 
Fig. 6. 

x   

Sliding to zero 

x 

Chattering 

S.P 

R.P 

S<0 

S>0 

 
Fig. 6. Phase plot for actual SMC control 

 

The control law determination of reaching phase is 
given below in (9) to maintain the system in the sliding 
surface and due to system inertia, the sliding mode 
trajectories often chatter back and forth motion along the 
sliding surface to reach the system at origin which is a 
chattering also known as oscillation [14]. The S and Ṡ signs 
are always opposite to each other and δ|t| is the switching 
function of the voltage source inverter i.e. 1 or –1 

 
 









.0fortimeoff1

;0fortimeon1

S

S
t


 ,                (9) 

The equivalent circuit of the DVR has been checked 
and it is investigated that the DVR can work on the 
sliding surface and is following the rule of reaching phase 
SṠ < 0 to reach at the sliding surface. The tracking error 

of injection voltage dynamics, when the system is on 
sliding mode, is stable and is given in (10) [4-6] 

 SsignVu df  ,                     (10) 

where uf is control input to voltage source inverter; Vd is 
DVR voltage. 

So, the voltage source inverter switches DC storage 
unit voltage according to sliding function. SMC was 
traditionally defined using the state space formulation and 
this practice continuous in sliding mode studies but in recent 
studies, sliding mode can also be attained by relay control 
system because this approach is very simple [15, 16]. The 
relay sliding mode controller does not compulsory any 
knowledge of system states and a complete system model 
is not required in relay sliding mode controller [17, 18]. 
SMC has been added at the end of Park transformation or 
dq0 to abc transformation. The error signal coming from 
dq0_to_abc transformation will become input of SMC 
which is being used to switch the inverter. We have tuned 
the SMC to reduce the THD to make our DVR valuable 
and effective [19-22]. Phase locked loop for DVR with 
SMC is shown in Fig. 7 and its Simulink model is shown 
in Fig. 8. 

 
Fig. 7. Phase locked loop for DVR with SMC 

 
Fig. 8. Simulink model of DVR with SMC 

5. Simulation and results. The power system 
parameters selected for the simulation are given in the 
Table 1. 

Table 1.  Power system and DVR parameters 
Parameter Value 

Line resistance, Ω 1 
Line inductance, mH 5 
Line frequency, Hz 50 
Filter series capacitance, F 100 
Filer series resistance, Ω 1 
Load phase voltage, V 220 
Load power per phase, W 100 
Load inductive reactive power per phase, kVar 0.2 
DC supply voltage, V 500 
Injection transformer turns ratio 1:1 
Load capacitive reactive power per phase, kVar 0.5 
Saw-tooth carrier wave frequency, Hz 5500 
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5.1. Test system with DVR for distribution 
system. Three phase power test system with DVR 
coupled with injection transformer is shown in Fig. 9. 

The DVR coupling boost transformer is connected in 
delta in a voltage source inverter side. The 13 kV, 50 Hz 
three phase supply is step up using three phase 

transformer star/delta/delta, 13/66/66 kV feeding two 
transmission lines. Both transmission lines are step down 
to 380 V to drive the sensitive load and non-sensitive 
load. The performance of the system with DVR has 
been simulated and investigated under three phase short 
circuit fault. 

 

 
Fig. 9. Test System with DVR 

 
5.2. Distribution system without DVR. The first 

simulation did not include a DVR and a three-phase fault 
was applied to one of the transmission lines, creating a 
voltage sag before the injection transformer through a 
fault resistor of 2 k. A voltage drop event occurred on 
the transmission line for 0.05 to 0.185 s and the fault 
reduced the three-phase load voltage, which could disturb 
sensitive loads and cause system failure. Also, without a 
DVR, the voltage drop increased THD to 5.16 %. The 
load voltage obtained in this case is shown in Fig. 10 and 
the THD without DVR is shown in Fig. 11. 

 

 
Fig. 10. Load voltage during fault without DVR 

 
Fig. 11. THD during fault without DVR 

 

5.3. Distribution system using DVR with PI 
controller. The second simulation is carried out using DVR 
based on PI controller which is connected to distribution 
system through an injection transformer. We have 
investigated that the missing voltage in the distribution line 
has been mitigated completely. Furthermore, THD has also 
been reduced as per power quality standard to 1.03 % with 
DVR with PI controller is shown in Fig. 12. Load voltage 
obtained in this case is shown in Fig. 13. 

 
Fig. 12. THD during fault using DVR with PI controller 

 

 
Fig. 13. Load voltage during fault with DVR using PI controller 

 

5.4. Distribution system using DVR with SMC. 
The third simulation is being carried out using DVR with 
SMC which is connected to mitigate more voltage sag 
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margin with reduction in THD. The load voltage obtained 
using DVR with SMC is shown in Fig. 14 and THD 
obtained in this case is shown in Fig. 15. 

 

 
Fig. 14. Load voltage during fault using DVR with SMC 

 
Fig. 15. THD during fault with DVR with SMC 

 

5.5. Selection of optimal Vdc for THD reduction. 
The fourth simulation of DVR with SMC is based on the 
different values of Vdc to get optimal Vdc for THD 
reduction. The DC storage unit has a main impact on 
THD, we have simulated the DVR on different Vdc values 
and analyzed that at 1500 V storage unit, THD has been 
reduced to 0.44 %. Furthermore, we have changed the 
reference voltage i.e. 385 V and tuned on/off time of 
SMC i.e. 0.00001 s and –0.070 s then THD has been 
reduced from 0.44 % to 0.38 % as shown in Fig. 16. Load 
voltage obtained in this case is shown in Fig. 17 and THD 
is shown in Fig. 18. 

 
Fig. 16. Selection of optimal Vdc for THD reduction 

 

 
Fig. 17. Load voltage using DVR with SMC at optimal Vdc 

 
Fig. 18. THD for selected signal during fault using DVR 

with SMC at optimal Vdc 
 

6. Comparative analysis of DVR with different 
controllers for distribution system. MATLAB / 
Simulink software package is employed to get a 
comparison of all the results offered by DVR with 
different controllers for distribution system. Initially, 
three phase fault has been applied in transmission line to 
create voltage sag. This fault has reduced the three-phase 
load voltage with increase of THD up to 5.16 %. The 
second simulation is carried out using DVR with PI 
controller which is connected to distribution system 
through an injection transformer. We have investigated 
that the missing voltage in the distribution line has been 
mitigated completely and THD has also been reduced to 
1.03 % using DVR with PI controller. The third 
simulation is being carried out using DVR with SMC 
which is connected to mitigate more voltage sag margin 
with reduction in THD up to 0.95 %. Finally, DVR with 
SMC at optimal Vdc gives reduction of THD up to 
0.38 %. The performance comparison of DVR with 
different controllers is shown in Fig. 19. 

 
Fig. 19. Comparative analysis of DVR with different controllers 

for distribution system 
 

Conclusions. 
In this research paper, dynamic voltage restorer with 

PI controller and dynamic voltage restorer with sliding 
mode controller at optimal voltage Vdc is used to enhance 
the performance of dynamic voltage restorer by reducing 
THD. The effectiveness and performance of the proposed 
control scheme under voltage sag condition are examined. 
Simulation results shows that percentage total harmonic 
distortion and voltage sag are successfully reduced by 
using dynamic voltage restorer with sliding mode controller 
in distribution system under random fault condition. 
Percentage total harmonic distortion during fault using 
dynamic voltage restorer with PI controller, dynamic 
voltage restorer with sliding mode controller and dynamic 
voltage restorer with sliding mode controller at optimal 
voltage is 1.03 %, 0.95 % and 0.38 % respectively. It is 
obvious that dynamic voltage restorer with sliding mode 
controller at optimal value of voltage Vdc can mitigate the 
voltage sag very quickly with minimum percentage total 
harmonic distortion as compared to dynamic voltage 
restorer with PI controller to keep the voltage balance 
under fault events circumstances. 
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Analysis of the strategies for managing extended-range electric vehicle powertrain 
in the urban driving cycle 
 
Introduction. An Extended-Range Electric Vehicle (EREV) is a type of electric vehicle that uses an additional internal combustion 
engine (ICE) to charge the battery in order to provide the vehicle with a greater range than in electric only mode. Purpose. Analysis 
and comparison of the performance of EREV powertrain managed according to three control strategies: pure electric mode, hybrid 
mode with ICE constantly working, and hybrid mode with ICE working only at high power demand. Methods. The tests were carried 
out using a laboratory test stand that represented the structure of EREV powertrain. Liquefied petroleum gas was used as a fuel to 
supply the ICE. The test conditions were defined by a special driving cycle simulating urban driving. Results. Time series plots of 
selected parameters of electric motor, electrochemical battery pack, range extender generator and active load system. Practical 
value. Among the considered control strategies of EREV powertrain, the energy balance of the electrochemical battery is negative 
for a purely electric mode, significantly positive for continuous range extenders (REXs) operation mode and moderately positive for 
the mode with REX activation only in dynamic states. References 16, figures 22. 
Key words: extended-range electric vehicle, alternative fuel, liquefied petroleum gas, driving cycle. 
 
Вступ. Електромобіль зі збільшеним запасом ходу (ЕЗЗХ) – це тип електромобіля, який використовує додатковий двигун 
внутрішнього згоряння (ДВЗ) для заряджання акумулятора, щоб забезпечити транспортний засіб більшим запасом ходу, 
ніж у режимі лише на електричному ходу. Мета. Аналіз та порівняння ефективності силової передачі ЕЗЗХ, керованої 
відповідно до трьох стратегій управління: чисто електричний режим, гібридний режим з постійно працюючим ДВЗ та 
гібридний режим з ДВЗ, що працює тільки при високому споживанні потужності. Методи. Випробування проводилися на 
лабораторному стенді, що представляє собою конструкцію силової передачі ЕЗЗХ. Скраплений газ використовувався як 
паливо для живлення ДВЗ. Умови випробувань визначалися спеціальним циклом водіння, що імітує водіння в умовах міста. 
Результати. Графіки часових рядів вибраних параметрів електродвигуна, електрохімічної акумуляторної батареї, 
генератора-розширювача діапазону та системи активного навантаження. Практична цінність. Серед розглянутих 
стратегій керування силовою установкою ЕЗЗХ, баланс енергії електрохімічної батареї негативний для чисто 
електричного режиму, суттєво позитивний для режиму роботи розширювачів діапазону (РД) та помірно позитивний для 
режиму з активацією РД лише у динамічних станах. Бібл. 13, рис. 22. 
Ключові слова: електромобіль зі збільшеним запасом ходу, альтернативне паливо, скраплений газ, цикл водіння. 
 

Introduction. After over a century of domination of 
internal combustion engine (ICE) as the basic energy 
converter in vehicles, there is currently a dynamic 
development of electric propulsion systems in the 
automotive field [1, 2]. The latest powertrain solutions 
improve the performance, efficiency, safety and 
sustainability of electric passenger cars, commercial 
vehicles, buses, off-road utility vehicles, motorcycles etc. 

Vehicle electrification takes different forms, 
depending on the purpose and conditions of use of 
vehicles, users’ needs as well as availability of charging 
infrastructure. Common solutions include: Hybrid Electric 
Vehicles (HEVs), Plug-in Hybrid Electric Vehicles 
(PHEVs), Battery Electric Vehicles (BEVs), and recently 
also Extended-Range Electric Vehicles (EREVs) [1, 3, 4]. 
This paper focuses on the last of the above approaches. 
In essence, EREV is an all-electric vehicle with wheels 
driven solely by an electric motor, but equipped with a 
small ICE that provides energy for charging a battery 
and/or supplying the electric motor [1, 5]. In the literature, 
this arrangement is often classified as a PHEV [1, 5, 6]. 
Regardless of the definition, the main purpose of 
introducing EREV to the market was to beat the range 
limitation that is inherent in EVs. 

A reliable control of power flow and energy 
management is of great significance towards the 
performance enhancement of EREVs. The main goal is to 
find the optimal control strategy for different powertrain 
operating conditions which would yield the minimum fuel 
consumption. There are many methods used for designing 
optimal EREV control strategies, among which several 

are based on estimating the battery State Of Charge 
(SOC) and vehicle speed. 

Dynamic Programming (DP) has been particularly 
successful in this scope and can be considered as a 
benchmark method for control of hybrid powertrains [7]. 
Pontryagin’s Minimum Principle (PMP) has also been 
widely applied and has been proven to provide near-
optimal solutions [8]. A traditional PMP-based control 
strategy becomes a practicable and effective solution 
when combined with an adaptive concept for balancing 
SOC of a battery [9]. Other EREV control strategies are 
usually an extension of the DP- and PMP-based methods. 

For example, the charge-deplete-charge-sustain 
strategy [10] has been developed via Power Split Ratio 
(PSR) from simulation of Extended-Range Electric Bus 
(EREB) using DP algorithm. Obtained results show that 
the overall energy efficiency can be improved and 
operating costs can be reduced to a great extent. Other 
research works [11] utilize even more factors affecting the 
system costs and performance, ranging from fuel 
consumption to noise emissions up to battery aging and 
engine start-up costs.  

However, most EREV control strategies may not be 
as highly effective in practice as they are in theory, unless 
the future driving conditions are known. In order to solve 
this problem, paper [12] introduces an energy 
management strategy based on driving cycle 
identification. The results of simulation show that this 
strategy is effective in terms of reducing fuel consumption 
and pollutant emission from EREV. Finally, an energy 
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management strategy that can adapt to the driving 
characteristics of the driver and adjust the control 
parameters on-line is proposed [13]. It has been verified 
in simulation, achieving good fuel-saving and emission-
reduction results. 

Extensive research on electric vehicles has been 
carried out at the Faculty of Automotive and 
Construction Machinery Engineering of the Warsaw 
University of Technology. Recently, much attention has 
been paid to EREVs, which results in publications 
[14–16]. Current paper presents the results of testing 
extended-range electric powertrain in laboratory 
conditions. An important aspect is the use of alternative 
fuel – Liquefied Petroleum Gas (LPG) to supply the 
ICE, which is very rare in commonly used range 
extenders (REXs). 

The goal of the paper is to analyze and compare 
the performance of EREV powertrain managed 
according to three control strategies: pure electric mode, 
hybrid mode with ICE constantly working, and hybrid 
mode with ICE working only at high power demand. 

 

Materials and methods. The tests were carried out 
on a laboratory test stand shown in Fig. 1 and Fig. 2. It 
consisted of a traction electric motor powered by an 
electrochemical battery pack. The battery pack was 
controlled by a master control unit that managed its energy 
flow – discharge to provide power to the electric motor and 
recharge using REX. The range extender was based on a 
spark-ignition ICE supplied with LPG. The traction electric 
motor was connected by the gear transmission to the shaft 
that drives the inertia disc, simulating the inertia of the 
vehicle. The electric motor was loaded by an active load 
system, allowing for better representation of rolling and 
aerodynamic resistance, depending on the vehicle speed. 
This system consisted of a DC generator, which excitation 
circuit was connected to a controllable power supply while 
the main circuit – to an electric load, i.e. resistors cooled 
with external forced air circulation. The DC generator was 
connected to the shaft with inertia disc through a belt 
transmission. An external measuring system connected to a 
computer recorded the operating parameters of the 
components of laboratory test stand. 
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EM – Electric Motor
ICE – Internal Combustion Engine
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Fig. 1. Schematic diagram of laboratory test stand 
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Fig. 2. General view of laboratory test stand: a – range extender; b – electric vehicle powertrain with active load system 
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The main parameters of the laboratory stand 
elements are given below:  

 Traction motor: Permanent Magnet Synchronous 
Machine, 3-phase, rated power 15 kW, rated rotational 
speed 3600 rpm, air cooled, manufactured by KOMEL; 

 Electrochemical battery: Li-ion battery pack 
consisting of 36 prismatic cells (MGL-SPIM23300260) 
90 Ah in series connection, nominal voltage 144 V, air 
cooled; 

 Range extender: 
 ICE: Honda IGX440 – four-stroke, single-

cylinder, spark-ignition, OHC, displacement volume 
438 cm3, cylinder bore/stroke 88 mm/72.1 mm, max 
power 9.5 kW at 3600 rpm, max torque 29.8 Nm at speed 
2500 rpm, carbureted, air cooled; 

 Generator: Permanent Magnet Synchronous 
Machine, 3-phase, rated power 15 kW, rated speed 3600 
rpm, air cooled, manufactured by KOMEL; 

 Active load: DC generator manufactured by 
KOMEL, rated power 3.5 kW, rated speed 2850 rpm, 
separately-excited (from electronic power supply); 

 Data Acquisition Unit: ESAM PP/SP in/out signals 
compiler box with filtration; 

 Inertia disc (fly wheel): moment of inertia 6 kg·m2; 
 Gear transmission: ratio 1:2.7; 
 Belt transmission: ratio 1:3, belt type 8M-20. 

The ICE of the REX worked at a single operating 
point, selected taking into account the two-dimensional 
efficiency characteristic (map) determined earlier [14]. 

The tests were carried out according to the special 
driving cycle developed by authors (Fig. 3). The cycle is 
based on ECE 15 and represents city driving conditions. 

 

 
Fig. 3. Special driving cycle used for testing 

 

REX control strategies. In this research three REX 
control strategies are evaluated: 

 strategy 1: Pure electric mode; 
 strategy 2: Hybrid mode I; 
 strategy 3: Hybrid mode II. 

The strategies govern the two states of the REX: 
 OFF state, where REX is disabled and no power is 

delivered to the powertrain from the REX; 
 ON state, where REX is enabled and constant power 

of 2.5 kW is delivered by REX to the powertrain. 
These strategies are tested in isolation, meaning for 

each test only one strategy is used. No switching between 
the strategies is evaluated. 

The first strategy results with pure electric driving. 
The REX is in OFF all the time during the drive with this 
strategy scheduled for operation. In real driving 
conditions, such strategy is suitable when traction motor 

demand is low and it is critical to not generate any 
emissions by REX engine. This includes city traffic 
driving and no pollution zones driving. 

Scheduling the second strategy for operation results 
with hybrid driving, with REX always in ON state. This 
helps avoiding overcharging and excessive battery 
charging current. In real driving conditions, such strategy 
is suitable for high motor power demand and for areas 
where pollution restriction is not critical. This strategy is 
suitable for times when battery SOC is running low. 
Then, it is critical to provide additional energy to the 
battery, even by running REX when vehicle is stationary. 

The third strategy, when scheduled for operation, 
results with REX changing the state between ON and 
OFF as requested. In this research, this request is 
triggered when power demand by the traction motor is 
greater than zero. In real driving conditions, such strategy 
is suitable when traction motor demand is moderate to 
high and SOC is not enough to provide demanded vehicle 
range in pure electric mode. The driving conditions 
suitable for this strategy include mixed city (without zero 
emissions zones) and motorway driving. 

Results. Overview. This section presents time series 
plots of selected operating parameters of the tested 
powertrain. For AC current and voltage, the measured 
signals are marked in blue, while the effective values 
(RMS) – in red. Time series plots of rotational speed, 
power and current of the traction electric motor were 
almost the same for each analysed variant of the control 
strategy, therefore they were presented only in the first 
case. The power of active load generator (DC generator) 
results from the resistance to motion, which in turn 
depends on the speed of the vehicle (i.e. the rotational 
speed of the traction motor). Hence, for each analysed 
variant, its time series plot was very similar. 

Strategy 1: Pure electric mode. Figures 4–10 show 
the results obtained for the first control strategy, where 
REX is turned off during the entire cycle (i.e. «zero 
emission» mode).  

 

 
Fig. 4. Electric motor rotational speed for 1st control strategy 

 
The battery current corresponds to the current of the 

traction motor. The battery power is higher than the 
power of the traction motor due to energy transmission 
losses and power electronic converter efficiency, which 
are variable and depend on the actual operating points. 
The battery voltage throughout the entire cycle is 
relatively constant, instantaneous voltage drops are 
caused by the higher instantaneous current load on the 
battery. As the battery discharges, the voltage at its 
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terminals decreases slightly. The power, current and 
voltage of REX generator equal zero, due to the principle 
of the first control strategy in which extender generator is 
turned off. Current peaks occur in dynamic states, i.e. 
when the vehicle accelerates or when it brakes 
regeneratively. The battery current peak is positive for 
acceleration and negative for braking. This means that 
during acceleration, energy is drawn from the battery, 
while during recuperative braking the battery is charged. 

 

 
Fig. 5. Electrochemical battery current for 1st control strategy 

 

 
Fig. 6. Electric motor current for 1st control strategy 

 

 
Fig. 7. Electrochemical battery power for 1st control strategy 

 

 
Fig. 8. Active load power for 1st control strategy 

 
 
 
 

 
 
 
 

 
Fig. 9. Electric motor power for 1st control strategy 

 

 
Fig. 10. Electrochemical battery voltage for 1st control strategy 

 
Strategy 2: Hybrid mode I. Figures 11–16 show 

the results obtained for the second control strategy, where 
REX is turned on during the entire cycle.  

 

 
Fig. 11. Electrochemical battery current for 2nd control strategy 

 

 
Fig. 12. REX generator current for 2nd control strategy 

 
The surplus power, in relation to the demand 

resulting from the cycle, recharges the battery. The 
instantaneous battery current is the sum (excluding losses) 
of the REX generator instantaneous current and the 
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traction motor current. In the case of regenerative braking, 
the battery is charged with current from both the traction 
motor and the REX generator. In this case, it must be 
ensured that the maximum battery charging current is not 
exceeded (depending on the capacity of the battery) or 
that it is not overcharged, as this may result in permanent 
damage. The REX generator current and voltage have 
positive and negative values, which means that AC is 
generated. 

 

 
Fig. 13. Electrochemical battery power for 2nd control strategy 

 

 
Fig. 14. Electrochemical battery voltage for 2nd control strategy 

 

 
Fig. 15. REX generator power for 2nd control strategy 

 

 
Fig. 16. REX generator voltage for 2nd control strategy 

 

Strategy 3: Hybrid mode II. Figures 17–22 show 
the results obtained for the third control strategy, where 
REX is activated in situations of high power demand, 
determined by the driving cycle.  

 

 
Fig. 17. Electrochemical battery current for 3rd control strategy 

 

 
Fig. 18. REX generator current for 3rd control strategy 

 

 
Fig. 19. Electrochemical battery power for 3rd control strategy 

 

 
Fig. 20. Electrochemical battery voltage for 3rd control strategy 

 
When REX is turned on, the graphs for battery pack 

show that the instantaneous current and power values are 
negative. This means that the power required by the 
traction motor, necessary for the vehicle to follow the 
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driving cycle, is lower than the power supplied by REX, 
hence the battery voltage ends up being higher after the 
considered driving cycle. If similar test would be carried 
out, but using a different driving cycle with higher energy 
demand, expected results would show higher energy 
consumption, and therefore battery energy staying closer 
to the same level before and after driving cycle. 

 

 
Fig. 21. REX generator voltage for 3rd control strategy 

 

 
Fig. 22. REX generator power for 3rd control strategy 

 
Conclusions. 
The control strategy applied to EREV powertrain 

should ensure first of all: 
 avoiding overcharging and excessive battery 

charging current; 
 reduction of battery current in dynamic states with 

REX support. 
Appropriate selection of powertrain components 

allows for proper choice of control strategy. The 
selection of components should take into account the 
power, voltage and current of the traction motor, battery 
and REX. 

The energy balance of the electrochemical battery 
for the considered control strategies is: 

 negative for a purely electric mode, i.e. the SOC 
level of the battery at the end of the cycle was lower than 
at the beginning; 

 significantly positive for continuous REX operation 
mode, i.e. the SOC level of the battery at the end of the 
cycle increased significantly; 

 moderately positive for the mode with REX 
activation only in dynamic states, i.e. the final battery 
SOC level increased (the battery SOC level at the end of 
the cycle), although to a lesser extent than for the case of 
continuous REX operation – the SOC levels of the battery 
at the beginning and the end of the cycle had close values. 

It should be noted that when analyzing the energy 
balance of the whole powertrain, it is necessary to take 

into account the fuel consumption of the ICE and its 
correspondence to the SOC level of the battery. This may 
be one of the directions for further research. 

Furthermore, the energy balance of the whole 
powertrain largely depends on the proper selection of 
operating parameters of the primary power source 
considering the driving cycle. The relationship between 
the parameters of individual components of the 
powertrain also plays an important role. For the 
considered laboratory test stand, the REX power was 
significantly higher than the average demand for the 
power of the driving cycle (traction electric motor) itself. 
The authors see this as limitations to the results obtained 
so far. It is assumed that further research will take into 
account the optimization of the parameters of the test 
stand. 
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