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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 / Smulink 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 / Smulink
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 devel op more complex intelligent control systemsin the future. References 19, tables 4, figures 21.

Key words: Maxwell's equations, field-oriented contral, polyfunctional electromechanical converters, hydrolyzer, disspative energy.

V' cmammi demanvHo pozensiHymo KOHCMPYKMUGHI i e1eKMpOMASHIMHI 0COOMUBOCMI HECMAHOAPMHO20 eNeKIMPOMEXAHIYHO20
nepemeoplosaua euepeii — 0BOUHEK08020 elleKmpomMexaniunozo 2ioponizepa. Lle mexuiynuil npucmpii 3 NoOmiQyHKYIOHATLHUMU
6naACMUBOCMAMU, 30amMHUll OOHOYACHO Hazpisamu, Oucnepzysamu, MpAHCROpMysamu, nepemiulyeamu ma niooagamu 6niugy
MACHIMHUM ROJEM 8 0OHOMY Npucmpol pobouy cuposuny. Pospobneno Kono-nonwosi ma mMamemMamuyti MOOeul eleKmpOoMAacHIMHUX
nepexionux npoyecig yvozo npucmpoio. OCHO8HI napamempu enekmpoMexaniyHoi cucmemu BUSHA4EHO WIAXOM KiHYeB0-eleMeHMHO20
MOO€NIOBANHS M NPAKMUUHO20 OOCTIOHCEHHS (hepomazHimHo20 pomopa. B pobomi npeocmasineno kepysamis 0bepmosum MOMEHMoM
ma  Kymoeow WBUOKICIIO (DepoMAzHImHO20 pOmopa OB0UWHEKOB020 —eNeKMPOMEXAHIYHO20 2i0ponizepa  WIAXOM HenpamMo20
noneopichmoganozo kepysanus. Llsxom peanizayii. MATLAB |/ Smulink mooderi ompumano epaiuni 3anesicnocmi ochogHux
napamempie hepomacHimHo20 pomopa 3a ymog CmyniH4amoi 3MiHu 06epmoso20 MOMEHMY ma YUKIIYHOI 3MIHU KYMOBOI EUOKOCI.
3a pesynemamamu MoOen08anHs NOMIMHO OOYLILHICMb 3ACMOCY8AHHSA MEMOoOy HeNpsMO20 Kepy8anHs 3 opienmayielo na noie O
ehexmusHo2o KepysaHHs MexHOA0IUHUM NPOYECOM OBOUIHEKOBO2O eNeKMpOMeXaniunoeo 2ioponisepa. B nopisnanni 3 posensanymumu
Memooamu Kepy8anHsi, Henpsme KepyeaHHsl 3 OPIEHMAayicio Ha noJe OLIb NPOCme 6 NPOEeKMYSAHHI ma peanizayii, 003605€ OOCSSHYMuU
OaNCAHUX Xapakmepucmux ma GiOKpUsac NOOAIbUL MONCIUBOCTE OISl OOCTIONCEHHS. OBOUHEK0B020 ENIeKMPOMEXAHIUHO20 2i0ponizepa.
bi6u. 19, ta6n. 4, puc. 21.

Kniouogi  cnoea: piBHsiHHA MakcBeia, HenpsMe KepyBaHHA 3
eJIeKTPOMeXaHiYHMii epeTBOPIOBaY, TiipoJiizep, AMCUNIATHBHA eHepris.

opieHTaliel0 Ha 1moJie, MNOJiQyHKUiOHATBLHMIA

Introduction. Efficient use of energy resourcesisan  double-screw  electromechanical hydrolyzer is a

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 simultaneoudy heating,
dispersing, transporting, mixing and exposing to a magnetic
field in one device. The main working element of the

ferromagnetic rotor (Fig. 1). The ferromagnetic rotor
simultaneoudly acts as the rotor of the induction motor,
heater, working element and protective shell [2].

Shafi

Ruotar
Fig. 1. Ferromagnetic double-screw rotor

electromechanical hydrolyzer

Siator

The electromagnetic system of a double-screw
eectromechanical 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.

© M.M. Zablodskiy, V.E. Pliuhin, S.I. Kovalchuk, V.O. Tietieriev
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Since the double-screw  electromechanica
hydrolyzer is adevice 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 typica 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 dlight 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 P
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 optima 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 agorithms of neural networks and fuzzy
logic, dlow 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 afull-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 thework isto 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
asthe B-H curve and is determined from the equation:

B:f(|H|)|:—|. @

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 dlot) in small letters (a, b, ©).

The current density in the winding, A/m?*:

N -1
Je == i, @
where N — winding turns; A — winding cross-section, m?
loii — current in stator coil, A; ey — vector variable
(to visualize the direction of winding turns).

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

4
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at the interface between the stator and rotor of the
electromechanical device. Statistics on the parameters of
the mesh aregivenin Table. 1.

AABRC CaaBBee AARSCCog B Berd ARSC Canfiflos

Fig. 2. Stator winding circuit
1 1
| | as
a1
ar

nl ]
a3
=LY
RE

Bz
=k

a
Fig. 3. Finite element mesh for ferromagnetic rotor model
of double-screw electromagnetic hydrolyzer

Tablel
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 mm°®

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 g-component of the stator current igs

and the difference in the angular frequencies of the
magnetic field of the stator and rotor @, — we. The rotor
flux can be regulated by the d-component of the stator

current igs . Setting some desired value of the magnetic
flux of the rotor 4, , the desirable d- component of the

stator current ig; can be obtained from the equation:

B r ) L Ler
Adr = %'ds J ©)
rr+L.p
where /13, — desirable d-component of the rotor current,

Wh; r, —induced active resistance of the rotor winding, ©;
L — mutual induction of stator windings, T; p — number
of pole pairs.

For the desired torque value T,;m at a certain vaue of
the rotor flux, the desired value g-components of the stator

current igs described by the equation:
+ 3 P Ly e
Tem—_'_'_|m/1dr'qs: 4
LI’
where P — power, W; L, — transient inductance of the
rotor, H.

Because at a certain orientation of the field iaer equal

tozeroand AS = Ly, then the desired angular speed of
the rotor w, (rad/s) described by the equation:
e
* ri
wzza)e—a)rzg, ®)
Lrids
where @, — angular rotation velocity of the magnetic field,
rad/s; @, —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 p 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 p and the magnitude
of the rotor flux. The measured stator currents abc are
first converted to a stationary current gqd using the
equations:

s 2 1 1

'qszgias_g'bs_g'c& (6)
igs:%(ics_ibs)- (7)

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

Ay =(Lm+LIr —L|r)~igs+(Lm+L|r)-iqs; . (8)
Because A, equal to Lm(igs+i§r), it is possible to
define 4§ by measured values, i.e.
< L .
Ay :L—mﬁn—ngs. 9)
m

Similarly, /fér can be determined from

Electrical Engineering & Electromechanics, 2022, no. 1



Lo
—A
Lm md

/fc'isr = - I-'Irigs : (10)

Using calculated /Igr and /I'OS", lets determine the

cosine and sine p by geometric ratios:
= Lgr (11)

S
r

. T
sn(z—pj =Cosp

l’S
COS(——/JJ snp=r—o, (12)
2 /1rs
where
28 = a8l = as2+ A2 (13)

The above calculations (6) — (13) are performed
inside the field orientation unit. Estimated value /I're

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

calculation unit /1}6 and igs 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, ig; and i§;,

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:

(i SS—IS;COS,D+IdSS|np,
iS* _ se* .
ds = |qssnp+|dscos,o,

Lot
< |as igss (14)

ir __Llis \/§-s*.
Ibs =— 2 qs 2 —lds;
; 1.« \/§ s*

\ICS 2|qs+ > ids-

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 gd and values p in
the following transformation

igs =igsCOSp — (15)

(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.

igssmp ;

ids =igsSinp +igsCosp .

v L
/135 = legS Lm igr : (17)
r
A& =L i/fe- 18
ds = Lslds +— 4dr » (18)
r
Cdigs L, dA§ . 5
- olct‘S+L_tn = Vas ~Telds ~ Eqs ~ @eLeids s (19)
r
Cdifs | Ly dAG , . .
Ls_d(:S +L_f“ d'?r =Vgs — sids — Egs + @eLdigs - (20)
r

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

S+ Loy B o gl 21

lslgs + Ls o + Egs =Vgs ~ @elslds: (21)
d-e

I’SI ds + L " —= 4 Eds = vdS + a)eleqs (22

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

command values for vgs and Vgs. The command values
for the stator voltag&s abc can be calculated as follows
e vqS = vqS COSp +Vgs SN p;
vds = —vqs SiN p +Vgs COS p;
st
Vas = Vgs; (23)

<*1s*\/_

V] V, V,
bs = 2q52ds

_ 3.8

* lgc
kvcs— 5 Vogs t—— > Vds-

The desired rotor speed less than the nominal with a
certain nominal supply voltage is described by equations:

(Vgs - ngs): (rs + ja’eLls)'(igs - jigs)"’ (E('qs - jE;ls); (24)

' + X
TO — Xlr 'm
Wel'y

: (25)

where vgs, v§s — g and d voltage components, V; rs —

stator winding resistance, Q; I_'s — stator inductance, H;

E('qs, E'ds — g and d component of the magnetizing

voltage, V; x{r
rotor winding, Q; Xy,
core magnetization, Q.
Simulation results. Finite element modeling was
performed for the model with the parameters given in
Table. 2.
The materials of the model were chosen:
e Soft Iron (without losses) — as a material of stator
Ccore;
o |ron — asthe shaft material;
o Copper — asthe stator winding material.

— inductive scattering resistance of the
— inductive resistance of the stator

6
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Table 2
Parameters of the stator double-screw electromechanical
hydrolyzer
Selected materials
Current in stator winding
Simulation time

105A
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 shownin Fig. 4.

(111 i L1 1] ougl
H, A/m

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.
5
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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, a the
beginning and end of the smulation is presented in Fig. 6.
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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.

Table3
Average and maximum values of magnetic flux density in the
air gap of the double-screw electromechanical

hydrolyzer
Time, s Averagevalue, 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 electromechanica 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 MagneticFeldM eterTM-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 dip calculated as following:

. (. —np) _ (2000-200) _ 0.8
m 1000
where n; — synchronous speed, rpm; n, — actual speed,
rpm.

Table4
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 118V
Rated current 105A
Power factor 065
Number of pole pairs 6
Rated frequency 50 Hz
Rated slip 08
Rated rotation speed 1000 rpm
Stator winding resistance 200 rpm
Setorwindings 013230
Eﬁmi S?ar?gtsn ng resistance 020330
gﬁl\\llv(ienr;ar?;sdl zation resistance 023720
Rotor winding resistance 5,0475 Q
The inertia of the rotor 0,174 Q

The scheme of replacement of the double-screw
electromechanical hydrolyzer is presented in Fig. 9-11.
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Fig. 9. Scheme of stator replacement of ferromagnetic rotor of
double-screw electromechanical hydrolyzer in reference system
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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
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Fig. 11. Scheme of stator replacement of ferromagnetic rotor of
double-screw electromechanical hydrolyzer in reference system
zero-sequence

In Fig. 12 a genera 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. Vaues are

calculated in the middle of the block i{i, ig';, @, angle 0

— the sum of the rotor rotation angle 6, and the angle of
diding integrated from the rotor rotation sensor 6.
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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The second one is a cyclic change in the angular
rotation velocity (Fig. 18 — Fig. 21).
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Fig. 21. Torque dependentsin 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
astep 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 changeis|[0, 0.5, 0.75, 1, 1.25, 1.5] s, the
time array of angular velocity cyclic change is [0, 0.25,
05,1,1.25,17] 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, alows 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
that there is no conflict of interest.
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I mprovement 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-circuitsin
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/Smulink 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.

Bemyn. Cunosi mpancgopmamopu — natisaxcaugiute i Hatloopoicue YCmamkysanHs, sIke GUKOPUCIOBYEMbCSA NPU nepeoayi ma po3nooini
enekmpoenepzii. Ix 6iomosa npuzeodums 00 eenuuesnux exoHomiunux empam. Heseadicarouu na eenuki ycnixu 6 npoekmyeanHi cunoso2o
001a0HaHHA 6 OCMANHI POKU, CIADKOI0 NAHKOIO 8 NAHYI03i 3ANUUAEMbC HeOOCMAamHA MiYyHicmb [301AYii GUMKIE KOMYWIKU CUTOB020
mpancgopmamopa. Hoseusna 3anpononoanozo 00cniodicents HONA2ae 6 po3podyi HOOI Memoouku OiaeHOCMUKU Ma JOKANi3ayii
BUHUKHEHHS  MIJICBUIMKOBUX KOPOMKUX 3aMUKAHbL 6 0OMomKax mpughasuux cunogux mpancgopmamopis. Ocnosni npobremu
OupepenyianbHo2o pene cmpymy — ye KOPOmKe 3AMUKAHHA O0O0HO20 b0 OeKiIbKOX eumkie oomomku mparcgopmamopa. Tomy,
PO3pO6NIEHO HOBUL NIOXIO, KU BUKOPUCHIOBYE NOPIGHAHHS AMIIIMYO CIPYMI6 360POMHOI NOCTIO0BHOC, A MAKOMNC 3ACMOCO8YEMbCS
YuposuLi QUCKPUMIHAMOP 6HYMPIUHIXI308HIWHIX HecnpagHOCmell OJisl PO3PI3ZHEHHS. MIJCEUMKOBUX KOPOMKO20 3AMKHEHb ceped THULUX.
3anpononosana memoouxa 3acHO8aHA HA BUKOPUCTNAHHI CIPYMI8 360pomHiil nocridoshocmi. Mema euxopucmanhs yiei H08oi MemoouKu
— GUABUMU HEBENUKI HECHPAGHOCMI BCEPEOUHi KOMYUWOK CUN08020 MPAHCHOPMAmMopa i GIOPISHUMU GHYMPIUHI HeCnpaeHOCmi 6i0
306HIWHIX HecnpagHocmell 3a 00noMo20i0 noninuenoi cxemu. Memoo, saKuii 6UKOPUCIOBYEMbCA 6 Yill CMAmmi, ye HOGULL aneopumm,
3acHO8ANUIl HA NOPIGHAHHI AMWAIMYO CMPYMY 360pOMHOI NOCHIO08HOCMI 1 OOYUCTEHHI GiONOGIOHUX 3MiujeHb da308020 Kyma.
Eeghexmusnicmo 3anpononosanoi memoouxu niomeepodicena y cepeoosuwyi MATLAB/Smulink. Pesyrsmamu mooentosanmsi nokaszyoms
epexmueHicme 3anPONOHOBAHOT MEMOOUKU | BKA3VIOMb HA Me, WO Yiti Memoo Modce 3abe3nedumy weuoKull i yymaueul nioxio ons
BUABTICHHSL MIJCEUMKOBUX KOPOMKUX 3aMUKAHb HU3bK020 piens. Biomn. 22, puc. 21.

Kniouosi cnosa: cuiopuii TpancopmaTop, AiarHOCTHKA, MiZKBUTKOBi KOPOTKi 3aMHKAaHHSI, CHMETPH4YHi CKJIA0Bi, CTpyMHU
3BOPOTHOI MOCJIiIOBHOCTI.

1. Introduction. Protective relays constantly and operation. Power transformers can fail or be abnormal

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 falures 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

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 nomina 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 oneis the most commonly
used protection, still not yet powerful enough to detect
small inter winding faults in power transformers. Since
the resulted differential current istoo small in comparison
to input and output currents, so it will not be sensed by
the percentage differential protection. Thismeansthat 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 interna 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 differentia relay towards diagnosis and
location of internal faults within the power transformer,
were emphasized by many research and studies.

A digita relaying agorithm 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 quaified 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 athree phase Y-A 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
exigts.

The peformance 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
therelay 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 interna 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 alows 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 electrica steel and al 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 interna turn-to-turn faults
within this transformer [16]. Even though, sensing small
power transformer coil faultsis 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
seguence current components are realized.

The goal of the paper isto detect the internal faults
for various operating conditions of the power transformer.
And aso, 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
usi ng complex numbers, as shown in Fig. 1.

B— }—a\

Fi g. 1. Three phase vol tage vector components
(a) positive sequence; (b) negative sequence; (C) zero sequence

The three voltage phasors are expressed by the
following formulas:

Vabe = [Va Vb Vc] . 1)
Thisformula can be arranged as follows:
Vorz = Mo Vi V2], 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:

11 1
[Al=|1 a% a|. ©)
1 a a?

The phase voltage sequences are represented by the
sequence equation

Vane = [Al Vo2 4
Conversely, the sequence components are
represented as:
Voiz =[Al ™ Vape » ®)
where
1 1 1
[A['=131 a a?|; (6)
1 a% a
(1 1 1]
Voro =31 a°  a |-Nanl; ™
11 a az_
1 1 1]
— 2 .
lor2=¥31 a® a|[lacl; ()
1 a a2_
11 1
— 2 .
Vane =|1 @° & |-Vopl: ©)
1 a a
11 1
_ 2
lane =|1 @%@ |[losz]- (10)
1 a a’
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The symmetrica 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:

Vane = [Zane] 1 abe (11)

or

labe =[Zape] ™ Vabe = [Yabe | Vase - (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:

e positive sequence current in the primary winding
leads the positive sequence current in the secondary
winding by an angle 6,

e negative sequence current in the primary winding
lags the positive sequence current in the secondary
winding by an angle ¢,

e 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: |_neg.seq P and |_neg.seq S,
then compared with the preset value 2 % of the
differentia protection’s base current. If the result is
greater than the preset value a vector-group
compensation for current amplitudes is done by the
differentia 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
turnswill happen, therefore, atrip command is issued.

Third step. It conssts 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, interna 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 atrip 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 typica
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 1_neg.seq P is flowing out of the
protected area and the transformed |_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
| neg.seq P and | _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 |_neg_P is getting from the
external faulty secondary side towards the heathy
primary side (it must be notice that | neg.seq P is a
transformed |_neg.seq P).

[ waid iy
4= | | iy
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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
s0, the negative currents |_neg.seq Pand |_neg.seq Sare
flowing each from its own side towards the protected
zone. But the negative sequence currents |_neg P and
I_neg_Swill 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°.
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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
CTssaturation, arelay 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/externa 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 dlows the fault location. It adso uses the second
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harmonic to prevent false tripping during magnetizing
inrush conditions and the 5th harmonic to restrain the
differentia relay during over excitation conditions.

4. Simulation results. The performances and
effectiveness of the proposed algorithm are simulated
under norma and abnorma 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, 31.5kV /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:

o phase A —lamax = 4 KA, | amin = 2.2 KA;
e phase B — Igmax = 2.3 KA, lgmin = —3.2 KA;
e phase C—lcmex = 2.3 KA, lcmin = —3.2 KA.
The external fault was detected within one cycle (0.96 s).
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Fig. 4. Primary phase currents of the proposed scheme dUI’I ng
external fault
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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:
o phase A—lamax = 700 A, lamin = —400 A;
e phase B — lymax = 400 A, lpmin =550 A;
e phase C—lgmax = 700 A, lgmin = =350 A,

The differential relay did not issue the signa 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:

o phase A—lamax = 4 KA, I amin = —2.2 KA;

o phase B —lgnax = 2.3 KA, lgmin = —=3.2 KA;
lomax = 2.3 KA, lemin =

e phase C— —3.2KA.

iy I:-I':l' ':Iu 0'-1 I:'. l\.ll-""- 1EZ

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 signa 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:

o phase A—lgnax = 0.6 A, lgmin =—0.6 A;
o phase B —lpmax = 0.6 A, lpmin =—-0.6 A;
o phase C—lgnax = 0.6 A, Icmin = —0.6 A.
Fault duration interval wasfrom 0.48t0 1.125 s.

R

e
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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.
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Fig. 9. Differential relay tripat 1.17 s

From Fig. 10-21 the primary, secondary and
magneti zation impedances are calculated in per unit (pu)
system.

Performance of the proposed procedure during
turn to turn faults. The performance of the proposed
differentia 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 Z;, secondary
impedance Z, and magnetization impedance Zy. 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 amplitudesis higher
than the preset level, and the phase shift is zero, this
means that an internal turn to turn fault has happened and
asigna trip must be issued.

Figure 10 shows that a secondary internal turn to
turn fault has happened in the calculated impedance
valuesare: Z; = Z, = 0.002 pu, Zy, = 0.5 pu.

The corresponding negative seguence current
amplitudes (I_neg.seq P and |_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 asit can
be seen on Fig. 10.
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Fig. 10. Comparison of the negative sequence current
amplitudes of |_neg.seq P and |_neg.seq P where calculated
impedances are: Z; = Z, = 0.002 pu, Zy, = 0.5 pu

Figure 11 shows the phase shift comparison between
the negative sequence currents (I_neg.seq P and
| _neg.seq P') during secondary turn to turn fault for
calculated per unit impedances Z; = Z, = 0.002 pu,
Zy = 0.5 pu. It was found that the phase shift between
them is 180°, which means that they are in opposite
directions asit was expected.
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Fig. 11. Comparison of phase shift between |_neg.seq P and
|_neg.seq P whereimpedancesare: Z; = Z, = 0.002 pu, Zy = 0.5 pu

Figure 12 shows an amplitudes comparison between
|_neg.seq P and|_neg.seq P during turn to turn fault for
calculated impedances Z; = Z, = 0.008 pu, Zy = 0.5 pu.
It can be seen from Fig. 12 that the negative sequence
current amplitudes of the faulted side |_neg.seq P is
equal to the magnitude of the negative sequence current
|_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 |_neg.seq P, and
I_neg.seq_ﬁ where impedances are: Z; = Z, = 0.008 pu,
Zy=0.5pu
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In Fig. 13 it can be seen that, the phase angle
between the two negative sequence currents |_neg.seq P,
and |_neg.seq P during secondary turn to turn fault is
180°, this means that they are opposite in directions,
which is aready proven by the previous corresponding
electrical circuit diagram (Fig. 2).
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Fig. 13. Pha&? angle comparison between |_neg.seq_P and
|_neg.seq P during secondary internal turn to turn fault
for 2, =Z,=0.008 pu, Zy, =05 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
|_neg.seq P enters from the faulty side and leaves from
the other side, after being transformed to become

|_neg.seq P (Fig. 15).
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Fig. 14. Amplitudes comparison between |_neg.seq P and
|_neg.seq P during secondary external fault for calculated
impedances: Z; =2, =0.2pu, Zy =05 pu
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Fig. 15. Phase angle comparison between |_neg.seq P and
I_neg.seq P’ during secondary external fault side where
calculated impedances are: Z; = Z, = 0.2 pu, Zy = 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 |_neg.seq P and
|_neg.seq_S, during internal turn to turn fault, where cal cul ated
impedances are: Z; = Z, = 0.002 pu, Zy =05 pu
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Fig. 17. Phase angle comparison between |_neg.seq P and
|_neg.seq_Sduring internal turn to turn fault, where calculated

impedances are: Z; = Z, = 0.002 pu, Zy, = 0.5 pu

Figure 18 is illustrating the magnitudes of the
negative sequence current in the primary and secondary
sides respectively | neg.seq P and | _neg.seq S during
internal turn to turn fault for the corresponding impedances
caculated in per unit system: Z; = Z, = 0.008 pu,
Zy = 0.5 pu. It can be seen on Fig. 18 that the amplitude
of the secondary negative sequence current (I_neg.seq S)
is dmost 3 times higher than the primary negative

seqguence current.
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Fig. 18. Amplitude comparison between |_neg.seq P and
|_neg.seq_Sduring internal turn to turn fault, where impedances
are: Z, = Z, =0.008 pu, Zy, = 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 |_neg.Seq P and
|_neg.seq_Sduring internal turn to turn fault, where calcul ated
impedances are: Z; = Z, = 0.008 pu, Zy, = 0.5 pu
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In Fig. 20, 21 it can be seen that amplitude of
|_neg.seq_Sis higher than of 1_neg.Seq P, and the phase
angle between the two corresponding negative sequence
currents during internal turn to turn fault for primary
winding, isamost 0°.
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Fig. 20. Amplitude comparison between |_neg.seq P and
|_neg.seq_Sduring internal turn to turn fault, where impedances
are: 2, =2,=02pu,Zy=05pu
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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
especialy 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 asinternal 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 lineswith wirestriangular 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 currentsin 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 characteristicsin a multi-storey building located near a single-circuit overhead transmission lines
with atriangular 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 resear ch.

Mema. Bnepwe po3pobreno memoo HANAWMOBYEAHHA MPUKOHMYPHOI CUCTEMU AKMUSHO20 eKPAMYBAHHS MASHIMHO20 NOiA HA
OCHOGI  eKCHepUMEeHMANbHO — BUSHAYEHUX  NPOCHOPOBO-HACOGUX — XAPAKMEPUCMUK — Ofid  Koe@iyienmy — ekpanyeamHs 6
bazamonosepxosomy OYOUHKY, PO3MAULOBAHOMY NOOAU3Y OOHOKONIOGUX NOBIMPAHUX JIHill eleKkmponepeoayi 3 MpPUuKymHum
posmauiyeanuam nposodie. Memooonozia. Ilpu cunmesi nabopamopnoi moleni cucmemu aKmMueHO20 eKpamnyeanHs Oyau
po3paxoeani KOOpOUHAMU NPOCMOPOBO2O PO3MAULYBAHHA MPLOX EKPAHYIOUUX O0OMOMOK, CIPYMU @ eKpaHylouux oOMomkax ma
pesyibmyloue 3HaueHHs [HOYKYIl MacHimnoco noas 6 npocmopi expauyeanns. Cummes cucmemu 6azyemvcs Ha piuieHHi
bacamoxkpumepianbHoi epu, 6 SKill 6eKMop GUSPAULY PO3PAXOBYEMbC HA OCHOBI K8A3ICMAYIOHAPHUX ANPOKCUMAYIUHUX PO36’ A3Ki6
pisnanb Makceenna. Piwenns epu po3apaxo8yemvcsi HA OCHOGI ANCOPUMMIE CIMOXACMUYHOL ONMUMI3AYIT MYTbMUPOEM YACMUHOK.
Pesynvmamu. Hasedeno pesynvmamu Komn' 0mepHo20 MOOENI0SAHHA MA eKCNEPUMEHMANLHUX OOCTIONCEHb NPOCIMOPOSO-14ACOBUX
Xapaxkmepucmuk 1a60pamopnoi Mooeni mpuKoHmypHoi cucmemu aKmuHO20 eKpaHy6aHHs MASHIMHO20 N0, sKe CMEOPIOEMbCs
NOGIMPAHUMU NIHIAMU eNeKmponepeoaui 3 MpuKymHum po3mauty8ansam QasHux npogioHuKis y 6acamonoeepxosomy OYOUHKY.
Tloxazano moarcnugicmo 3HUIICEHHS NOYAMKOBO20 PIBHA IHOYKYIT MazHimHo20 noja 00 canimaphux nopm. Opuzinansuicms. Bnepue
npoeedeHo cunmes ma HAIAWMOBYSAHHs 1aDOPamopHoi Mooeli MpPUKOHMYPHOI cucmemMu aKmuHo20 eKpaHy8aHHs MA2HimHO20
noJis HA OCHOBI eKCHepUMEHMANbHO BUIHAYEHUX NPOCMOPOBO-YACOBUX XAPAKMEPUCUK O NIOGUUjeHH (aKmopy eKpanyeamHs
NPOGIOHUKIE y 06acamonosepxosomy OYOUHKY, DO3MAUIO8AHOMY NOOAU3Y OOHOKOAOBUX NOGIMPAHUX JIHIN elekmponepedaui 3
MPUKYMHUM PO3MAULY8aHHsAM npogodie. Ilpakmuuna yinnicms. Hasedeno npaxmuuni pexomenoayii 3 mouxu 30py peanizayii
PO3poOIeH020 Memody HANAWMOBY8AHHA MPUKOHMYPHOI CUCmeMU aKMUGHO20 eKPAHYEAHHA MASHIMHO20 NOJAsL HA OCHOGI
EKCNepUMeHmManbHo GUIHAYEHUX NPOCHOPOBO-YACOGUX XAPAKMEPUCMUK 6 0a2amonosepxogomy OYOUHKY, AKUL pPOZMAULO8AHO
nooAU3Y OOHOKOHIMYPHUX NOBIMPSHUX IIHIl elleKmponepeoayi 3 MmpuKymHumM po3mautysantam nposooie. bion. 48, puc. 11.

Knrouoei crosa: noBiTpsiHi JIiHil eJiekTponepeaayi, MarHiTHe moJie, IPOCTOPOBO-YACOBi XapaKTepPUCTHKHU, CHCTEMa AKTUBHOI O
eKpaHyBaHHs, Koe(illieHT eKpaHyBaHHS, KOMII I0TePHe MO/IeJI0BAHHS, eKCIIePUMEHTAIbHI 10C/TiKEeHHS.

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 residentia 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 acircular space-time characteristic. To compensate
for such a magnetic field, a 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 athree circuit system is a rather complex
scientific problem. The problem of adjustment of three
circuit sysem of the active shidding conssts in
experimentally adjustment of parameters of current
regulators in compensation windings. For each compensation
winding, it is necessary to determine the magnitude of the
gan 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 individua compensating windings [8-10].
Moreover, when the windings work together, the
magnetic field generated by the individua windings is
mutually compensated, which makes it possible to obtain
a high compensation efficiency of the initiad 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 alaboratory model.

Fig.1. The laboratory model of a single-circuit overhead power
transmission line with atriangular 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,
asitisshowninFig. 2.

Amrangement of active d ements

5 y,m

Fig. 2. Thelocation 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
equa 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 ison.

Field after optlmlzatlon \B\ uT
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3

25

2
151
05

0
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Fig. 3. Isolines of the resultant magnetic flux density
when the system of active shieldingison
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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 uT, 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 uT, 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
coilsareon.

2

Field at point x=2.95 m, z=1.5 m

15
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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 al three shielding coils

Now let us consider the shielding efficiency of the
original magnetic field when only one single firs shielding
coil isused 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.

Field at point from SC1 x=2.95 m, z=1.5 m
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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
origina magnetic field when only one single second
shielding coail 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 ison.

Field at point from SC2 x=2.95 m, z=1.5 m

Bz, UT

8

Fig. 6. Space-time characteristics of magnetic flux density without
and with system of active shielding with only one single second
shielding cail (SC2)

Now let us consider the shielding efficiency of the
origina 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.

Field at point from SC3 x=2.95m, z=1.5 m

) B, uT

By, MT
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
origina 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 ling;
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.

Field at point from SC1+SC2 x=2.95 m, z=1.5m

B,, uT

By, UT
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 mgjor axis of which
practically coincides with the space-time characteristics of
the magnetic field generated by only one third shielding
coil, asit shownin Fig. 7.

As aresult, 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 al three
shielding cails.

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 aresult 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 instalation 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
dlipse. 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 redlize 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
parald to thiswire, 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 asignificantly 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 al conductors of al
power lines. For this purpose, measurements were carried
out, experimental studies of the geometric dimensions of
al power lines and the values of the vectors of the
magnetic field induction at various pointsin 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.

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 atwo-dimensional model. For such
amodel, the space-time characteristic isaflat figure.

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

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

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.

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.

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

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.

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

Electrical Engineering & Electromechanics, 2022, no. 1

25



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  experimentaly 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 uT. Thus with the help of the developed method of
adjustment of athree 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
isincreased 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. Thisis 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 alowing to significantly increase the
shidding factor of the magnetic field in a multi-storey
building located near a single-circuit overhead transmission
lines with wires triangular arrangement was devel oped.

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 1P speed controller. The
simulation experiments are carried out using Matlab/Smulink 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 sour ceinverter, space vector modulation, I P controller, fuzzy
control.

Mema. Ocnosna mema 0anoi pobomu — npOOeMOHCMPY8amMuU nepesazu UKOPUCAHHA MemOOy MOOVIAYIT nPOCmopo8o2o 6eKmopa
npu npAmMomy pecynto8aHHi KPYmHO20 MOMEHMY ACUHXPOHHO20 OdgucyHa. J[na OocsacHenHA yiei memu 3anponoHo8aHo 08a pi3HUX
nioxXo0u 00 NPAMO20 YNPAGHIHHS KPYMHUM MOMEHMOM (3 MOOYIAYIEIO NPOCMOPOBO2O BEKMOPA), SIKI OOCTIONCYIOMbCA 3 NOPIGHATHOI
MOuKU 30py O0O0HO20 3 [HWUM, A MAKOMUC 30 36UHAUHUM NPAMUM KepYBAHHAM KpymHum momenmom. Hoeusna pobomu nonszae y
sukopucmanni inmezpanvio-nponopyiinozo (II1) pezyrsmopa weuokocmi 6 080X 3ANPONOHOBAHUX NIOX00AX 00 NPIMO2O
PecyNI06anHs KPYMHO20 MOMeHmy ma Oinbus nocaubneniti oyinyi ix egexmugnocmi, 20M06HUM YUHOM, HACMOMU NEPeMUKAHb
HanignposiOHUKOBUX KOMNOHEHMI8 [Heepmopa ma nynvcayii Kpymno2o momenmy osucyna. Memoodu. [{ea pisnux nioxoou 00
nPAMO20 KePYBAHHS KPYMHUM MOMEHMOM, 5K GUKOPUCIMOGYIOMb cIpamezito MoOYIsyii npocmopogozo eexmopa malabo xepyeanms
HEeuimKoI0 JI02IKOI, OemalbHO ONUCAHI Ma 3M00enbosani 3a donomoeor Ill-pecynamopa weudkocmi. O6YUCTIOBANbHI
eKCnepuMeHmu npoGoOSMbCsl 3 SUKOPUCMANHAM npozpamiozo 3abesneuenns Matlab/Smulink malabo incmpymenmis neuimkor
nozixu. Pesynemamu. Ilpakmuuna yinnicmo. Pe3yiomamu nopieHanus nokasyioms, wo 06i 3anponoHo8ani cmpykmypu npamozo
KepPYBAHHA KDYIMHUM MOMEHMOM (3 MOOYIAYIEI0 NPOCMOPOBO20 6EKMOPA) OEMOHCIMPYIOMb 3HAYHE 3HUNCEHHS NYIbCayii KPYMHO20
MOMEHMY, @ MAKONC MONCYNb YHUKHYMU NPOOIEeMU 8UNAOKOBUX 3MIH yacmomu nepemukants (v wmupokomy Oianaszomi pe2yno8anHs
weuokocmi abo Kpymuoz2o momenmy). 3 inuio2o 6oky, eukopucmarnts III-pecynisimopa weuokocmi 3a6e3ne4uno Xopowsi OUHAMIYHI
Xapaxmepucmuxu 05l NPUBOOHOI CUCeMU, d MAKOIC 3HAUHO 3HU3ULO NiKoGe nepesuwents weuoxkocmi. [Ipakmuyno aci yi nepesazu
00¢A2a10MbCs NPU 30epedtcerHi NPOCMOMU Ma HAUKPAWUX OUHAMIYHUX XAPAKMEPUCMUK KIACUUHO20 NPAMO20 KePYBAHHS KDYWHUM
MOMEHMOM, 0COOIUBO 3 MOOUDIKOBAHUM NIOXOOOM NPAMO20 KEPYBAHHS KPYMHUM MOMEHMOM, Npu AKOMY NPOEKMYSaHHS aOO
6NPOBAVIICEHHSL BUMALAE MIHIMATbHUX 0Ouucmosanshux eumpam. bioin. 23, Tabm. 4, puc. 17.

Kniouogi cnosa: eneKTponpHBOA 3 ACHHXPOHHMM JBHIYHOM, NpsMe KepyBaHHsI KPYTHMM MOMEHTOM, iHBepTop Txkepeia
Hanpyru, MOAyJisillisi MpocTopoBoro BekTopa, INl-perynasiTop, HewiTke KepyBaHHS.

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:

e 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:

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

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

¢ inherent ripplesin the torque and stator flux;

e greater harmonic distortion in stator voltages and
waveforms of currents;

e 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;

e 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, optima sator flux estimation for high
speed operation and artificial intelligence techniques (fuzzy
or neuro contrallers) [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 grestly 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
aternative 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), isintroduced 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 al 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:

il ¢s
Vg = Rg-ig + 23
s=Rs-is+—

)
V R - | +—L ¢r —jro-é;
dt
{%:Lsis+Lmj; @
¢ =Ly iy + Ly -ig,

where Rs, Ls, R, L, are the resistances and cyclic
inductances of stator and rotor respectively;

—_— — — = —

VS, is, #s, Vi, iy, ¢ are the voltage, current and flux
vectors of stator and rotor respectively; L, @ 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

o= p ﬁ o). 3

where p is the number of pars of poles and o
(o=1- L?n/LS- L, ) isthe motor dispersion coefficient.

Elimination of E and ﬁ from (1) and (2), givesthe
state form model of the induction machine with the stator
and rotor fluxes as state variables and 75 (75 = LJRy),

% (r = LJ/R) are the stator and rotor time constants
respectively

d% 1 Lm .

e . e 1| —
s T Ty (@ e
L7 I N S |

dt o7 -Lg o

The mechanical mode, associated with the rotor
motion, is described by:

JZ—?+fQ I,-I(Q), (5)

where T, and T’ are respectively the load torque and
electromagnetic torque developed by the maching;
J, f and Q are the respectively inertia, friction motor
coefficient and mechanical rotation speed (2 = w/ p).

Figure 1 reveals the diagram of atypical three-phase
VSl [4, 9, 10, 13, 22]. Here semiconductors are
considered as ideal switches and S,, S,, & are switching
states of each leg of this inverter. Relationships between
switching states and phase output voltages (Van, Van, Ven)
can be expressed as below:

Van| 2 -1 -1|[s,
Vin :%—1 2 -11-S |, (6)
Ven -1 -1 2||s

where nisthe neutral point of inverter load.

Asit iswell known, two-level voltage inverter hasin
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 (\70:\77:6), as their effects are equal.
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The remaining six states represent stationary vectors
in the complex a—f plane (Fig. 2).

R R

it n—a
—_ h b
LY ——c

§a_| S_b_t‘} ng

Fig. 1. Schematic diagram of atwo-level VS|

V3[010]

V;[110]

Sector-2

5[000]

V(1]

Sector-2

W01
Fig. 2. lllustration of VS| state vectorsin the a—f plane

These six active state vectors can be expressed as
follows:

2 -1}

\Tk=§'Vdc'e 3, k=12..86, (7)

where Vg isthe DC-link voltage.

This equation shows that the amplitude of each
active vector is (2/3)-Vy with a deviation angle of #/3
between the different active vectors, thus building a
regular hexagon with two zero vectors which are located
a itsorigin (Fig. 2).

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

Cops | S neving

Fig. 3. Block diagram of theclassical DTC

It consists of apair of hysteresis comparators, torque
and flux estimators, voltage vector selector and a two-
level VSI. The fundamenta 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 awrong 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 (is,, is, is) and of DC-
link voltage. In fact, estimation procedure is carried out
using the following equations:

: (P 8
igg=—r-ligy—ig);

S8 ﬁ (Sb Sc)

VSO{ :%Vdc[sa_%j,
)
Vs =%-vdc-(so—sc)-

Estimated stator flux isthen given by:
t

bou ZJ(VSa — Rg +ig Jt;

N (10
dsp =I(VS/3 - Rsigg Jt,
0

where Vg, s, is, s and ¢35a’ s ae the two a—f 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:
~ 3 ~ ~
Fe=§‘ p'(¢Sa'|Sﬂ_¢Sﬂ"Sa)'
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, asit’s depicted in Table 1.

11

Tablel
Switching table of the classical DTC

Flux sector 1 2 3 4 5 6

Cre=1 | V2110 | V3(010) | VA (011 | VO(001) | V6(201) | V1(100)
Cre=0 | V7(111) | VOi000) | V7(111) | VOio00) | V7(111) | VO(000)
Cre=1 | V601 | V(100 | V2(110) | V3(010) | VA(o11) | VS001)
Cre=1 | V3(010) | VA(011) | VS(001) | V6(101) | Vd(200) | V2(110)
Cre=0 | VO(o00) | V7(111) | VO(000) | V7 (111) | VO(000) | V7 (111)
Cre=1 | V5(01) | V6(101) | V100) | V2(110) | V3(010) | VA(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 redtricted in
their respective hysteresisbands|[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 (Pl) corrector is generaly 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

Electrical Engineering & Electromechanics, 2022, no. 1
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part isin the feedforward path and the proportional part is
in the feedback path.

IP Controller

1 e -
- 1
] K, LR —— |40,
i = 4 — L]p+f1
. Q r

Fig. 4. Speed control loop with IP regul ator

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 | Vs |

or to hysteresis comparators that deliver errors levels
(Crey Cy9) Which are used for determining Vg position
(viaalookup table).

Unlike the conventiona DTC technique, where the
applied voltage vector has congtant amplitude even if the
motor torque is outside its hysteresis band, DFTC structure
alows the calculation of an optimum voltage, which will be
used in the control of IM, according to the states of torque
and dator flux in relation to their desired vaues. Thus
providing a fast and accurate control of the €lectromagnetic
torque. In fact, this optimal voltage vector is synthesized
usng SVM block which generates the most appropriate
switching states to the inverter [3, 14, 16, 23).

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
S0 as to maintain the stator flux and electromagnetic
torque in an optima error band around their respective
reference vaues. Indeed, the position of this voltage
vector (os) is obtained by adding an angle (6) to the
position of stator flux (6s) such as:

55 =0+ HS . (12)

The angle 6 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

Cre -1 0 1
Ci| -1 0 1 -1 0 1 -1 0 1

2z 2r Vs T

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
givenintheFig. 6.

—

[ TTY | 1T

)

Fig. 6. Proposed fuzzy estimator for voltage vector amplitude
estimation
In fuzzification module, inputs are crisp physica
signals (& &) Of real process and outputs are fuzzy
subsets consisting of intervals and membership functions
(€res ). 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:

o defining process states and control variables,

¢ determining input variablesto inference engine block;

e forming a fuzzy logic IF-THEN rules base
(determined input variables in previous step will be used
in rules base design);

o establishing afuzzy logic inference engine.

In fact, this latter phase explains how FLE decides

on an optimal reference voltage vector amplitude (|\7§ D

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 (sr. &4) and output (\\7; )R

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
Gre
§¢s NH NM NS | ZE | PS | PM PH
NH | PH [ PM [PS]PS|[PS| PV [ PH
NM | PH [ PM [ PS|PS|[PS| PV [ 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,

) Y +7 +? - +E +% —% 0 +% NS — negative small, ZE — zero, PS — positive small,
PM — positive medium, PH — positive high
32 Electrical Engineering & Electromechanics, 2022, no. 1



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 (&, &) IS mapped into seven different
linguistic values. Mapping relationship between the inputs
and output variables of FLE isalso givenin Fig. 8.

't LA ww AT ! e

I
0.5 1

TR 06 04 02 0 02 04 06
Fig. 7. Fuzzy membership functions of the proposed FLE
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Fig. 8. Control surface of the fuzzy logic estimator

Just like the first step of fuzzification, the
defuzzification module transforms the overal 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. Thislatter 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 VS| used in industria 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 digita
systems|[9, 10, 14, 23].

SVM principle is based on the concept of
approximating a rotating reference voltage vector (v )
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 asawhole. In fact, the SVM is produced by a
regular sampling of circular locus reference voltage
created on the o—f plane. These voltage samples are then

represented by two actives vectors, chosen from V; to
\7&, that are adjacent to the reference voltage vector
together with either two null vectors; v, and V; . The

respective times corresponding to these state vectors are
adjusted within a sample period [9, 10, 14].
Figure 9 shows the SVYM principle, where reference

vector (\Z) is sampled at time intervals fixed and equal
(T, called «sub-cycles». The sampled value Vi(Ts)is
then used to solve the following equations:
{Tk Vi + T Vien =Ts V5 (Ts);
To=T7=Ts =Tk = Tks1»

(13)

where v, and V,,; are two switching state vectors

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

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

. T * T * TS
T, =v3 sink-= |-V, —Co$k-— [V [ —;
kﬁ[{s}” %Jvadc

Tg = \/3[-9 r{(k-l}’—j VG, +co{(k—1).’—ﬂ‘v;8]-\j—i.

If the over-modulation mode (T, +Tw.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 To and limit is then applied by maintaining the
same angle for the reference voltage vector

(14

' TS
Teke1 =T ket ==
T +Tiq (15)
To=Ty =0.
(1) .
T, S TG %
T Te| M2| =
7 vy v vV I-"-I
e S T e
]
(24
@ ARSI
a b

Fig. 9. Principle of the SYM: a—functional diagram;
b — switching state vectorsin 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 thiswork, is
based on a symmetrica sequence within each sample
period (Fig. 10). Thus, switching sequence applied for a
given sector can be described as:

V0’7 =V =>Vk+ :>V0'7 = Vk+1 =V 3V0’7 .

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.

Salof1:1i 1 a1
00 : :

1|o
Sk |1,1 ,1|o§o

Seloioio 1 00 0

; Ts

1TO»§1TI>§<T2»ﬁc—To—»ﬁcTzsichsﬁcT()»
T 2 2 2 2 2 4
Fig. 10. Switching pulses waveform for the first 60°—sector
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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

o prediction of the reference stator flux;
¢ determination of the reference voltage space vector;
¢ application of the SVM technique.

OERLETH
(22)-(24)

[

Fig. 11. Block diagram of the proposed MDTC approach

In fact, in MDTC dgructure, the torque control is
achieved by maintaining constant amplitude for the reference
gator 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 asfollows:

3 ern ~‘¢T§‘2~[1—et/’]~(ws—w), (16)

l"e =-—. p
where 7= oL, / R, isthe time constant.

2" R-L%

Fig. 12. Direct control of the stator flux vector

The dip angular frequency depended on the stator
angular frequency (ws) and rotor angular frequency (w),
can be written as:

g =g — @, (17)
or
= dﬁ ~ ﬂ , (18)
dt At

where 0y is the angle between the two flux vectors and At
isthe sampling time.
By substituting (18) in (16), the instantaneous
electromagnetic torque is given by:
3 L3 APyl
rL==.p._m ‘ ‘._et/T._S_ 19
o=y P ] Ao H ) o
According to (19), the control of the instantaneous

electromagnetic torque is achieved by changing the value
of dlip 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 I P controller.
Therefore, quantity &1 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 (65)
must be increased using the following expression
(wherewg is the dlip angle that is generated from the
torque PI controller)

05 = 0s + A =93+(w;, +a))-At . (20
Therefore, the required reference stator flux vector

will be given in apolar form by:
ds=|fs

265, (1)

where | % | is maintained constant at its rated value.

The reference stator flux components and
corresponding flux errors are given respectively by:
#sa = |¢s| - COSO;
. : (22)
#sp =|#s|-sinds
Ads, = do, — &
Ps ¢§a ?Sa ! (23)
Adsp = dsp ~dsp

Then the reference stator voltage vector components
are given by the following expressions:

* . A
Vg, = RS gy + i?z
: (24)
Veg = Rg -igg + AMsp
BTS¢

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 arelisted in Table 4.

Table4
Induction motor parameters

Parameters Values
Rated power, kW 4
Stator voltage, V 220
Stator resistance, 1.2
Rotor resistance, Q 18
Stator cyclic inductance, H 0.1554
Rotor cyclic inductance, H 0.1568
Mutual inductance, H 0.15
Number of pairs of poles 2
Inertia, N-m/rad-s 0.07
Friction coefficient, kg-m? 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

34

Electrical Engineering & Electromechanics, 2022, no. 1



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 al tested cases in
terms of the damping capability and transient response
under different reference speeds and mechanical 1oads).

bTm. . .-
s £ DR 2 S o i e i e, e ]
. 1] S - — i o
]
Bl SRR 3 LA
5'1: ik ;“"’H" 1
B e T 1 15 i
= G 3 5 ,
g |
w E 08t
© ] i ik z
I:_.b:-l|| ||
F e TS T T i &Y
wEoaf .-:,-ﬂ-«'.l.'.!.mr .5"“- ,-'1 l,'n-“,':: et A
5 ] Fi bR i
v o T 1 1k ':'
+ K T
g W Y de |
-
B T ] - ir .
(Lo
a
¥ -
e
¥ B T G e e =
= .l.ll-.
g2 3 -
- a § 1 14 ]
ZEu
..'-
o 3l 1 1
a a4 1 14 ]
i =l T
=2 ol e R
] alt -
- —_— 1
i T} 1 T i
- DT"" =2 e
}E_-.: e
- L
== 4
a +1] 1 15 2
Temn il
b
4 - | T — T
R = | 3
o o F T ] T
kg Pt —— e k!
= & 8 k'“‘e.._--_.. o
;_';3] e 'S il
= i 15 1 1.5 1
% I 1 I
2 !
7_5*11: s ! =
g 1 i
] 14 i 1&
E = T 1
S ap: v.'r*—.n"r..'.'..'.'ﬂ#,‘m-':'?:'f.'—.l"-'f,- .w.- 8y
d e e e e p e
- ! 1 .J
a T} i 1.8
E_'[l];- — = .r -
ol ;| B R L P =]
5 ! Ty
5= OF- - == H )
[ ET] ] F
T inl
C

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

For aclose 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 N-m). 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.

Qiﬂ**ﬂ*ﬂﬁwﬁw

:Hlulu -|=' J-IJI:'-

Flegnimagntic
Ureque { Pom
=3

i i i i
145 186 188 | EF LT | 1 8

i i i
Vi | &L s 1k

—, T . - ' . ' '

¥ I 1 I I I I I
i F i [t i i i i i
S o= Wit I L L N N B S
iy [ | ] i [ 1 [ [
L i i 1" £2 i i ] i

f:'-;.__ I I 1 L1 L I

J:-ﬁlilll ||I- J-ﬁ. In. wE [ AT LTS ] 1R
Tuiia (il
a

. ..: e A s T
L e } =} = = e r=
7 1 5!'_3."?"*&.. . _'_'I “‘ . -. ‘..‘. '.", |

F 1 = T i

i i i L i
T4 144 (a5 WS TE 10G 18 14T 1d70 18 G40

| S EE

S RN al ool L d o L
i e i

Flevtrearvmns lic

Toripas (m
; a‘ -
X

13 1 I
L 1 1
1d55 jdd (485 naf 1855 148 el 0 A AN oA
= s T L . C I
- "
B | | |
g == | E—— IS b = S— s
:_: M, : | 4 4 SR 1
R 1 i | | | | [ ]
R T TAE Vil THE 1% L¥E LI TiE 18
Toiiat {1l
b
i1, R I P S ML G P s e s o ST M
- I T T T Tg= o
|.; e T el et sl el e ST S
S e ]
- | [
= : I et Ak Tt bl * i Vil el ke Tt Pt e |
s

:i".i.'lu P PAR 1855 1 JE 10T 1

Plerirmag nes
Tigque {Tm

= YR T T T

=4 [l P

E = i L=t ! i

s T ol ] L4 ] ]

o | il [
W i i i i i | S B i i il
TARK fdd Tl Bdh G855 T8 T8 14T 1435 148 1485

Thitid {ul
C

Fig. 14. Steady-state responses of stator flux, torque and speed:
a—classica 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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Fig. 15. Static responses of stator voltages and currents:
a—_Classical DTC; b—DFTC; c—MDTC

Moreover, from the trgectories 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.

Ty of o Fhix

in the three DTC approaches:
a—classical DTC;
b-DFTC; c-MDTC

By representing the inverter switching frequency in
Fig. 17, we have demonstrated that the use of SVM
strategy in MDTC structure gives in redity 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 awide range of torque or
speed control). All of these benefits are obtained through
the use of the SVM strategy and the speed IP controller.

Inveries S himg maquenicy | 125

Ture: {5}

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 caried out here by means of
physicd condderations, analyticd developments and
simulation tests. Thus demonstrating how the € ectromagnetic
torque and the stator flux can be kept under control through
the gpplication 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:

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

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

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

o 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 2x2 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
2x2 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.

Bemyn. 3as0saKu Xopowum eneKmpuuHuM i meniosum 61acmueocmam 8yeneylo, 8yeneyesMicHi Mamepianu Aeiaoms co60i0 OCHOBHI
HANpsIMKY Yy PI3HUX 30ACMOCYBAHHAX, Y MOMY YUCTL 8 001acmi eleKmpoMAazHimHOI CYMICHOCMI, 3a805KU XOPOULUM eKPAHYIOUUM
enacmugocmam. Ceped mamepianie Ha OCHO8I yeneylo NPOCoYeHi cpagimom MKAHUHU € HOB0I0 MEHOeHYiclo 6 obnacmi
eNIeKMpPOMASHIMHO20 eKPAHYBAHHSA 3 NePCHEKMUBOI0 GUKOPUCIAHHA 0A 3axuchozo oosey. Hoeusna sanpononosanoi pobomu nonseac y
BUUEPNHOMY NOPIBHATGHOMY AHAMI3I PISHUX 3DA3KI6 eKpaHié Ha OCHOBI 8yeleyio 3 GUKOPUCMAHHAM 5K MOOeN08AHHA, MAK |
eKCNepUMEeHMAIbHO20 Memodig. Bubpani kongbieypayii éxmouanu npocmy epagimosy niacmumny, Cimky 3i cmye 3 2paghimoo2o nopouwixy i
npocoyeny epagpimom mranuty 3 nepeniemenuam caposceio 2x2. Lins. Ocnogroro memoro ananisy € 00kaz eghekmusHOCmi capiceso2o
NONOMHA, NPOCOUEH020 Zpaghimom, y 2any3i enekmpomazHimnoz2o expanyeanns. Memoou. Buxopucmogysanucs 06a ocHOGHUX MemOoOu
00CTONCEHHSL: MOOCTIOBAHHS MA eKCNEPUMEHM, 00U08a CIOY8ANU OOHOMY Ul MOMY JiC NPOMOKOLY: eKPAH PO3MAUO8Y8a6Cs NOCEPEOUHI, 3
36y0oicysantam (nepedarouoro aHmenor) 3 00H020 6OKY | BUMIPHOBAILHOWINPUIIMATEHOI aHmeHOK 3 IHW020. Excnepumenmanshuti eman
0Y6 pemenbHuM i nPOGOOUBCSL Y 080X PI3HUX 1AOOPAMOPISX i3 3ACMOCYBAHHAM MemOoOy noositinoi nonepeunoi erekmpomazhimuoi (IIEM)
KOMipKu ma memooy eKkpanoeanoi ckpunvku. Pesynomamu. Ilopiensnnus pesynvmamie MoOeNo8aHHs mMa eKCHepUMEHMi8 CMOCOBHO
epexmueHoCcmi eKpaHy8ants OeEMOHCIMPYE CYMMEBY GIOMIHHICIb, UMOBIPHO, Uepe3 me, Wo GipmyabHa MOOENb € i0eani308aHOI0 8epCi€io
@izuunoi, ne spaxogyrouu ii Heoockonanocmi. Bipmyanvnuii ananiz nokazae, wjo ekpa iz pagimosux niacmuH € HaubiibuL e)eKmueHUM,
3a HUM Oau3bKO clidye capoicesa mkanuna. Mepedica 3 spagimosux cmyz mana 3HauHO 2ipuii XapakmepucmuKu nopieHaHo 3 080MA
iHWUMU  eKkpaHamu, UMOBIpHO, Yepe3 HeOOCKOHANICMb eNeKmpUuuHo20 KOHMAKMY Midc 2pagimosumu cMyxckamu ma ONmuiHoOIO
npo3opicmio expana. OCHOBHUM NpeOMemoM aHanizy Oyna MKAHUHA CApIICceBoeo NnepeniemeHnHsl, npocoyena epagimom; momy it
ehexmugHicmb eKpanysants UIHAYANACS WLTAXOM MOOeTI08aHH ma excnepumenmy. Excnepumenmanvhuii ananiz 0y sukonanuti y 08a
emanu y 060X PIi3HUX 1aOOPAMOPIAX eleKMPOMASHIMHOL CYMICHOCTE 3 8UKOPUCMAHHAM Memooy noosiinoi ITEM komipku ma memoody
eKpPaAHOBAHOI CKPUHBKU, 6I0N0GIOHO, 06U06a MemoOu Oanu AHANOZIYHI Pe3yIbmamu ma 6USHAYUNU XaPaKMepUCuKy eKpamyeaHHs sK
xopowi. Ipakmuuna yinuicme. Y cmammi HageOeHO MOUHUL AHANI3 NPOCOYEHOL 2paimom caprcesol mKanuHu 2x2 3 MOuKu 30py
eexmuHoCmi eneKmpoMazHimHo20 eKpaHy8anHs 3 GUKOPUCIAHHAM SIK MOOENIOBANHS, MAK | eKCHepUMEHMANbHUX Memooie, a maKoic
NOpi6HsAHHS IT Xapakmepucmux 3 iHWUMU ekpaHamu Ha ochosi epaginty. bion. 14, Tabmn. 2, puc. 14.

Knrouoei crosa: Byrienese Bo1okHO, noasiiina [IEM komipka, ejlekTpoMarHiTHe ekpanyBaHHsl, rpadiT, MeTo eKpaHOBaHOI
CKPHHBLKH, e()eKTHBHICTh €eKPaHYBaHHSI.

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 caled graphene and has
superior properties in terms of electrical and thermal

conductivity. It was obtained in 2004 by Andrel 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 electrica
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 compositesinstead 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 a. 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 congisting 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 2x1
twill structure has higher shielding effectiveness
compared to aplain 1x1 weave and a satin 6 weave.

The goal of the paper isto perform a comparative
analysis in terms of electromagnetic shielding
effectiveness, of various carbon-based materias 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 initidly 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 virtua 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 sdected samples. The
following types of screens are investigated:
e a shielding material consisting of
impregnated fabric with twill weave (Fig. 1);
e agraphite plate;
e an orthogonal grid graphite powder screen (Fig. 2).
From the materias listed above, the fabric and the
graphite strip mesh have been practicaly made and
studied both theoretically and experimentaly. The
graphite plate was investigated only in the simulation.

graphite

=
.....

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 2x2 twill weave iswiddly 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 2x2 twill
fabric model was built in the Ansys HFSS simulation
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environment (Fig. 3), following textile industry standards.
The model characteristicsare givenin Table 1.

R e = S —

I ——
Fig. 3. Geometric pattern of 2x2 twill fabric
Tablel
Virtual twill fabric model parameters
Parameter specification Value
Threads diameter 1mm
Distance between warp threads 3mm
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
sguare 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.

e
SAEE |:::‘_:r 7 "‘T-':_..:l Futuri H
2 :

Fig. 4. Smulation 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 dectric field distribution mode such that the
curvilinear integral of the eectric field along a verticd line
is podtive. At the opposite end of the excitation, a
«Radiation» boundary condition was applied, which is

actualy 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 smulation is1 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 longitudina plane.

I- YO TR R ::-m.ﬁ:h-:-.',
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 materia, the 2x2 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
dectromagnetic field reflection and absorption. Thus, inthe
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
dectric 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.

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 casesisgivenin 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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Emac = 1315.34 V/m and Sy = 2423.35 W/nv’. 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/m?
which, compared to the average value, indicates arelative
deviation of approximately 10 %.

= el porn ey

al ! ! ; b o
Fig. 7. The power density S(blueline) and the electric field
strength E (red line) on the central longitudinal axis—in the

absence of any shield
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Fig. 8. The power density S(blueline) 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 Sis zero
and that of E = 0.06 V/m. Applying the formula for
calculating SE based on the electric field strength, we
obtained:

E-20.1g |- 20-Ig(%]=86.8d8 .
E, 0.06

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 E;, but modifying E, = 0.03 V/m, we obtain
SE=92.8dB.
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Fig. 9. The power density S(blueline) 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
fals within the same simulation domain used in the
previous cases.

Fig. 10. The geometric pattern of the graphite mesh

The smuldion results, shown in Fg. 11, indicate a
maximum dectric field level after the screen of E; =10.3V/m
and also a good degree of shielding effectiveness of
about 42.1 dB.

e bl o sty i 9
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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 agraphite strip grid shield

Experimental  determination of  shielding
effectiveness. The experimental determination was
carried out in two steps performed in two different EMC
l[aboratories. 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) cel from TESEO was used. A DTEM cdll
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 Q2 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 s-tage 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, aong with a Signa Hound BB60C SDR
receiver, apersonal 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

TESTING ROOM ANECHOIC CHAMBER

Steel box
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———
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Fig. 14. The experimental setup used in stage 2

Optical fiber

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.

Table2
Values obtained for the shielding effectiveness of the three
sample screens, at atest frequency of 1 GHz

Experimental results
Shield pattern Simulation results
Stagel | Stage?2
Twill weave 86.8 dB 57dB | 54.8dB
Graphite plate 92.8dB - -
Graphite strip network 42.1dB - 6.5dB

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 aperturesin 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 dight 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 aso 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 anadyzed 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 virtua 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 itsimperfections.
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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 agood 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 eectromagnetic 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
propertiesin terms of gpecific absorption rate reduction.
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Power quality improvement in distribution system based on dynamic voltage restor er
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 Pl 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 Pl 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 Pl 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 / Smulink software.
References 27, tables 3, figures 20.

Key words: dynamic voltage restorer, proportional integral controller, proportional integral tuned fuzzy logic controller,
voltage sourceinverter, pulse-width modulation generator, total harmonic distortion.

Mema. Y cmammi nponoHyemvbCs HOBA CMpamezis YNPAGiHHA NPUCIPOEM OUHAMINHO20 GiOHo6NeHHsA Hanpyau ([IBH) 6 mepedici
po3nodinvhoi cucmemu. 3anpononosanuti JJBH, wo suxopucmogye cxemy nevimkoi nozixu 3 II-narawmyeannam, 3acno6anuli Ha 3amiti
seuuaiinoeo JJBH ma xomnencayii nposanie nanpyau 6 mepedici po3noodinehoi cucmemu. Hosusna sanpononosanoi pobomu noaseae y
NOOAHHI YOOCKOHANEHO20 aNeopummy Hewimkol aoeiku 3 TlI-nanawmyeanusm 015 epekmueno2o ynpaeuinHs OUHAMIMHUM BIOHOBHUKOM
Hanpyau npu panmoeomy 6UHUKHeHHI nposany nanpyau. Memoou. 3anpononosano areopumm, aKuil 3abe3neuye CKiaone ma eKkoHoOMiuHe
supiwenHsa npobnem axocmi enexmpoenepeii. Hawa cmpamezis 3acnoeana na Hewimkomy KepyeanHi peakmueHo0 NOMYICHICIIO, WO
HANAWMOBYEMbCs, d MAKONC HA 3AMKHEHOMY KOHMYPI Ollsl 3HUICEHHS 2apMOHIK @ pO3noO0inbHill cucmemi. 3anpononoeana memoouxa
VAPAGIIHHS NepesipsicmbCsl 3a 00nomo20io npozpamuo2o 3abesnevenns MATLAB/Smulink ons ananizy po6ouux xapaxmepucmux.
Pesynomamu. Ompumani pesyromamu 4imxo nokazyroms, wo /[BH, axuii euxopucmogye Heuimky n02iky 3 I1l-narawmysannam, mae
xopowii xapaxmepucmuxu (KOMReHcayisi NPO8aAli, 3HUIICEHHS! 2APMOHIK) NOpigHsHO 13 36uyaiinum JJBH. Opuzinansnicms. Kovmnencayis
nposanielcmpubkie Hanpyau y po3noOiIbHiti Mepedci Ot 3HUICEHHS! PEAKMUGHOI ROMYICHOCHE MA 2APMOHIK CIMPYMY 3a OONOMO20I0
Heuimxoi noeixu 3 euxopucmanuam /JBH na ocnosi xommponepa neuimkoi nociku 3 I1l-nanawmyeannam. Ilpakmuuna uinnicme.
Poboma cmocyemuvcsi nopisHsanbHo2o 0ocnioxcenns ma 3acmocyeéannss JIBH na ocnosi neuwimkoi nociku 3 Ill-nanawmysannam s
00CSACHEHHS. XOPOWUX NAPAMEmpI8 CUCHEMU KePY8aHHs PO3NOOIILHOI cucmemolo. Y cmammi npeocmagieHo NOpIGHANbHE
docnioxcents 3suyaiinoco kepyeanmwam JBH ma neuimkoeo xepysamna JIBH 3 Ill-nanawmysanuam. Cmpameeis, 3acHoséana Ha
BUKOPUCIAHHI aneopummy Hewimkoi noeiku 3 TI-Hanawmysanuam onia eghekmusrHo20 KepyeanHs besnepepsHum Nposaiom Hanpyeu ma
2apMOHIKAMU O JIHIUHUX Ma HeNHIIHUX HABAHMANCEHb PO3N0Oinbuoi mepedci. [ocmiodcents niomeepoiceHo pe3yibmamamiu
MOOenosanst Ha 0cHogi npozpamnozo 3abesnevennss MATLAB/Smulink. Bi6a. 27, Tabm. 3, puc. 20.

Knrouoei cnosa: nMHaAMiYHMii BiJHOBHUK HANPYrd, NPONOPLiiiHO-iHTerpajJbHUN KOHTPOJIEP, KOHTPOJIEP HediTKOI JIOriku 3
NPONOPUiiHO-IHTerPaTbHUM HAJAIITYBAHHAM, iHBEPTOP [Kepesia HANPYTH, FeHEPATOP ILIMPOTHO-iMIYJIBCHOI MOMYJISINIT,
NOBHE FAPMOHIYHE CIIOTBOPEHHS.

Introduction. Power quality management has transient disruptions, harmonic distortions, spikes and

become a crucia 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
crucia 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 waell.
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,

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 essentia in today's economy, and both power
distributors and consumers have redized the vaue 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 issuesin 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, acontrol 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 Pl 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, aDVR is employed
in this work in order to enhance the PQ in distribution
systems. A Pl tuned FLC is utilized to control the DVR’s
inverter. The rest of the work are explained such as
modeling of DVR, Pl controller and Pl tuned FLC.

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

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

with LC filter and AC grid is also employed in
STATCOM applications.
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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. DV R 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'’ sinverter, the gating pulses
for VSl are generated with the aid of Pl tuned FLC
through which the VSl is controlled and so the reactive
power compensation takes place.

M odeling 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.
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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 VSl technique is
commonly utilized. A DC voltage has been generated
using an energy storage instrument. A VSl 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 VS| 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 filtersin DVR are indicated in
Fig. 3.
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Fig. 3. Different filtersin 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 afault 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
islinked 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 «A—A» type connection
is employed.

The voltage level, which is delivered by the filtered
output of VS| to a required level usualy 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.

Pl controller. The effectiveness of the Pl 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 Pl 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 K, these gains are dependent on the
system variables and the error signal is denoted as &

t
U(t)=Kp-2(t)+ K, - [(t)dt )
0
()
i 4,
v, . “l-"%:g rmt‘-g—- -.-:r1

Fig. 4. Block diagram of PI controller

The Pl 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 K;, on the other hand,
control the system’s stability and transient responsein (2).

Kpe [KPminy KPmax] and K, e |_KI min+ Ki maxJ- (%)

The minimum as well as maximum constants of Pl
are estimated in practice using experimentation and
iterative methods. As a result, the expert’s knowledge is
required for the design of a Pl 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 Pl
constants has been determined. Depending on the error
signal &, the parameter constants has been adjusted. The
constants Kp and K, are varies to ensure that the system’s
steady state error is kept to aminimal, if not zero.

Pl tuned fuzzy controller. The drawback of Pl
controller is that it is incapable of reacting to abrupt
changesin the error signal ¢ 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 Ae. To overcome this issue, a
fuzzy based Pl is utilized as it isindicated in Fig. 5. The
control signal’s output, which is determined by an
inference engine with arule base of if then rules, which is
shown in equation (3):

if ¢and Ag, then Kp and K. 3
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Fig. 5. Block diagram of Pl tuned FLC

The congtants Kp and K, are changed by the rule
base, which is based on the error signal ¢ and the change
in error As. Tria-and-error procedures are utilized to
structure and determine the rule basis.

The fuzzy subsets of all the parameters for the inputs
¢ and A¢ 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.
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Fig. 6. Input membership function curve

The fuzzy subsets of output parameters Kp and K
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 Pl
controller. The fuzzy control rules for the output
parameters Kp and K| are represented in Tables 1, 2.

i NE NAd Ng F 'S PB
| A
L I-"._ I ".' =
L ," ". -'III
i b= 'I lII_.' l'. l|'l =
4 ] ! | "II -
."lll I"- \ "II
hE - II.' II'. J '.I Ill' =
LT T A
, _ Y
1 ] Il 1 'l
i 4 1 1] 1 1 .
Fig. 7. Output membership function curve
Tablel

Fuzzy control rulesfor Kp

dAs | 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

Table2
Fuzzy control rulesfor K

dAs | 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 Pl 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
isrepresented in Table 3.

Table3
Specifications of DVR

Specifications Values
Source voltage 415
Lineresistance 01Q
Line inductance 0.5 mH
Turns ratio of series transformer 11
DC bus voltage 120V
DC capacitor 220 uF
Filter Le=3mH,Cc=1puF
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
415V 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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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.

INPUT AC SOURCE V AND I WAVEFORM USING DVR
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Fig. 10. Input AC source V and | waveform using DVR

The waveforms of reference and actual voltages of
DVR areillustrated in Fig. 11, 12 respectively. The actua
and reference voltages are analogized with the aid of Pl
tuned FLC, through which the gating pulses are generated
to control theinverter of DVR.
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Fig.11. Reference voltage waveform of DVR
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Fig. 12. Actual voltage waveform of DVR
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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 thetime of 0.7 s.
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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 Pl tuned FLC, the inverter in
the DVR is controlled. Thus the voltage and current
become sinusoidal in nature.
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Fig. 14. Waveform of load voltage using DVR
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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.
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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 thetime 0.3 s.
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Fig. 18. Waveform of power factor

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

Fundamental (50Hz) = 14.2 , THD= 4.1%

Mag (% of Fundamental)

0 200 400 600 800 1000
Frequency (Hz)

Fig. 19. Waveform of THD

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

PITUNED FLC FLC PI
CONTROLLERS
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 Pl tuned
FLC. It generates compensating voltages for the control
of DVR and handles the error signa 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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Compar ative study between sliding mode control and the vector control of a brushless doubly
fed reluctance generator based on wind energy conversion systems

I ntroduction. 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 siding 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. Smulation
results show the optimized performances of the vector control strategy based on a dliding 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, diding mode controller, maximum power
point tracking.

Bcemyn. Huni enobanvhi insecmuyii y 6ionoemiosami oOdcepena ewepeii cmpimko 3pocmaroms. 30Kpema, 36epHeMo Yeazy, o
OCMAHHIM 4ACOM Ma€ micye 3pOCmants eimpsinux Odxcepen enepeii. Mema. Ilopisusnbhe 00CAIONCEHHS MIJIC YAPAGTIHHAM KOBIHUM
DEAHCUMOM MA BEKMOPHUM YNDAGTIHHAM 0e3WiMK08020 PeaKmMusHO20 2eHepamopa 3 NOOGIUHUM JICUBTIEHHAM HA OCHOBI CUCTEM
nepemeopenns enepeii eimpy. Memoou. Cmamms npucesuena KOHYenmyaibHOMY AHALIZY Ma NOPIGHAIbHOMY OOCTIONCEHHIO 080X
Memooie ynpasninis nepcnekmugHUM Hedopoum 6e3uimKosUM peaKxmusHUM 2eHepamopoM 3 NOOGIUHUM JCUBTIEHHAM ONsl GiIMPAHOT
mypoOinu 3i 3MIHHOIO WBUOKICTIO 3 YPAXYBAHHAM Gi0CMENHCeHHA MOYKU MAKCUMANbHOI nomyscHocmi. Inmepec 00 yici mawunu
3POCIMAE YACMKOB0O 3A80AKU CUNOBIU eeKMPOHIYi, a MAKoXHC SUCOKIU HAOIIHOCMI 0e3uwimKosoi KOHCMpPYKYii, AKa npu ybomy
NPONOHYE XApaKmepucmuku, NOPIGHAHI 3 1020 3a2ANbHOBIOOMUM NPYHCUHHUM AHANO20M, THOYKYIUHUM 2eHepamopoM 3 NOOGIHUM
JicuBneHHsAM. Aemopu 0cobaueo 3ayikaeieHi y NOPIGHAHHI 080X 6udié Memooié YNpaeniHHs. Aemopu 6Ka3ymv mym Ha npsame
6€KMOpHe YNPAGIIHHA HA OCHOBI NPONOPYILHO-IHMESPANbHO20 pPe2YIAmopa ma pe2yisamopa Koe3Ho2o pedcumy. Pesynvmamu.
Pesynomamu mooentoeanms noxkazyoms OnmMuMiz08ani XapakKmepucmuKku 6eKmMopHoi cmpamezii ynpasniHts Ha OCHOBL KOHMPOAepa
K083H020 pedicumy. Cnocmepiealomocs 6UCOKI NOKAZHUKU 3 MOYKU 30pY YACY GIO2YKY Ma GIOCMENCEHHA eMAaNloOHHUX 3HaYeHy be3
nepesuwens NoKasHuKie 6ioeyky. Pose'szka, cmabinonicms ma npacnenns 0o pisnosazu 2apanmyromscs. bion. 29, puc. 10.
Kniouosi cnosa. enepris BiTpy, 0e3LIiTKOBMIi peakTHBHUH reHepaTop 3 NOABIHHMM ’KUBJIEHHSIM, BeKTOPHe YNPABJiHHSA,
PeryJasiTop KOB3HOI'0 PesKUMY, BiACTe:KEHHs] TOUKH MAKCMMAJIbHOI MOTYKHOCTI.

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 sametime, there
has been arapid development of related wind turbine [3].

The wind turbine is a very effective component in
wind energy conversion systems (WECYS) that converts the
wind kinetic energy into mechanical energy that can be used
to derive an eectrica 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 dip-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 reiability
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],
dliding-mode power control [24], and even nonlinear
multiple-input-multiple-output control [3]. Recently,
dliding mode control (SMC) was integrated largely in the
command of nonlinear systems[25].

The variable structure control possesses this
robustness using the dsliding 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 dliding
mode control is described in Section 6. The sliding mode
control of the BDFRG is given in Section 7. Finaly,
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
congtituted of a wind turbine, BDFRG, inverter, and
power control. The BDFRG has two stator windings of
different pole numbers. Generaly, 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).

power reluctance control

winding motor winding
Wing -

i ﬂm

wind
turbine BDFRG

grid

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.

p-L,.Ac, V3 )
t 2 P p )
where pisthe air density; A = z-R is the rotor swept area;
R is the turbine radius; C, is the power coefficient; V is
the wind speed.
The power the

coefficient C, represents

I I i I A

Fig. 2. Characteristics of the wind turbine power coefficient C,
with thetip speed ratio A at different values of the blade pitch angle 3

[P, W

2, pm

Fig. 3. Power speed characteristics for different wind speeds

0 £

The maximum value of C, (C, max = 0.48) is for
£ =0 degree and for 1 = 8.1. The turbine torque T, can be
written as:

T=R/%. ©)

The mechanica speed of the generator O, and the
torque of the turbine referred to the generator T, are given by:

Om=9; -G,
{Tm =T/G, ©

where G isthe gearbox ratio.

The mechanica equation of the system can be

characterized by:
-%:Tm—Te—me, (M
where J is the equivalent total inertia of the generator
shaft; f is the equivalent total friction coefficient; T isthe
electromagnetic torque.

To extract the maximum power from the wind
turbine the electromagnetic torque command of the
BDFRG T, 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 electrica
equations of the BDFRG in the (d—q) Park reference
frame are given by:
do

aerodynamic efficiency of the wind turbine. It depends on Ui =Rl o + pd .
the tip speed ratio 4 and the pitch angle # (Fig. 2, 3). The pd = Fp lpd T T 9p Vg
tip speed ratio is given as: AP
. Uy =Ry . ;
A:QbR, ) Pa =T pa T Ve @®
where © is the turbine speed. Ug =Rs-lgg + U0 (o —0)wg;
For our example, the power coefficient C;, is given dt
by the following equations do
. 21 Ug=Rs-Isq+ dtsq+(wr—w)'l//sd'
11 e
cp(ﬂ,ﬁ)=o.5176.(/1—x—o.4~,3—5].e A +0.0068- 1, (3) Wpd =Lp-1pd +Lm- s
where Vpa=Lp-Tpg=Lm sy ©
1. 1 _0'3035_ ) Ved =Ls lsg +Lm-lpa:
A A+0088 p°41 Ve =Ls lsg=Lm | pg-
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The electromagnetic torque is expressed as:
3B Ly
2-Lp
The active and reactive powers equations at the

primary stator, the secondary stator, and the grid are
written as, respectively:

P :g'(upd"pd*qu"pq)

Te= Wpa g ¥pglsa) (10

3 (11)
Qp:}‘(upq‘|pd_upd'|pq'
Pszg-(usd-lsdwsqwsq)

3 12)
Q-2 g 1 U 1)

Py =Py +P;

9= p TS (13)

Qg:Qp+QS;

where U, and U, are power and control windings voltages
in the dg axis, respectively; |, and Is are power and
control windings currents in the dq axis, respectively;
R, and R; are power and control windings resistances,
respectively; L, and L are leskage inductances of power
and control windings, respectively; L, is the mutual
inductance between power and control windings; w, and
ws are angular frequencies of the power and control
windings, respectively; o, is the BDFRG mechanical
rotor angular speed; y;, 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 sator active and reactive powers, the
primary stator flux vector will be aligned with d-axis @y
(pod = @ and @pq = 0), and the stator voltages will be
expressed by:

{U pd = 0;

Upg=Up=0p-¥p.
The expressions of the primary stator currents are

(14)

di
Ug = R5~Isd+Ls~o-~d—?d+eq;

dl (18)
Ug=Rslg+Llgo—+ +e,,
qq=Rslegtlso—m+e+6
where
eqz—a)s.o-.l_s.lgq;
& =0 0-Lg-1g; (29)
L
eq,:a)s-L—m-(//p.

p

The active and reactive stator powers of the BDFRG
are expressed by:

3 Upglm .
pp:? " P
3 Up 3 L 20
pq m
MM U, I,
O =g gL, 2L,
where sisthe dip of the BDFRG.
The electromagnetic torque can be written as:
3-R-L
F—— e | * [ | m
) — Pl |—D >
’I 1
| L)

=]

=@l @

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:

3-(1-5)-Upq L

written as: Py = 2.L s
Ly P (22)
Ypd ~Ltm-lsd | 2
Ipa = L ' ngg. Uha —3.(1_5)‘qu'L_m'|sd-
L P (15) 2 w,-Ly 2 Lp
| pq = m 9 From (22) we have:
b 2-Lp .
By replacing these currents in the secondary stator o = 3-(1-5)-U g Lm Py
fluxes equations, we obtain: .
Lyl g+ 3U Qq |-2-L 23)
Ysd =0 Ls led 7 Vpds 5 1 Ngl|4bp
LD (16) 2~a)p . Lp
lg =
Ve =0Lslgq 3-(1-5)-Upq-Lm
where ¢ is the leakage coefficient defined by: Substitute (23) in (18), we obtain:
2 . U e
g=1m (17) Py=—t—— R Py
Lp-Ls Alg-oc Lg-o Alg-oc Algo (24)
The secondary stator voltages can be written Oy = Uy R Qq + & + &
according to the secondary stator currents as. 9 ALyo Lgo Alg-c Algo’
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where
_ 2-L,
3-(1-5)-Upg-Lm

32 (25)
eU=A~RS~—pq.
2-wp-Lp

In order to capture the optimal mechanical power,
the control of the mechanical speed is applied (Fig. 5).

=
T—
(=

| . v 3
—_—pedC (1, - ¥
T’ L2.8)

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—ret = Temrer - Qimech- (26)

The reference grid reactive power Qg is fixed to
zero value to maintain the power factor at unity. The
detailed scheme of the studied system isillustrated in Fig. 6.

—0
< GRID
ward - . e —
a0 N e
| Jgoar Bow 4
wind |_.'.J'k.l 5
R T e
¢ | O
5] B N oy —

4L

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 severa 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:

X = f(x,t)+ B(x,t)-u(xt), 27)
where XeR" is the state vector; ueR™ is the control
vector; f(x, t)eR"; B(x, t)eR™™.

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

s=X(t)o(xt)=0},

o(x,t)= [al(x,t), oo(X ), o-m(x,t)]T , (29)
where T denotes the transposed vector; S is caled the
dliding surface.

To bring the state variable to the dliding surfaces, the
following two conditions have to be satisfied:
o(xt)=0; &(xt)=0. (30)
The control law satisfies the precedent conditions is
presented in the following form:

U=Ug+Up;
Up =Ky -sgn(o(xt)).

where U is the control vector; U, is the equivalent control
vector; U, is the switching part of the control (the
correction factor); Ky is the controller gain.

U, can be obtained by considering the condition for
the dliding regimen, o(x, t) = 0. The equivalent control
keeps the state variable on the diding surface, once they
reach it. For a defined function ¢:

(28)
where

(D)

1, ifp>0
sgn(p)=10, if p=0; (32)
-1 if p<O.

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 diding surface
due to the (sgn) function involved. These drastic input
changes can be avoided by introducing a boundary layer
with width & Thus replacing sgn(o(t)) by saturation
function sat(o(t)/¢) in (29) we have

U=Ug—Kj -sat(o(x.t)), (33)
where >0
sonlp), if o2
sa )={ 1 (34)
?, if o] <1.
Consider a Lyapunov function:
V= % o2, (35)

From the Lyapunov theorem we know that if V is
negative definite, the system tragjectory will be driven and
attracted toward the sliding surface and remain sliding on
it until the origin is reached asymptotically:

.1 do .
\% :—~—=0'~0'S—77~|0'| ,
2 dt
where 7 is the constant positive value.
In this work we use the dliding surface proposed by

(36)

J.J. Slotine
d n-1
Xt)=| —+ -e, 37
olxt) ( T 7} (37)
where
X=[X, X X, ..., X"] is the state vector;

X3 =[x @ ¢, ..., XY isthe desired state vector;
e=x{—-x=[e g e, ..., €Y istheerror vector;
yisapoditive coefficient; n is the system order [28].
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In BDFRG control using diding 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:

{SP Py )= Py—ret —Py;
S(Qg)=€lQg )= Qq-rer ~Qq-
The second step consists of giving the structure of

the vector control. One of the possible solutions is given
by:

(38)

Uc=Ug+Un; (39
Usg =Usgeq +Uson; (40)
Usd :Usdeq +Usdnv

where Ug (Usgeqy Usieq) @nd Uy (Uggn, Usan) indicate the
equivalent and discontinuous components of the control
input vector U (U and Ug), respectively.

Ueq is calculated from S(x)=0

S|Py )= Py_res =Py =0;
(x)=0= .(9) gt 779 (41)
$(Qg )= Qg-rer ~Qq =O0.
Substituting (24) in (41) we will have:
p—ref_[ Um _ & P, — & _ e(” jzo;
9 Algo Lo ¢ Alo Alo 42)

s [ Ysa R & & |
Q-ret [A~Ls~a Lo Qg+A'LS'G+A~LS~O'

Replaced Uy, and Ug from (40) in (42) we obtain:

b Vsgeqt Vsl R p__ & % .o

g-ref Algo Lo 9 Ao Algo) (43)
: ‘(Usdeq+usdn) R & &

Qgrd_[ Algo Ls~a'Qg+A~Ls~o+A-Ls-aJ:0'

In the permanent regime U, = 0 (Ugp = 0 and Ug, = 0).
Replaced them in (43) and we extract Ugeq and Uggeq:
Usgoq = A-Ls -0 Py_re + A-Rg- Py —eg —e, )
Usdog = —A-Ls-0-Qy_ret —A-Rg-Qq + ey +6,
Ugn and Ugy, are achieved by the condition:

Sx)- §x)<0= SR, )- P, )< 0and SlQ, )- 81Qy )< 0 (45)

A.;:.LLS Usn - S(P9)< 0

1
Ao-Lg
A simple used form of U,, isarelay function:
U = —k-sgn(S(X));

Ugn =K 'Sgn(S(Pg )

Ugn =—k2 'Sgn(S(Qg )
where k (ki, ko) 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:

(44)
)

(46)

U - SlQq)<0.

(47)

(48)

Urq=A-Ls-0-Pyrer +A-Rg-Py—(eg -, )
-k sgn(S(Pg

Upg =—A Ls'U'Qg—ref -A-Rs-Qq +(eq +eu)_
~ko - sgn(slQy)

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 is fixed to zero value to maintain the

power factor at unity. The detailed scheme of the studied
systemisillustrated in Fig. 7.

(49)

K GRIL

— —

(] [—
—{Eormg)
—_— ar Bie —
wand |_ [
I.|:| L O
| = A

"" ]?TT' |

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]: R,=3.781Q,R;=2441Q,L,=041H,Ls=0316 H,
Lym=0.3H, J=0.2 kg-n?, P, = 4. Wind turbine parameters
are next: blade radius R = 4 m, gearbox ratio G = 7.5,
turbine inertia 1.5 kg-m?, air density p = 1.225 kg/m® and
number of bladesis 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 Py« 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.

ava

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
aBDFRG.
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Fig. 9. Vector control and sliding mode control of the BDFRG:
aand a' —mechanical speed; band b’ —electromagnetic torque; cand ¢’ —grid active and reactive power;
dand d' — secondary stator phase voltage and current; e and € — primary stator phase voltage and current;
fand f' —total harmonic distortion of line current

Both control drategies approve an idedist
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 Pl controller (Fig. 9,a—€) and sliding mode
control (Fig. 9,a'—€') are applied. In this study, simulation
results show clearly the improvement of active and
reactive power demand obtained by applying dliding
mode control in terms of time response and good
reference tracking accuracy than those obtained using the
traditional Pl regulator. In the case of star-up, we notice
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that the dliding 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',€ present the winding
currents in which we observe that both the frequency and
the amplitude of these control currents (secondary

currents |s) 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: Pl and SMC with
parametric variations L, Ls, R and L, of —20 % and +20 %
of their nominal values.

Grid active power, W

Grid active power, W

Grid reactive power, Var

Grid active power, W

"
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Fig. 10. Comparison of robustness between power control with Pl and SMC of BDFRG
with parametric variations L, Ls, R and Ly, of =20 % (&) 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 resctive
powers for the wind energy system equipped with a
brushless doubly fed reluctance generator. Thefirst oneisa
proportional-integral controller, and the second is a diding
mode controller-based field oriented control strategy.

Simulation results show the optimized performances
of the vector control strategy based on a dliding mode
controller. We observe high performances in terms of
response time for vector control is 0.2 s and for dliding
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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M.S. Shah, T. Mahmood, M.F. Ullah

Power quality improvement using ultra capacitor based dynamic voltage restorer
with real twisting diding 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 fad, 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 thereal
twigting diding 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 siding 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 / Smulink SmPower System tool box is employed. Practical values. According to Smulation
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 |ndustry Council Curve and SEMI-F-47 Sandards. References 18, tables 1, figures 8.

Key words: dynamic voltage restorer, power quality issues, sliding mode control, real twisting algorithm, voltage sag/swell.

Bcemyn. Axicmv enexmpoenepeii s6nsie coooro cepliozny npobnemy 8 CYYACHIl enepeocucmemi, OCKIIbKU 60HA MOJice BNIUGAMU HA
cnodicusayie ma KOMyHanoHi cyoicou. Ipodnema. Hxicmo enekmpoenepeii € anciuguM RUMAHHAM 3 MOYKU XOPY (QIHAHCOBUX HACTIOKIG
07151 KOMYHATHUX RIONPUEMCINS, IX CROJICUBAYIE A NOCMAYATLHUKIE anapamypu-nasanmaoicets. IIposanulcmpubku nanpyau ¢ Hatibinbu
ceplo3HUMU npodemMamu 3 021A0Y Ha AKICMb eNeKmpoeHepeii, AKI 3a36udall 6UHUKAIOMb Y GMOPUHHINE cucmemi po3nooiny Ol 4ymaueux
Hasanmadxcenv. Mema. [{unamiunuil 6i0HOBHUK HaANpyau — ye WeUOKUL, CHYYKULL, epeKmueHull i OUHAMIYHUL NPUCPILL HCUBTEHHS, AKUL
MOXCHA  8UKOpUcmogyeamu 011 Komnencayii nposanislcmpubrie Hanpyau 3a 00NOMO2OIW iHmMeZpayii HaKonuuysaud eHepelii.
Cyneprondencamopu maromo i0eanbHi 61aCMUB0Cmi GUCOKOI WITbHOCHI NOMYICHOCMI MA HU3bKOI WiTbHOCMI enepaii Oia YCYHeHHs
npoeanislcmpubkic nanpyeu. Ix egexmuenicms nepesajicHo GUSHAYACMbCA CMPAMERICIo YRPAGTIHHE, 6CMAHOGICHOT ONsl KOMYMAyii
nepemeopiosauie Oxcepen Hanpyau. Opuzinanbhicms. Y ybomy 0ocniodcenti po3pobreHo cmpameziio Ol Nepemeoplosaia odxcepeid
Hanpyeu OUHAMINHO20 6IOHOBHUKA HANPY2U HA OCHOBI KEPYBAHHSL PEANbHUM KOB3HUM PENCUMOM CKPYHYBAHHS Md CYNePKOHOEHCAmopa Ois
BUNPAGTIEHHST HECNPAGHOCIIE, SIKA YCAIWHO Ycyeae Hacnioku nposanylcmpubra nanpyeu. Memoodonozin. Cynepkonoerncamop pazom iz
KepyBanHaM peanbHUM KOG3HUM PelCUMOM CKpyuyeanHs 3abesneyye Oinouty Hadilinicmbs ma weuouly peaxyito, a maxodic 36inbuiye yac
Komnencayii ounamiunozo eionosnuxka nanpyau. Cepedosutye ona mecmyganns. /i oyinku egpeKmueHoCmi 3anponoHO8aH020 nioxooy
00 YNPAGTIHHSL UKOPUCMOBYEMbCSL KOMNIEKC npoepamtozo 3abesneuenns MATLAB/Smulink SmPower System. Ilpakmuuna yinnicme.
3eiono 3 pezynbmamamu MOOeNIOSAHHA ACHO BUOHO, WO CYNEPKOHOEHCAMOp DA30M 3 KEPYBAHHAM DealbHUM KOG3HUM PedCUMOM
CKpyuyeants egpekmuero ycysaiomo nposaiulcmpubru nanpyau 3a 0ysice kopomkuil yac 2 mc 'y nopiensuni 3i cmanoapmawu |EEE, y
6ionosionocmi 00 saxux 6in cmanosums 20 mc, i3 3a2aNbHUM CNOMEOPEHHAM 2apMOHIK Menuie S5 Y0 Onsa yymaueo2o Hasanmasicens
6i0noeiono 3i cmandapmamu |nformation Technology Industry Council Curve ma SEMI-F-47. Bi6a. 18, ta6u. 1, puc. 8.

Kniouosi crosa: nuHamMiyHMii BiITHOBHMK HANPYyrd, NMpodJjieMH 3 SIKICTIO eleKTpoeHeprii, KepyBaHHS KOB3HUM pPeKMMOM,
peasibHUii aJrOPUTM CKPYYYBaHHS, IPOBAJIN/CKAYKH HATIPYTH.

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 0%
to |EEE 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 10%
p.u. for duration of 0.5 cycles to 1 min [4]. These issues ,
voltage sag/swell are small period voltage change that do eyl seee e
not present for more than 1 min asavailablein Fig. 1 [5].

To diminate these power quality problems,

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

Swell Overvoltage

Transient

1108

Normal Opersting Valtage

Voltage Sag Undervoltage

Event Magnitude

Notch/Transient

Tamporary Sustianed interuption

Momentary [

Event Duration

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

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

The DVR contains Voltage Source Converter (VSC)
with ultra capacitor (UC) as battery storage, LC filter,
injection transformer and control circuit, which are
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connected with source voltage and load voltage at point of
common coupling (PCC) as shown in Fig. 2 [9], where R,
Ls are the source resistance and inductance, respectively;
Vq is DVR injected voltage; V| is load voltage; L, C; are
the filter inductance and capacitance, respectively.

Ls pPcc

Source Impedance
Load
Vi

Source Injection
;’ulingg @ Transformer

JJHE

—
Q

o

W
]

Controller —— A

Ultra
Capacitor

DVR

Fig. 2. DVR component

Various forms of rechargeable energy storage
technologies are contrasted, including flywheedls, 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 mathematica modeling of system and
some stability problem. Therefore, a non-linear diding
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 agorithms, rea twisting agorithm
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 |EEE Standard [5].

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

VL + = Vaurce + Vo, (1)
where V|, Vaue Var are the load, source and DVR
voltages, respectively.

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

. dVur
e Cf ot . (2)

+
BT

g @ ) i . -
(I'-.-lu'::e) Is IL 3 L

(¥

Fig. 3. DVR equivalent circuit

By applying Kirchhoff's circuit law at node Z; in
Fig. 3we have
is—iL+iC=0. (3)
where i is the source current; i is the inductor current of
filter.
By putting i from (2) in (3), we have

o dVy
ig—i| +C; - —=0. 4
s 'L f dat ()
Equation (4) after the simplification gets the form
NVar _ (i) ;
= : ©)
dt Cs

The above eguation (5) is the 1st DVR state
equation. For the second DVR state equation, apply
Kirchhoff's voltage law at closed loop (Fig. 3)

Vaw + VL= Vin =0, (6)
where Vi, isthe VSC AC voltage; V, isthe load voltage
dip
Vi=Ls —. 7
=Lt (1
So, substituting (7) in (6) we have
di
VawtLs 'd_t_vinzo- (8)
After the simplification, we get
di_L_(Vin_Vdvr) 9
= - )
dt L¢
Finally, the state space model DVR is
e =2 Te A
i i i
G2 o (bl e
dt | Vor -0 Vavr -—— 0 M
Ct Ct

where i, and Vg, are the state variables, while the is and
Vi, arethe input variables.

3. Mathematical modelling of ultra capacitor
(UC). The ultra capacitor model consists of equivalent
series resistance (ESR), capacitance and equivaent
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

V(t)=V; -expl(-t/7), (12)
where 7 = RC is the time constant to determine the
charging and discharging process for some capacitor
initial voltages.
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ESR

o

EPR ]

Fig. 4. UC equivaent model

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

expressed as
=g o -ve)

where V; is the initia voltage before discharging start;
V;isthefina voltage after discharging start.

The tota UC system resistance (Row) and
capacitance (Cyyq) of the UC bank are calculated as

(12)

ESR
Rotal =Ns*— (13)
Np
C
Ciotal =Np-—> (14)
Ng

where ng is the number of capacitor cells in series;
N, isthe number of capacitor cellsin parallel.

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

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

Select which diding 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 diding surface (S. The
dliding surface is indicated by signa (S) in Fig. 5. As
indicated in Eqg. (16), this signal (S) is based on the
computed error voltage (Verror)

Verror = Vreterence — Vioad- (16)

In (16) the dliding surface which comprises the
difference of Vigeence aNd Vigag and after this takes
derivative of this error voltage and finally add it

av
S=Verpor + k- 8oL,
error dt

(15)

17
wherek isthe gain of feedback.

Fig. 5. RTSMC block diagram

When detect the error in actual voltage compare the
diding surface (S with ¢ 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 dliding surface and confirm the
operation's existence

S=0; (18)
S=0. (29)

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

S-S=0. (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.

e if S>0and S<0, then Swill bereduceto O;

e if S<0and S>0, then Swill beincreaseto 0.

4.3 Determination of control law. The switching

law may be expressed as follows
+1if S>+c;
x\t)= 21
() {—lif S<—c, (21)
where x(t) is represented as the variable for switching
control; ¢ is the congtant for the comparison with faulty

signal.

If we receive x(t) = +1, inverter switch S1 and switch
4 are turned on as shown in Fig. 6. If wereceive x(t) = -1,

inverter S2 and S3 will be turned on as shown in Fig. 6.

e
pren

0

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 diding 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 rea twisting agorithm
(RTA) isutilized in SMC to remove the chattering effect.

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

Z=—ny-sign(S)-n,- sign(S), (22)

To remove the undesirable switching components, two
tuning congtants n; and n, are used in the control law of
RTA. The diding manifold term sign(S), removes the
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switching frequency of components to increase the life of
switches. When the designed diding surface s is greater or
less than zero, the signum function sign(S) of the diding
manifold gives the +1 and —1 output respectively. The total
effect of RTA on SMC reaultsin less chattering effect, faster
response and robustness to variation in external parameter.

5. Simulation result and discusson. To tet the
efficiency of ared twisting diding mode control (RTSMC)
for DVR in MATLAB/Simulink, a test system is develop
(Fig. 6). All the parameter detail isgivenin 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 andysisis carried out to evaluate the
effectiveness of the suggested control approach.

¢ voltage sag/swell mitigation;
e Tota harmonic distortion.

Tablel
Parameter of distribution test system
No. Description of parameters Values
1 |Grid voltage(phase-phase) 400V
2 |Frequency of system(f) 50 Hz
3 |Impedance of line (R, Ly) 0.8929 Q, 16.58 mH
. Linear load:
4 |oadsrating P=10kW, Q=1kVar
5 |Switching constant +c 0.1
6 |Ultra capacitor 40V
7 |LCfilter (Ly, C) 1.8 mH, 5.5 pF
8 Power rating for coupling 100 KVA
transformer
9 |Control action RTSMC
10 |SMC gainy 0.142:10°°
11 |Switching frequency (fs) 10 kHz
. . Ode23tb (stiff/TR-
12 |Solver for simulation BDF2)
13 |Time of sampling 5us
14 |Filter cutoff frequency 405 Hz
15 |[RTSMC tuning gains, n; and n, 0.5and 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:

o detect voltage sag/swell;

e compute the voltage sag/swell (in percentage);

e determine the signal of switching control;

e generate switching signal of pulse width modulation
(PWM) for VSC to activate source and load voltage;

e generations of necessary switching signal
uninterruptedly to ensure that voltage sag and swell is
compensated,;

e 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 aresult of the rapid switching
ON of sensitive load on the supply side. As shown in Fig
7,3, the occurrence time of this sag begins at 0.1 s and ends
a 0.2 s. To correct the disturbance, the controller is
utilized. If there is no sag during norma 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 arelatively
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.

W&WxWMWM

0.15 25
@)
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LT RN Y
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- =
a
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i p? &WWW&WWM&W

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 |oad 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
beginsat 0.1 sandendsat 0.2 s.

°'WmcWWxW&W&W&W&W&WxWxWM
f el
&Ww?V%WW&W&W&W&WM3

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 |oad voltage

The problem (voltage swell) is resolved in arelaively
short period (2 ms) compared to the IEEE Standard
acceptable limit of 20 ms. Figure 8,b illugtrates that DVR
just injects the missing vaue. To reduce unwanted high
frequency dements, 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 isfor 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 |EEE Standard 1159-1995.

Conclusion. A control scheme of red twisting diding
mode control with integration of ultra capacitor is presented
for the voltage source converter of dynamic voltage restorer
usng 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 idea properties of great power density and low energy
density for eimination of voltage sag/swell and control
mechanism eliminates chattering, while attains a constant
switching frequency. As a result of using rea 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
signas. To evaduate the peformance of the suggested
approach, the MATLAB/Simulink SimPower System tool
box is employed. According to smulation results this clearly
shows that the ultra capacitor along with redl twisting diding
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 digtortion for
senditive loads as per Information Technology Industry
Council Curve and SEMI-F-47 standards.
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S.T. Zahra, R.U. Khan, M.F. Ullah, B. Begum, N. Anwar

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 / Smulink 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 isfound to be 0.38 %. References 22, tables 1, figures 19.

Key words: dynamic voltage restorer, diding-mode controller, total harmonics distortion, voltage sag, power quality
improvement.

Bcemyn. Cv0200Hi numarHa sxkocmi enekmpoenepeii 6UKIUKarmsy 3HAUHUll iHmepec K 071 KOMYHATbHUX NIONPUEMCING, MAK i 0151 KIHYe8uUx
CROJICUBAYIB, OCKIbKU BOHU 3A80AI0Mb 3HAYHUX (DIHAHCOBUX 6MPA NPOMUCTIOBUM CROJCUBAHAM. Y 36’ A3KY 3 yum 3abe3nevenHs aKocmi
eneKmpoeHepzii 6 PO3NOOUIbHUX CUCTIEMAX € OYIHCE BANCTUBUM NPU PO3TAOL KOMEPYILIHUX Mma npomuciosux 3acmocyeéans. Ilocmanosxa
3adaui. Ha scanv, panmogi necnpasnocmi, maxi K npo2uHu, nepexiowi npoyecu, CHOmMeopeHHs 2apMOHIK i UIMKU 6 eHepeocucmemi
CMeopIoloms 30ypeHHs ma 6NIUBAIOMb HA HANPY2Y HABAHMAdICeHHs. 3 HUX NpOBAU HANpyeU ma 2apMOHIKU CEplio3HO 6NIUBAIONb HA
yymauel npucmpoi. I apmoniku é enepeocucmemi GUKTUKAIOMb NOCUIEHUL HAZPI6 0OIAOHAHHS MA NPOGIOHUKIE, NPONYCKU 3aNATIO8AHHS 6
npuBooax i3 3MIHHOI YACMOMOIO 0OEPMAHHSL, NYTbCAYIT KDYMHO20 MOMEHMY 6 OBUSYHAX. SHUNCEHHS 2APMOHIK 66alICAEMbCS OANCAHUM.
Memoodonozia. Y yiti cmammi npedcmagneno egexmusne ma Haoditine pivienHs yici npobaemu 3a 00NOMO20t0 OUHAMIYHO20 GiIOHOBHUKA
Hanpyau nocioo6HO 3 po3nooLIbHOIO cucmemoro. Junamiunutl GiOHOGHUK HANpYyau — ye eKOHOMHe md egexmueHe pileHHs O 3aXUCy
YYMAUBUX HABAHMAICEHDb IO 2apMOHili ma nposucans. [Iputinamo cmpamezito Kepysanis 3 MONONO2IEI0 OUHAMINHO20 GIOHOBHUKA HANPY2U
ma NpoaHanizoeaHo egexmueHicmv Hpu GUKOpUCMAnHi 3anpononoganozo kowmponepa. Hoeusmna. Y yiii docnionuyexiv pobomi
BUKOPUCITIOBYEMBCS. MOOCTIOBANHS, AHANI3 MA YUCeNbHe OOCTIONCEHHA OUHAMIYHO20 BIOHOBHUKA HANPYeU 3 NPONOPYIHUM IHMeSPaNbHUM
KOHMpONepoM ma OUHAMIYHO20 GIOHOGHUKA HANpY2U 3 PecYIAmOPOM KOB3HO20 PediCUMy Npu ONMUMANbHILL HANpY3i O NiOGUEHHS
eexmusHocmi  OUHAMIYHO20 GIOHOBHUKA HANPY2U 30 PAXYHOK 3MEHUEeHHS CYMAPHUX 2apMOHIlinux chomeopets. Pezynemamu.
Mooeniosannst suxonaro 6 npozpamuomy komniexci MATLAB / Smulink ma npeocmasneno nopiensiivhuii ananiz Ounamiunoeo 6I0HOGHUKA
Hanpyeu 3 pIsHUMU KOHMpOIepamu Ol PO3NOOUIbYOI cucmemu. 3anponoHo8aHa cxema YCHIUWHO 3MEHWUNA GI0COMOK CHOMEOPEHHs
CYMApHUX 2apMOHIK [ Npoeanie Hanpyeu 3a O00NOMO2010 OUHAMIYHO20 GIOHOGHUKA HANPY2U 3 DecylamopoOM KOG3HO20 PedliCUMY Npu
onmumanvriu Hanpysi, axuil cmanosums 0,38 %. bidmn. 22, tabn. 1, puc. 19.

Kniouoei cnosa: nuHaMiuHuii BiTHOBHUK HANIPYTH, PEryjsiTop KOB3HOI0 PeKMMY, 3arajibHi rapMOHi4Hi CIIOTBOPEHHS, MPOBAJI
HANPYId, NOKPAIICHHA AKOCTI eJIeKTPOeHeprii.

1. Introduction. Nowadays, power qudity issues are
of considerable interest to both utilities and end users as
they cause significant financial losses to the industria
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 serioudy 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 tota harmonics distortion (THD) aso
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 lessthan 5 % of the fundamental
frequency. Standard of IEEE 1152-1995 define the voltage
sags root mean sguare i.e. RMS voltage variation having a
magnitude in between (0.1-0.9) p.u. of value of nominal
voltage and its duration typicdly varies from 0.5 cycle to
60 s. Ingtalation 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 usualy
inserted between the sensitive load voltage and network,
which accurately generates a disturbance that perturbs the
senditive load voltage by inserting the voltage into the
distribution line through a transformer. Lead-acid battery-
powered DV Rs 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
Pl controller and DVR with Sliding-Mode Controller
(SMC) at optima voltage is used to reduce THD to
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improve DVR performance. DVR with SMC at optimal Vg,
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 (Vi«)
structure for the purpose of comparison. A three-phase
reference voltage scheme is used as a reference in a
dynamic voltage restorer. However, the V,¢ three-phase
voltage must be needs to synchronize with the load
voltage (V) to correctly inject the missing voltage based
on magnitude and phase. Simulink diagram for obtaining
the reference waveform of voltageis shown in Fig. 1.
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Fig. 1. Simulink reference voltage diagram

In the control unit, a Park transformation also known
as direct-quadrature-zero (dg0) 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. Vy and V. The V, which is zero sequence
components are ignored for simplicity

d 1 a
q =§‘|M|‘ bi (1)
0 C

where M is as follow

2singt  2sin M_E 2sin a)t+2—7[
3 3
2 27\ | 2

-[2cosat Zco{wt—?j 2co{a>t+?j- bl (2

0 1 1 1 c

where w isthe angular frequency.

There are two modes of DV R 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

IL=(RL+JjQu)ML; ©)
Vovr =V +(Zsx1s)-Vs; 4)
Vaag =Vs— (1L xZs), ©)

where | is the load current; P_, Q. are load active and
reactive powers respectively; V., Vs are the load and

supply voltages respectively; Zs, |s are source impedance
and current respectively; Vpyr is the injection voltage by
DVR and Vg 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 isshown in Fig. 3[11, 12].

Zs Vovr

Vs Vs Vi Z

Fig. 2. Equivalent circuit of the power system under study
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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 V. and compares the V| to the V,¢ value [13]. An
error signa is generated when voltage is missing from the
power system due to voltage sag. If the difference
between V¢ missing V, 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 Pl 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 eventualy 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 Pl controller is shown in
Fig. 4 and the Simulink model is shownin Fig. 5.
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Fig. 4. Phase Locked Loop for DVR with PI controller
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Fig. 5. Simulink Model of DVR with Pl controller

4. Control circuit for DVR with SMC. SMC is a
robust and nonlinear control scheme a 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 areain the state space [14].

There are three mgjor advantages of SMC i.e. model
reduction, performance design and robustness parameters.
The diding phase (S.P.) at which asystem dides and properly
to approach to zero to make the system stablei.e. S=0 (Sis
the diding surface variable). While a system approaches to
diding phase is known as reaching phase (RP.) i.e. S# 0.
Equation (6) givesthe main equation of SMC

u=-sign(S); (6)

S=x+a-X, 7
where S= 0 and aisthe variable

X=-a-X, (8

Reachahility phase is very simple and it says that
any controller which obeys SS < 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.
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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 diding
surface and due to system inertia, the dliding mode
trgjectories often chatter back and forth motion along the
diding surface to reach the system at origin which is a
chattering also known as oscillation [14]. The Sand S signs
are always opposite to each other and Jlt| is the switching
function of the voltage source inverteri.e. 1 or -1

1(on time) for S< 0; o
i ~1(off time)for S<0.’ ®

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
SS < 0 to reach at the sliding surface. The tracking error

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

us =-Vy-sign(s), (10)

where U is control input to voltage source inverter; Vy is
DVR voltage.

So, the voltage source inverter switches DC storage
unit voltage according to diding function. SMC was
traditionally defined using the state space formulation and
this practice continuous in diding mode studies but in recent
studies, diding mode can dso 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
dg0_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
inFig. 8.

e — i

Frem aka |

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
Lineresistance, Q 1
Line inductance, mH 5
Line frequency, Hz 50
Filter series capacitance, F 100
Filer seriesresistance, Q 1
L oad phase voltage, V 220
L oad 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
L oad capacitive reactive power per phase, kVar 05
Saw-tooth carrier wave frequency, Hz 5500
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51. 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.
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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 kQ. 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.
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Fig. 10. Load voltage during fault without DVR
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Fig. 11. THD during fault without DVR

5.3. Didribution sysem using DVR with Pl
controller. The second simulation is carried out using DVR
based on Pl controller which is connected to distribution
sysem through an injection transformer. We have
investigated that the missing voltage in the distribution line
has been mitigated completely. Furthermore, THD has dso
been reduced as per power qudity standard to 1.03 % with
DVR with PI controller is shown in Fig. 12. Load voltage
obtained in this caseis shown in Fig. 13.
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Fig. 12. THD during fault using DV R with Pl controller
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Fig. 13. Load voltage during fault with DVR using Pl 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.
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Fig. 14. Load voltage during fault using DVR with SMC
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Fig. 15. THD during fault with DVR with SMC

5.5. Selection of optimal Vy for THD reduction.
The fourth simulation of DVR with SMC is based on the
different values of Vg to get optima V4 for THD
reduction. The DC storage unit has a main impact on
THD, we have simulated the DVR on different V. 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 caseis shown in Fig. 17 and THD
isshownin Fig. 18.
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Fig. 16. Selection of optimal V. for THD reduction
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Fig. 18. THD for selected signal during fault using DVR
with SMC at optimal V.

6. Comparative analysis of DVR with different
controllers for distribution system. MATLAB /
Simulink software package is employed to get a
comparison of al the results offered by DVR with
different controllers for distribution system. Initialy,
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 Pl
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 Pl 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 optima V4 gives reduction of THD up to
0.38 %. The performance comparison of DVR with
different controllersis shown in Fig. 19.
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Fig. 19. Comparative analysis of DV R with different controllers
for distribution system

Conclusions.

In this research paper, dynamic voltage restorer with
Pl controller and dynamic voltage restorer with dliding
mode controller at optimal voltage V. 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 diding mode controller
in distribution system under random fault condition.
Percentage total harmonic distortion during fault using
dynamic voltage restorer with Pl controller, dynamic
voltage restorer with dliding mode controller and dynamic
voltage restorer with diding mode controller at optimal
voltage is 1.03 %, 0.95 % and 0.38 % respectively. It is
obvious that dynamic voltage restorer with diding mode
controller at optimal value of voltage Vg, can mitigate the
voltage sag very quickly with minimum percentage total
harmonic distortion as compared to dynamic voltage
restorer with Pl 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 |CE constantly working, and hybrid mode with | CE 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 ssimulating 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, alter native fuel, liquefied petroleum gas, driving cycle.

Bcemyn. Enexkmpomo6ine 31 30invuenum 3anacom xo0y (E33X) — ye mun enekmpomo0ins, akuil 6UKOPUCIOBYE 000AMKOBUL OBUSYH
eHympiunbo20 3eopsanns ([IB3) 0 zapadocanns akymynamopa, wob 3abesnevumu mpancnopmuuil 3acié OiLibuum 3anacom xooy,
HIDIC Y pedicuMi Tuuie Ha enekmpuyromy xody. Mema. Ananiz ma nopisusanus egpexmusnocmi cunosoi nepedaui E33X, keposanoi
8i0N0BIOHO 00 MPbLOX cmpamezill YNPAGIIHHA. YUCTNO eNeKMPUUHULL pedcuM, 2iOpUOHULL pexcum 3 nocmitino npayroiodum B3 ma
2ibpuonuil pescum 3 /[B3, wo npayioe minoku npu 8Ucokomy cnodxcusanui nomyscnocmi. Memoou. Bunpobysanns npogoounucs na
1a00pamopHoOMy CmeHOl, wo npedcmasiic coboi KOHCmpyKyito cunogoi nepedaui E33X. Ckpannenuil 2a3 uKopucmogysascs sx
nanueo ons sscuenenus JB3. Ymosu eunpodyeans usHauaiucs cneyiansHuM Yyukiom 800IHHA, WO IMImye 600iHHA 8 YMO8AX MiCma.
Pesynomamu. Ipapicu uacosux psoie eubpanux napamempis eneKmpoosucymd, eieKmpoximiynoi axymyaamopnoi 6amaperi,
eenepamopa-po3umupiosaua Oianazony ma cucmemu axmuenoeo nagaumadicenns. Ilpaxmuuna winnicms. Ceped posensnymux
cmpameziti  KepysanHs cunogorw ycmanoskow E33X, 6ananc ewepeii enexmpoximiunoi 6amapei necamueHuil 0N UYUCMO
eNeKmPUIHO20 PedrcUMy, Cymmeso NOUMUGHUIL 0 pexcumy pobomu pozwupiosayie dianasony (PL) ma nomipno nozumusnuii ons

pedcumy 3 akmugayicio P/ nuwe y ounamiynux cmanax. bion. 13, puc. 22.
Kniouosi cnosa: enexTpoMoo0iib 3i 30lIb1IEHNM 3a1aCOM X0y, aJIbTEPHATHBHE NAJIUBO, CKPAINJIEHUH ra3, HUKJI BOAIHHS.

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 (HEVsS), Plug-in Hybrid Electric Vehicles
(PHEV ), 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 dl-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].
Regardiess of the definition, the man purpose of
introducing EREV to the market was to beat the range
limitation that isinherent in EVs.

A reliable control of power flow and energy
management is of great significance towards the
performance enhancement of EREVs. The main goal isto
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 aso been
widely applied and has been proven to provide near-
optimal solutions [8]. A traditiona 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 PM P-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. Finaly, 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 |CE 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, alowing for better representation of rolling and
agrodynamic 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 eectric 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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Fig. 1. Schematic diagram of laboratory test stand
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The main parameters of the laboratory stand
elements are given below:

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

e 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 1GX440 - four-stroke, single-
cylinder, spark-ignition, OHC, displacement volume
438 cm®, 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;

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

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

e Inertiadisc (fly wheel): moment of inertia 6 kg-m?;

e Gear transmission: ratio 1:2.7;

e Bdlt 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.
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Fig. 3. Special driving cycle used for testing

REX control strategies. In this research three REX
control strategies are eval uated:

o dtrategy 1: Pure electric mode;
o strategy 2: Hybrid mode ;
e strategy 3: Hybrid mode Il.

The strategies govern the two states of the REX:

o OFF state, where REX is disabled and no power is
delivered to the powertrain from the REX;

e ON state, where REX is enabled and constant power
of 2.5 kW isdelivered 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 isin OFF dl 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 critica 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 critica to provide additional energy to the
battery, even by running REX when vehicleis 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).
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Fig. 4. Electric motor rotational speed for 1% control strategy
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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 eectronic 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 dightly. 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.
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Strategy 2: Hybrid mode |. Figures 11-16 show
the results obtained for the second control strategy, where
REX isturned on during the entire cycle.
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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.
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Strategy 3: Hybrid mode I1. 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.
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When REX isturned 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.
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Conclusions.

The control strategy applied to EREV powertrain
should ensurefirst of al:

e avoiding overcharging and excessive battery
charging current;

e reduction of battery current in dynamic states with
REX support.

Appropriate selection of powertrain components
alows 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 strategiesis:

e 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;

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

e 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), athough 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 individua 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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