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Electrical Machines and Apparatus
UDC 621.3.04: 621.316

E.I. Baida, B.V. Klymenko), S.V. Vyrovets, M.G. Pantelyat, M. Clemens

INVESTIGATIONS OF THE DYNAMICS OF A BISTABLE ELECTROMAGNET WITH
IMPROVED CHARACTERISTICS FOR MEDIUM VOLTAGE VACUUM CIRCUIT
BREAKERS

doi: 10.20998/2074-272X.2020.3.01

Introduction. Currently, for switching medium voltage circuits, vacuum circuit breakers are widely used, which have good arcing
properties and high breaking capacity. One of the problems of creating the drive mechanism of such apparatus is the need to
ensure the absence of contact welding when a through current of a short circuit of a given duration flows through them, which is
achieved due to a certain amount of contact pressure. One of the problems arising in the design of circuit breakers is the need to
fix the mechanism with a mechanical lock, which should hold the mechanism securely. This leads to significant specific
mechanical loads, which in turn reduces the reliability of the circuit breaker. One way to solve these problems is to create a drive
based on monostable or bistable electromagnetic actuators with highly coercive permanent magnets, which provide reliable
fixation of the position of the contacts. Purpose. Investigation of the improved design of a bistable electromagnetic actuator based
on permanent magnets of a medium voltage vacuum circuit breaker. Methods. Theoretical and experimental research and
comparative analysis of existing and developed electromagnetic actuators. Conclusions. A new design of an electromagnetic
bistable actuator with reduced overall dimensions is developed and tested. The electromechanical characteristics of the actuator
correspond to the technical specifications, which is confirmed by both theoretical and experimental studies. The proposed
actuator can be used as a drive mechanism for medium voltage vacuum circuit breakers. References 10, figures 17, tables 3.

Key words: bistable electromagnet, actuator, vacuum circuit breaker, multiphysics model.

B cmamve uccneoosan Hogvlil OGucmadunbHLIL INEKMPOMAZHUM € GbICOKOKOIPUUMUGHBIMU NOCHOAHHBIMU MAZHUMAMU,
Komopulii npeononazaemcsa UCHONb306aAMb 6 Kayecmge aKmyamopa 6aKyyMHbIX @blKllouamesneil CPeOHUX HAnpAdCceHUl.
IlIpugooumcea meopemuueckoe u IKCNEPUMEHMAIbHOE UCCTIE006AHUE YCOBEPUIEHCEO06AHHOI KOHCMPYKUUU I1EKMPOMAHUMA
C Ueavio CPAGHUMENbHOZ0 GHANU3A €20 napamempos ¢ napamempamu umewuieica koucmpykyuu. Teopemuueckoe
uccnedosanue dazupyemca Ha MyabmuQu3uuecKoll mooenu, KOMopas 6KII0Yaem pacuem CHAmuiuecKko20 U OUHAMUYECKO20
INEKMPOMAZHUMHBIX NOJIEIl 6 HENUHEIIHOU NP060OAUell HEOOHOPOOHOU Cpede C yuemom ROCHOAHHBIX MAZHUMOG, HEJIUHEIHbIX
YDagHeHuil paspaoOHOll Uenu HAKONUMEIbHO20 KOHOCHCAMOpA, HETUHEIHbIX YPAGHEHUll O08UdNceHusn. DKcnepumeHmanbHole
uccne006anus, KOMopsie NPoGOOUNUCH HA PCATIBHOM GAKYYMHOM 6bIKIIOUAMmeENne, NOKA3AIU COOMEEMCIMEUe napamenpos Ho6020
OucmadunLHO20 IN1eKMpomazuuma paciemnvim nokazamenam. Hanpaenenue oansneiiuuux ucciedo6anuii npeocmagsnaiomcs 6
6uOe ONMUMUSAUUU 2eOMeMPUU INeKMmPomMazHuma u cxemsl ynpasienus. buon. 10, puc. 17, Tabm. 3.

Knrouesvie crosa: 6McTa0NIBbHBIN 3JI€KTPOMATHUT, AKTYaTOP, BAKYYMHBIH BBIKJIHYATe/1b, MyJIbTHGU3HYECKAS MOJEC/Ib.

Introduction. In recent years, vacuum switching PN
devices having unique arcing properties and high
breaking capacity [1] are widely used in medium voltage
circuits. One of the most important characteristics of such
apparatus is the rated short-time withstand current — the 4000
current that the circuit breaker must withstand for given
time in accordance with the test conditions [2] defined by
the standard, which is achieved due to a certain value of 2000
contact pressure. Under the electromagnetic actuator we
understand the device that creates the movement of
contacts when excited by an electric signal of an
electromagnetic field in an electromagnet. Here, the
movement of the contacts in one direction is provided by
the traction force of the electromagnet, and in the other
one by contact and disconnecting springs. Thus, the
electromagnet together with the contact springs forms an
electromagnetic actuator. From experimental data it is
known [1, 3] that to ensure the breaking capacity of the
circuit breaker of 20 kA, contact pressure should be of the
order 2 kN per pole or about 6 kN per three poles,
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Fig. 1. The dependence of the opposing force (P) as a function
of the stroke (s) of the armature

There are publications on the design and calculation
of electromagnetic actuators [4-6]. One of the problems
arising in the design of circuit breakers is the need to fix
the mechanism of the circuit breaker in extreme positions.
Actuators of vacuum circuit breakers, as a rule, use

respectively. Such contact pressures are provided by
Belleville springs, therefore, the mechanical opposing
characteristic has its own peculiarity (Fig. 1), which
consists in a jump in the opposing force at the moment of
contact touch. This leads to a slowdown in the velocity of
movement of the armature of the electromagnet and a
possible «freezing» of the drive mechanism [4] (if the
kinetic energy of the moving parts is not enough to
overcome the area where the electromagnetic force is less
than the opposing one).

neutral electromagnets or electric motors, the main
disadvantage of which is the presence of mechanical locks
— mechanical latches that securely hold the mechanism in
the on position. The main requirement for mechanical
latches is the small force required to release the free trip
mechanism when the circuit breaker is switched off,
which is associated with its velocity. This leads to
significant specific mechanical loads on the mechanical
element, which in turn reduces the reliability of the circuit
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breaker. In addition, electromagnetic and spring-motor
actuators are complex and require qualified service.

One way to solve these problems is to create an
actuator based on monostable (Fig. 2,a) or bistable
(Fig. 2,b) polarized electromagnets with highly coercive
permanent magnets, which provide reliable fixation of
contacts in extreme positions, consuming energy only in
transient modes. The advantage of such electromagnets is
the simplicity of design and reliability.

g I
b
Fig. 2. Sketches of monostable (@) and bistable (b) electromagnets

The designs of shown in Fig. 2 electromagnets are
similar. Each includes a movable armature (1), a
ferromagnetic shunt (2), a winding (3), a winding frame (4),
a core (5), a housing (6), permanent magnets (7) located
along the inner perimeter of the housing, and a base (8). In
the design of a bistable electromagnet, a non-magnetic rod,
which is connected to the movable contacts through the shaft
levers, also connects the upper and lower armatures, which
ensures synchronization of the movement of the armatures
when the electromagnet is triggered (not shown in Fig. 2).
The main differences of these electromagnets are as follows:

¢ in a bistable electromagnet, armature fixation in two
extreme positions is provided by permanent magnets, and
in a monostable one — by permanent magnets (on) and a
spring (off);

e a change in the position of the armature in a bistable
electromagnet occurs due to a change in the direction of
the current in the winding (polarized electromagnet), in a
monostable one — by applying voltage to the additional
winding.

The design and operation principle of a monostable
electromagnet (Fig. 2,a) are considered in [6, 7]. The
disadvantages of its design include:

o the charge voltage of the capacitor of the control
winding circuit of a monostable electromagnet is 380-400 V,
which is unsafe for maintenance personnel;

e significant (in relation to the dimensions of the
circuit breaker) dimensions;

e the presence of two windings (on and off);

e a significant amount of permanent magnets, which
increases the cost of the electromagnet.

These shortcomings are the reason for the
development of a new design of a bistable polarized
electromagnet (Fig. 2,b) [8].

Thus, the goal of the paper is to create a mathematical
multiphysics model for calculating the dynamic parameters
of a bistable electromagnet based on highly coercive
permanent magnets with improved characteristics for
medium voltage vacuum circuit breakers. In addition, in the
course of experimental studies, it is necessary to verify the
adequacy of the created model.

Problem definition. As mentioned above, a
monostable electromagnet has several disadvantages.
Therefore, when designing and studying a bistable polarized
electromagnet, the following tasks are formulated:

¢ to reduce the size and mass of the magnetic system;

e to reduce the mass of highly coercive permanent
magnets used, which will reduce the cost of the electromagnet;

e to reduce the charge voltage of the capacitor to a
practically safe value of 100-110 V, while ensuring reliable
operation of the circuit breaker (when the touch voltage
decreases from 400 V to 100 V, the total resistance of the
human body along the path «arm—arm» increases by about
2.7 times — from about 1300 Q to about 3500 Q, and the
direct current through the human body decreases by about 11
times — from about 310 mA to about 28 mA (see Fig. 2.2 on
p- 102 in [1]), which makes a contact scenario almost safe);

o to ensure high thermal stability of the circuit breaker
due to the holding force of the bistable electromagnet
armature with permanent magnets of at least 6.5 kN.

The design shown in Fig. 2,5 [8] is obtained on the
basis of numerous preliminary calculations and studies.
For the final decision on the parameters of the prototype,
comparative calculations of the dynamic characteristics of
a bistable polarized electromagnet with a monostable one
have been carried out. Also, experimental studies of the
new actuator have been carried out when it was installed
in a vacuum circuit breaker. All calculations are carried
out with the same parameters of the opposing force, the
mass of contacts, levers and traction insulators, the
mechanical work of the forces opposing the movement
(the same armature stroke and contact failure) and the
specific characteristics of permanent magnets (coercive
force and residual magnetic flux density).

The multiphysics model of the actuator given in [6, 9]
is based on the Maxwell equations and written in terms of the
magnetic vector potential for a nonlinear conducting moving
medium taking into account the field of permanent highly
coercive magnets with boundary conditions — the zero value
of the magnetic vector potential at the remote boundary and
the axial component of the field on the axis of symmetry. The
problem is solved by the Finite Element Method in
axisymmetrical formulation, and for discretization in time
domain the implicit multistep Adams-Moulton method of the
4th order with adaptive selection of time step values is used.
The PDE system solved to obtain electromagnetic field
distribution is supplemented by a separate system of
nonlinear equations of the discharge circuit of the storage
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capacitor and a system of nonlinear equations of motion
[6, 9], the form of which is determined by the electrical circuit
for connecting the winding to the energy source and the
kinematics of the mechanical system under consideration. In
the calculations, all moving masses and the opposing force
are reduced to the armature of the electromagnet. Since the
calculation is carried out in the COMSOL Multiphysics code,
the assumptions made during the calculation are minimal: the
frictional forces in the bearings (axes) and the change in the
resistance of the winding as a result of heating due to their
smallness are not taken into account. The calculation consists
of two stages: static calculation and dynamic one. To
calculate the dynamics, the initial data are the results of a
static calculation.

The nature of the movement is significantly affected
by a change in the reduced mass of the armature (Fig. 3),
which is associated with the closure of contacts at the
moment of impact. Assuming that the impact is inelastic
and «stretched» it in time by 0.4 ms, we can write:

d(m-v) 'Ts _ @~v+m'ﬂ .TS =[@~v2+m~ﬂ)_1; , (1)

where m is the mass reduced to armature; v is the velocity
of movement; s is the armature displacement; 1 is the

directional unit vector.
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Fig. 3. Change in mass (@) and its derivative () as functions of
the displacement at the moment of the contacts touch

Table 1 shows the parameters of the windings of the
electromagnets and the supply circuit. The initial voltage
at the capacitor U, is chosen as the minimum voltage for
the operation of electromagnets.

Table 1
Parameters of electromagnet windings and supply circuit
Parameter Monostable Bistable
U, V 400 105
number of turns w 700 270
R,Q 19 1.53
C, uF 10000 60000

The results of a comparative calculation of the
dynamic characteristics of actuators. The results of
calculating the movement of the armature of the
electromagnets as a function of time when switched on
are shown in Fig. 4, and the results of calculating the
driving force (it means the difference between the traction
force developed by the electromagnets and the opposing
force) as a function of time — in Fig. 5.

From the graphs it follows: the increase in the total
force of a monostable electromagnet occurs more quickly,

which, combined with a slightly lower mass of the
armature and a smaller time constant determines its higher
velocity. The graphs show a significant decrease in the

driving force at the moment of the contacts touch.
&, mm
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Fig. 4. Displacement of the armature of monostable (a) and
bistable (b) electromagnets as a function of time
F.N
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Fig. 5. Comparative characteristics of the driving force F' created
by monostable (a) and bistable (b) electromagnets

The influence of changes in the reduced mass during
the movement of the system is illustrated by the velocity
graphs (Fig. 6), which show its jump at the moment of
contact closure. In this case, the kinetic energy of the
remaining moving parts of the actuator (armature, levers,
contact holder) increases which should be enough to
overcome the area in which the driving force is negative.
Otherwise, the system may «freeze».

It is advisable to carry out a further comparative
analysis by the magnetizing force of the windings, which is
shown in Fig. 7. The winding currents are presented in Fig. 8.

With almost the same magnetizing force of the
windings (the opposing characteristic is the same), the
currents of electromagnets vary significantly due to
different winding data (windings sizes, wire diameter,
number of turns, etc.).

¥, m/s

45
4
3.5
3 a b
2.5
2
1.5
1
0.5
ot ' s T T g
0 a0l 002 0,02 004 0.05 0061, s

Fig. 6. Velocity of the armature movement of the monostable (a)
and bistable () electromagnets
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It should be noted that the graphs of currents allow
to evaluate the actuator operating parameters [4].

w, A .
11000
10000
9000~
2000~
000~
6000~
5000~
4000
2000
2000
1000~
o

o 0.01 002 0.03 004 0.05 00l s

Fig. 7. Magnetizing force of the monostable (a) and bistable (b)

electromagnets
i, A

40

] 001 o002 0.03 0.04 0.05 0061,
Fig. 8. Currents of windings of the monostable (a) and

bistable (b) electromagnets

The minimum of the current curve approximately
corresponds to the actuator operating time, and the current
fluctuation in the winding circuit means a possible
«freezing» of the drive mechanism, which is
unacceptable, since it causes the circuit breaker contacts
to not switch on completely, leading to an accident. Such
a case is shown in Fig. 9 (solid line is the touch line of the
contacts) when the capacitor charge voltage U, in
calculation is insufficient for the actuator to operate.

i, A §, mm
40f" i 17
116

35:- 115
t 114
30k 1
FANE.N ,]1';
25F \/ 111
[ a 110
206 19
| 1 8
150 b s
| l 5
10p 1 4
L |3
5 12
| 11
(1] T . . . . 10
0 0.01 0.02 0.03 0.04 0.05 1, s

Fig. 9. Current and stroke of the armature during emergency
switching on of the electromagnet:
a — winding current; b — electromagnet armature stroke

From Fig. 9 it follows that before reaching its final
position, the electromagnet armature, levers, traction
insulators and contacts started the reverse movement and
passed the touch point of the contacts in the opposite
direction. Then the contacts opened, the opposing force
decreased (see Fig. 1), and the contacts again began to move

in the direction of closure, «hanging» at the point of contact.
This means that when short circuit current is switched on, the
contacts and vacuum chambers can be damaged as a result of
burning on the contacts of a powerful electric arc. Closing
the contacts of the circuit breaker with small contact pressure
is a serious accident, significantly reducing the thermal
stability of the circuit breaker both during the flow of rated
and emergency currents.

Since the function of switching an electric circuit by
a circuit breaker assumes both connecting consumers to
energy sources and disconnecting them from these
sources, the next step is to study the process of
disconnecting a load by a circuit breaker. Figure 10 shows
the time dependence of the armature displacement of a

new bistable electromagnet during switching off.

5, mm
18’
17+
16|
15}
14;
13}

12|
11+
10|

9.

SHMWaUVON®

0 0.005 0.01 0.015 i s

Fig. 10. Dependence of the displacement of the armature of the
electromagnet during switching off

An analysis of this dependence shows that the
breaker contacts open in about 7 ms, and the off process
takes place within 16-17 ms which is approximately two
times faster than switching on (Fig. 4,0 and Fig. 10).

Of interest is also the form of the total force acting on
the armature of the electromagnet which is shown in Fig. 11.

F, N

3000}
2500}
2000+
1500¢
1000}

500+

U_
-500-

-1000F

0 0.005 0.01 0.015 is
Fig. 11. The total force acting on the armature of an
electromagnet when switched off as a function of time

The velocity graph is shown in Fig. 12. As follows
from the graph, at the moment of opening the contacts,
the velocity of the system decreases due to the attachment
to the armature of the mass of contacts, levers and traction
insulators.

Indicative is the graph of the current in the winding
circuit, which, due to the counter-EMF of armature
movement, takes negative values, i.e. recharges the
capacitor (see Fig. 13).
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Fig. 12. The electromagnet armature velocity during switching off
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Fig. 13. Winding current change during switching off

This follows from the fact that, according to Ohm law
i U,+E , @)
r
where U. is the voltage on the capacitor; F is the counter-
EMF of movement; r is the resistance of the winding and
connecting wires.
But at the same time

do do
E=—-w—=—w-—.y, (3)
dt ds
where w is the number of turns; @ is the magnetic flux;
s is the displacement of the armature; v is the velocity.

Therefore, if the velocity is high, then the counter-
EMF can be larger in magnitude than the voltage on the
capacitor. In this case, the current will be negative.

It should be noted that due to the opposing springs,
the magnetizing force sufficient to switch off is
approximately 1.5 kA, while to switch on is about 10 kA.
Figure 14 shows the nature of the change in voltage on
the capacitor during switching off.

Us, V
85¢
84.9;
84.8:
84,7}
B84.6/
84.5;
84.4;
B84.3;
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84,1}
84
83.9;
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835}
83.4;
83.3:
83.2u
]

0.005 0.01 0.015 Is

Fig. 14. Capacitor voltage change during switching off

As follows from Fig. 14, due to the large capacitance,
the voltage during the switching off time of aboutl6 ms
varies slightly (by less than 1 V), and the decrease in voltage
during the total switch on duration is about 20 V).

This gives grounds to assert that the standard
operation OFF-ON-OFF will be successfully performed
provided that the energy source (capacitor) is
disconnected from the electromagnet winding in a timely
manner using, for example, the position sensor when the
circuit breaker changes its state.

An experimental study of the developed design of
a bistable electromagnet. For experimental studies, a
prototype bistable electromagnet has been manufactured,
which is installed in the casing of a vacuum circuit
breaker. A capacitor bank is used as the power source of
the electromagnet, and the electric circuit is closed to the
winding of the electromagnet and is not turned off until
the capacitor bank is completely discharged.

Figure 15 shows the oscillogram of the switching on
of the electromagnet at U,y = 105 V.

Figure 16 shows the oscillogram of the switching off
of the electromagnet at U,y = 60 V.
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Fig. 15. The oscillogram of the switching on of a bistable
actuator, where the horizontal time scale is 5 ms/div; the vertical
current scale is 10 A/div
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Fig. 16. The oscillogram of the switching off of a bistable
actuator, where the horizontal time scale is 5 ms/div; the vertical
current scale is 10 A/div

A comparative analysis of the calculated and
experimental temporal characteristics of the bistable
actuator is shown in Table 2, where I, is the first
maximum of the current of the electromagnet winding.

Table 2
Comparative analysis of calculated and experimental temporal
characteristics of a bistable actuator

Switching on Switching off
Calculation | Experiment | Calculation | Experiment
Laxs A 39.0 43.0 3.6 4.0
¢, ms 38.0 38.0 9.5 16.0

The discrepancy between the experimental and
calculated data (especially in time during the switching
off process) can be for various reasons, the most likely of
which are the following:
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¢ uncertainty of the electrical resistivity of the material
of the magnetic circuit;

e parameters of permanent magnets;

e friction forces in hinges and bearings;

e change in contact failure due to repeated switching
operations, etc.

The uncertainty of the electrical resistivity of the
material of the magnetic circuit is the dominant factor,
which is confirmed by the results of studies in [10].

During testing, with insufficient capacitor charge
voltage, the electromagnet did not switch on completely, at
which the armature became «stuck» at the value of the
failure. The oscillogram of this process is shown in Fig. 17,
which confirms the data obtained by calculation (see Fig. 9).
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Fig. 17. The process of fuzzy switching on of an electromagnet
Comparative mass and dimensional characteristics

of monostable and developed bistable electromagnets are
presented in Table 3.

Table 3
Comparative mass and dimensional characteristics of electromagnets
Monostable | Bistable
Diameter, mm 150 140
Height, mm 110 90
Electromagnet mass, kg 11.5 8.63
Copper mass, kg 0.44 0.73
Permanent magnets mass, kg 0.49 0.33
Conclusions.
1. The created mathematical multiphysics model

allows to determine the basic dynamic parameters of a
bistable electromagnet: switching on and switching off
times, armature velocity, etc.

2. The developed design of a bistable electromagnet,
compared with the known monostable design, has outer
diameter smaller by 6.7 %, lower by 18.2 % height,
which, in this case, is a decisive factor for a limited space
inside the housing of the vacuum circuit breaker. The
mass of the new electromagnet is also decreased by 25 %.

3. The analysis of static traction characteristics with de-
energized windings in the drawn position of the armature
gives the following values: the well-known monostable
electromagnet — 8.5 kN; a new developed bistable
electromagnet — 6.9 kN with the required 6.5 kN. The force of
8.5 kN is unreasonably high for this type of circuit breaker.
Such a load requires strengthening of the circuit breaker
housing, drive rods and shaft. From this point of view, the
developed bistable electromagnet is more preferable.

4. The ratio of the holding force to the total mass of the
electromagnet in the new design is 800 N/kg, while for a
monostable electromagnet this indicator is 740 N/kg. At

How to cite this article:

the same time, the mass of the permanent magnets
decreased by 32.6 %.

5. Since the switching off time of the actuators is
mainly determined by the force of the opposing springs,
the difference in switching off time is insignificant. The
switching off time is 16 ms, and the switching on time is
37 ms, which is comparable to the switching on time of
the vacuum circuit breakers manufactured by ABB.
Therefore, the result obtained for the developed bistable
electromagnet is completely acceptable.

6. The results of investigations allow to talk about the
prospects of using the developed design of the
electromagnet as an actuator of medium voltage vacuum
circuit breakers.
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MODELLING OF DYNAMIC MODES OF AN INDUCTION ELECTRIC DRIVE AT
PERIODIC LOAD

Goal. Development of methods and mathematical models, based on them, for the calculation of transients and steady-state modes
of induction electric drives operating in periodic load mode. Methodology. The developed algorithms are based on a mathematical
model of an induction motor, which takes into account the saturation of the magnetic core and the displacement of current in the
rotor bars. The processes are described by a system of nonlinear differential equations in the orthogonal axes x, y, which enables
the results to be obtained with the smallest amount of calculations. The magnetization characteristics by the main magnetic flux
and the leakage fluxes are used to calculate the electromagnetic parameters of the motor. To account for the current
displacement in the rotor bars, the short-circuited winding is considered as a multilayer structure formed by dividing the bars in
height by several elements. Results. Due to the variable load on the motor shaft, electromagnetic processes in both transient and
steady state modes of the electric drive in any coordinate system are described by a system of nonlinear differential equations. The
result of the calculation of the transients is obtained as a result of their integration time dependencies of coordinates (currents,
electromagnetic torque, etc.) at a given law of change of the moment of loading. The proposed method of calculating steady-state
mode is based on algebraization of differential equations on the mesh of nodes of the process cyclicity period and allows to obtain
periodic dependencies in the time domain. Originality. The problem of calculating a steady-state periodic mode is solved as a
boundary problem for a system of first-order differential equations with periodic boundary conditions, which allows to obtain
instantaneous dependences during the period of currents, electromagnetic torque, capacities and other coordinates. Practical
significance. Using the developed algorithm, it is possible to calculate the static characteristics of periodic processes as
dependencies on different parameters of the cycle of periodic load or other coordinates, which is the basis for the choice of the
motor for overload, power, heating, etc., as well as to detect the possibility of resonance. References 9, figures 4.

Key words: induction motor, periodic load, mathematical model, steady-state dynamic mode, transient, static characteristics,
saturation of the magnetic core, displacement of current.

Po3pobneno mamemamuuni modeni i anzopummu, 3 GUKOPUCMAHHAM SKUX CKINAOEHi HPOZPAMU PO3PAXYHKY HEPEXiOHUX
npouecie i ycmaieHux peycumMié ACUHXPOHHUX e/IeKMPONpueoodis, AKi RNpayloomy 6 pexcumi nepioouunoi 3minu
Hasanmadyicenna. B ix ocnosy noknadeno mamemamuyny mooenv ACUHXPOHHO20 OBUYHA, PO3PODOSIEHY HA OCHOBI meopil Kin i
300paANCYBANLHUX GEKMOPIG eIeKMPUYHUX KOOPOUHAM, 6 AKIll 8PAX0BYEMbCA HACUYEHHS MACHIMONPOBOOy i GUMICHEHHA
CHIpYMY 6 CHEPIHCHAX KOPOMKO3AMKHEH020 pomopa. Bracniook 3miHH020 HABAHMANCEHHA HA 6471y 0BULYHA €/1eKMPOMAZHIMHI
npoyecu AK 6 nepexioHux, Mmakx i YCMaieHux pexcumax ¢ 0yov-aKiil cucmemi KOOPOUHAM ORUCYIOMBCA CUCMEMOIO HENIHITHUX
ougpepenyianvnux pienanv. B pooomi eukopucmano cucmemy opmozoHaNbHUX KOOPOUHAMHUX OcCell X, Y, AKA 0depmaecmubca 3
006inbHOI0 weuokicmio. /s 004UCIEHHs eNeKMPOMAZHIMHUX RAPAMEMPIE 08UZYHA BUKOPUCIOGYIOMbCA XAPAKMEPUCHUKU
HAMAZHINY8AHHS OCHOGHUM MAZHIMHUM HOMOKOM, @ MAKOMC ROMOKAMU po3cilosanns cmamopa i pomopa. /Ina ypaxyseanns
GUMICHEHHA CIPYMY 6 CMEPIHCHAX POMOPA KOPOMKO3AMKHEHA 0OMOMKA NOOAECMbCA Y 6U2NA0l 6azamouiaposoi cmpykmypu,
YmeEopenoi po3oummam cmepicHie no eucomi Ha KilbKa enemenmis. Ycmanenuii nepioOudHUil pescum po3paxosyEmuces
Memooom po36’A3y6anHs KPalioeoi 3adaui, po3podieHum Ha OCHOGI AnpOKCUMAuii KOOpOuHam Kyoiunumu cniaainamu, wio oac
3MO2y ompumamu iX nepioouyuHi 3anexicHocmi ¢ no3auacosin oonacmi i po3paxosyeamu CHMAMUYHI XAPAKMEPUCIMUKU AK
3anexcHocmi 6i0 napamempie YUKy nepioOUyHO-3MIHHO20 HABAHMAHCEHHA Ao IHwux Koopounam. bioin. 9, puc. 4.

Kniouogi crnosa: acHHXpOHHUH IBUI'YH, epiognyHe HABAHTA)KeHHS, MAaTEMAaTHYHA MO/e]b, YCTAJIEHHI THHAMIYHHI peXuM,
nepexigHuii mpouec, KpaiioBa 3agaya, pe30HAHC, CTATHYHI XapPaKTePUCTUKH, HACHMYEHHsS MArHITONPOBOAY, BHUTiCHEHHSI

CTpyMmy.

Pazpabomanvr mamemamuueckue mMooenu u ai2opummul, ¢ UCHONAb306AHUEM KOMOPHIX COCHMAGIEHb! NPOZPAMMBL pacuema
NepPexoOHbIX NPoUeccos U YCMAHOGUSUIUXCA DPEHCUMOE ACUHXPOHHBIX IJIEKMPONPUEOO0E, KOmopvle padomaiom & pedtcume
nepuoou1ecKko20 uzmenenus Hazpysku. B ux ocmogy nonosiceno mamemamuueckylo mooenb ACUHXPOHHO20 Osuzamens,
Pazpadomannylo Ha OCHOGe meopuu ueneil U U300PANCAIOWUX 6EKMOPOG INEKMPUUECKUX KOOpOunam, 6 KOmMOopoii
YUumsleaemcsa HAcCblujeHUe MAZHUNMONPOBOOA U 6bIMECHEHUE MOKA 6 CIMEPHCHAX pomopa. Beneocmeue nepemennoil nazpysxu
Ha 6any Osuzamens I1EKMPOMAZHUMHbIE RPOUECCHl KAK 8 NEPEXOOHBIX, MAK YCIMAHOGUGUXCA PEHCUMAX 8 TII000IU cucmeme
KOOpOunam oORucblealomcsa CUcmemoil HenuHeiinsix ougpepenyuanvuvix ypaenenuii. B pabome ucnonwv3yemcs cucmema
O0pMOOHANBHBIX OcCell X, Y, KOMOpas epawiaemcs ¢ NPou3soabHoil ckopocmuio. /[na Gvluucienus INeKmpoMazHUMHbBIX
napamempog 0guzamens UCHOAb3YIOMCA XAPAKMEPUCMUKU HAMAZHUYUGAHUA OCHOGHHIM MAZHUMIHBIM HOMOKOM, A4 MAKdHce
nomokamu pacceusanus cmamopa u pomopa. /ns yuema 6blmMeCHEHUA MOKA 8 CHIEPHCHAX POMOPA KOPOMKO3IAMKHYMAs
00MomKa npeocmaenaemca @ eude MHOZOCAOUHOU CMPYKMYpbl, 00PA306AHHOI pa3deieHuem cmepicheii no evicome Ha
HECKOIbKO 71eMeHMo68. YCmanoeusuiuiicaA nepuoOudecKull pexcum paccuumolédemca Memooom peulenus Kpaegoil 3adauu,
PazpadsomannsiM HA OCHOGE ANRPOKCUMAUUU KOOPOUHAM KyOUUEeCKUMU CHAQUHAMU, YMO Oaem G03MOMNCHOCHIL HOIYHUMDb
nepuoouueckue 3a6UCUMOCHU 80 6HEGPEMEHHOI 0OACMU U PACCYUMAMb CINAMUYECKUe XAPAKMEPUCIMUKYU KAK 3A8UCUMOCIU
Om napamempos YUKIa NepuooutecKu U3MeHAIWeNca Hazpy3Ku uiu opy2ux koopounam. bubn. 9, puc. 4.

Kniouesvie cnoéa: acHHXPOHHBIH JBHMraTejb, NePHOIWYECKAsi HArpy3ka, MaTeMaTHdecKash MoJeJdb, yCTAHOBHBIIMiiCS
JNHAMHYECKHIl Pe:KHM, NMePexXoAHbIil Mpolece, CTATHIECKHE XAPAKTEPHCTHKH, PEe30HAHC, HACBHIINIEHHEe MATHHTOMPOBOIA,
BBITeCHEHHE TOKA.

Introduction. In modern conditions of development  approaches to their practical implementation, which can
of science and technology, the problem of the be realized only on the basis of the development of
development of induction electric drives requires new
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adequate mathematical models of electric drive systems
that are adapted to their operating conditions. Their use
allows not only to correctly select the necessary induction
motor (IM), but also to develop a control system under
which the motor, operating under these conditions, would
ensure the maximum possible efficiency of the electric
drive system as a whole.

Modern factory methods make it possible to design
an IM that is highly likely to meet the technical conditions
of operation in a steady nominal mode with constant load.
Such calculations are usually performed using classical
substitution circuits [1, 2], but classical substitution
circuits are not suitable for the calculation of dynamic
modes, and their various adaptations need to be checked
on a case-by-case basis.

In the practice of operation, IMs are used not only
for actuating mechanisms that operate with unchanged
mechanical torque of loading, but also for drives with
periodic repeated short-term loading [3, 4]. The duration
of the cycle of periodic re-alternating load 7' consists of
two parts: the duration of the action of the load pulse and
the pause. In particular, for repeated short-term operation
(83), the duration of the load pulse is expressed as a
percentage to the duration of the full cycle. Switch-on
time (ST) = 15; 25; 40; 60 % (e.g. S3 — 25 %; S3 — 40 %)
is considered standard, with a cycle time of 10 minutes
[5]. The industry produces IMs to operate in different
standard-defined S3 modes. The selection of the motor
power for the repeated short-term operation mode S3 can
be made for equivalent power or torque for a given load
schedule. Knowing the power of the catalog IM for
motors designed to operate in a particular §3 mode, it is
possible to select a motor to check for starting torque,
overload capacity and heating [4].

Both standard long-run motors and motors specially
designed for repeated short-term mode can operate in the
repeated short-term mode. After all, often the values of
the duration of switching on the IM are not standard.
There is a need for a comprehensive study of the
operation of the motor under the conditions specified by
the working mechanism of the periodic load torque,
which can be accomplished through mathematical
modelling.

The goal of the work is to develop mathematical
models for the analysis of the dynamic modes of
induction motors operating under conditions of periodic-
variable loading.

A mathematical model for the calculation of
transients. For the analysis of the operation of electric
drives operating in dynamic modes, mathematical models
of IM, built on the basis of substituting circuits or linear
differential equations (DEs) can be used only for
approximate calculations. Because the electromagnetic
torque is determined by the flux linkages and currents of
the circuits of the motor, the inaccuracy of their
determination leads to the inaccuracy of the calculation of
the mechanical characteristic [1, 2]. In particular, the
value of the inductive resistances of the windings is
significantly influenced by the saturation of the magnetic

core, the change in the active resistances of the rotor
winding due to displacement of current. Taking them into
account in dynamic modes with the help of corresponding
coefficients [2] does not guarantee the accuracy of the
calculation results, especially for deep-slot motors.

The object of study is an IM with short-circuited
rotor winding, which is powered by a three-phase network
with a symmetric voltage system. For the analysis of
electromagnetic processes in IM, we use a mathematical
model, created using orthogonal coordinate axes, which
allows to consider processes by computer simulation
taking into account both saturation and displacement of
current in bars of the short-circuit rotor windings with
minimal computation. The magnetization characteristics
of the main magnetic flux and the scattering fluxes are
used to take into account saturation, and to take into
account displacement of current the bars are separated by
a height into » layers (2 < n < 5) which results in the n
windings being covered by different magnetic scattering
fluxes. The -calculation algorithms are based on a
mathematical model of the IM in the x, y axes, developed
on the basis of the theory of imaging vectors [7], which
allows to consider processes in the IM based on the theory
of circuits.

Dynamics of motion of the rotor of the IM,
operating in the mode of periodically variable loading, is
described by the system of the DEs of electromechanical
equilibrium which in the system of orthogonal axes x, y
taking into account the division of each bar in height into
n elementary ones, as well as subjecting the image vector
of the supply voltage along x axis that is commonly
practiced looks like

dlg—;x =gy sy Rl +Upy
dZtsy = -V — Rl s
d’;’_tlx =(wp — oW1, — Riiy ;
d:—;y = (@ — 1, — Riiyy 5
)]
dZ: = (a9 w)'/’ny =Ry
d::y = (@) — W — Ry ;
cj{—i) = %(EPO(‘//sxiSy - ‘/’syisx)_ MC(t)j ’

where the indices sx, sy denote that the flux linkages (y),
currents (i), and active resistances (r) belong to the
corresponding stator circuits; and 1x,...,nx, 1y,...,ny to the
rotor ones; U, @, are the amplitude value and angular
frequency of the stator winding phase voltage; w is the
angular velocity of rotation of the rotor; J is the moment
of inertia of the moving parts of the electric drive reduced
to the shaft of the IM; p, is the number of pole pairs.
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The loading diagram of the mechanism must be
known for modelling. Taking into account that the time
dependence of the load torque is periodic, it is necessary
to represent it in the form of a law of change, which
corresponds to a complete cycle in the form
M (t) = Mt + T), where T is the period.

An algorithm of calculation of characteristics. If
the IM operates in one of the standard modes (full cycle is
10 minutes), then the transient is almost complete, and for
a complete analysis of the motor operation it is enough to
calculate the transient during the period. This can be done
by integrating the DE system (1) using the numerical
method [6].

DE system (1) includes 2 + 2n electrical equilibrium
equations and one rotor dynamics equation. Therefore,
when calculating the transient, it is necessary to rotate a
matrix of the same order at each step (sub-step). In order
to reduce the amount of calculations, we reduce the DE
system (1), based on the following considerations.

The flux linkages of each IM circuit according to
accepted assumptions consists of the sum

Vi=Vs5tV¥g

of working flux linkage w5 which is nonlinearly
dependent on the currents of all circuits, and scattering
flux linkage w, which has a linear dependence,
respectively, only on the stator currents or only on the
rotor one. In addition, the flux linkage caused by the main
work flow and the flux linkage of the slit scattering for all
rotor circuits along the x axis are equal. The same applies
to similar circuits along the y axis. The above makes it
possible to divide the equilibrium equations of the DE
system (1) into two parts by distinguishing a linear part in
it. For this purpose it is necessary to replace the Sth
equation by the difference of the 5th and the 3™ ones, the
6th equation by the difference of the 6th and 4™ ones, etc.
The first one is of the fourth order

dy, .

d;x =gy — Ryige +Up s

dyg, .

dt = =00 o — Ryl

dl/llx T
- (@9 — @)1y, — Ry 5
d

Z;y e ) Ryiy,,

and is nonlinear, and the second of the 2(n—1) order is
linear

d —
(l//lx V/Zx) — (a)O _ a))(l//ly _(//zy)— Ry T ipy s

dt
dlyy, —vw j J
% =~y oyix —war)=niity + iz ;
d(y, - i+ T

s =) (0, - oyt i - i s
d —

(WIJZTW}W) = _(CUO _wxl//lx _l//nx)_r]il)’ +Fniny :

Write these two systems in the form

A A i B
{ 1 12}{{11/61@:{{31} @)
Ay Ay | |diy/dt] | B,
Determine the derivative of equation (2)
di, o VY= - )
7; = (All —A12A22A21T (Bl — A4 B, ),
in which only the elements of the matrices A4,; and A4,

depend on saturation. This allows to calculate the
elements of the matrices Az_zl and 4,; once and use them
to determine at each step the integration the derivative

%ZAzz{Bz _Azl%)

Therefore, it is enough to rotate once the matrix of
the 2(n—1) order and rotate the 4th order matrix at each
integration step. The obtained formulas make it possible
by numerical methods to reduce to Cauchy form the
system (2) of the DEs of the electric equilibrium of the
circuits.

Flux linkages of circuits are determined based on the
use of magnetization curves by the main magnetic flux y,
and the scattering fluxes of the stator ,, and rotor ¥,
windings

Yu= W#(iy)s Vos = V/os(is)a Vo = V/or(ir)’
where

. . v (. .y
lﬂ:\/(zsx+l,x) +(zsy+z,,y)2 :

Iy = \ l.szx + l‘sz ; I, = \ l.;%x + lfy .

The currents of the rotor circuits are defined as the
sum of the currents of n bar elements

n n
J=1 J=1

A mathematical model for calculating steady-
state dynamic mode. In order to reduce the presentation
of the computation of the steady-state dynamic
calculation algorithm, we write the DE system (1) as a
vector equation of the form

- —\—1
ac (o) (- - - =
—=|=| zly,xu,f], 3
di (ax] 5. 7) ®
I -
where @ =Y is the matrix in which L, = d—lg
dt 0 1 i

is the complete matrix of differential inductances of the
IM in coordinate axes x, y [7];

Vx Un 0 oy
Yy 0 0 gy
Vix 0 0 Ix
0 ~ 0 i
J—} = ://ly > u= > f = : > X= Zly
L 0 0 Inx
Yy 0 0 iny
|© | | 0 | _Mc(t)_ | @ |
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In steady state mode of the electric drive system
with periodic change of the load torque M(f) = M(¢t + T)
flux linkages, currents, rotor speed, electromagnetic
torque, etc. are varied by periodic laws. The task of
calculating a periodic mode is to determine these
dependencies. The solution of the system of equations (3)
is the periodic dependencies of the components of the
vector ¥(¢)=X(r+7). The calculation by the stable

method is inefficient for many reasons. In particular, CPU
time is wasted, and if the process is becomes stable too
slowly, then the oscillations at time ¢ are little different
from those for time ¢ + 7, so there is a problem of
determining the time when the transient ends. Finally, the
stable method is practically unsuitable for optimization
calculations.

The most effective approach to calculating a steady
periodic mode is to consider the problem as a boundary
one [7], which allows to obtain periodic dependencies of
coordinates in the timeless domain, that is, without
resorting to the calculation of the transient. To do this, the
system of continuous DEs (1) must be reduced to discrete
ones, which are a point mapping of the dependencies of
the coordinates during the process repetition period. There
are many methods of algebraization in the literature that
have both positive and negative sides: difference,
collocation, including  trigonometric,  differential
transformations, etc. The method, based on spline
approximations of coordinates, developed in [8], makes it
possible to formalize the algebraization process and is
also numerically stable. It allows to obtain continuous
dependencies of coordinates on a period on the basis of
the obtained by calculation their discrete values in nodes
of a mesh on a period. Note that the mesh of nodes can be
taken uniformly. In the system of algebraic equations
obtained by the approximation of variables, the values of
the coordinates in m nodes of the period are unknown. As
a result, taking into account periodic boundary conditions

?(t):?(t+T), )?(t):)?(t+T), we obtain the system of
m*(2n+3) nonlinear algebraic equations, which can be
represented as a vector equation

P(¥)=mZ(7. %), )
in which H is the square matrix of size m(3+2n) of

transition from continuous change of coordinates to their
nodal values, whose elements are determined only by the

mesh step [8]; )—’:(}1,...,},"), Z:(Zl,...,im),
(xl, LX ) are the vectors made up of values of
vectors y, X, Z in m nodes of the period.

By defining from vector (4) the vector X, it is
possible to construct periodic dependencies of all
coordinates, including -electromagnetic of torque,
power, etc.

Direct application of the iterative method to the
solution of system (4) is practically impossible due to the
divergence of the iterative process. A reliable method of
solving the problem is the method of continuation by
parameter [9]. However, in the system of nonlinear

algebraic equations there are two disturbing actions:

applied voltage — vector U =(L71,...,L7m)and vector of

ﬁ:(f,...,fm). It is
impossible to increase them at the same time, so the
problem is solved in two stages, the essence of which is to
increase them alternately in proportion to a certain
parameter. First, we increase the applied voltage, and
then, taking it unchanged, we increase the nodal values of
the applied torque. This makes it possible to determine the
time dependencies of the coordinates in the steady-state
periodic mode of operation of the IM at a given law of
change of the applied torque.

The steady-state mode calculation algorithm is the
basis for the calculation of static characteristics, which
can be obtained as a sequence of steady-state modes
calculated with a set of coordinate values, which is taken
as an independent variable, which can be any value:
moment of inertia, pulse density of the load torque; ratio
between pulse duration and pause, pulse rate, maximum
and minimum torque, period duration, etc. In addition,
under cyclic loading mechanical resonance is possible,
which can be detected by mathematical modelling.

The problem of calculating static characteristics can
be solved by a differential method, the essence of which
is the differentiation of algebraic equation (4) on an
independent variable, for example &, as a parameter. As
a result of differentiation, we obtain a nonlinear system of
DE in the form

nodal values of load torque —

4L
de O

The static multidimensional characteristic as a
dependence of periodic curves on the independent
variable ¢ is obtained by integrating system (5) with
parameter & The initial conditions should be those
obtained as a result of the first stage of the calculation at a
given supply voltage. At each integration step, the result
can be refined by the Newton method. During integration
as well as iterative refinement, it is necessary to determine
the differential inductance of circuits as nonlinear
functions of currents.

Results of investigations. Below are examples of
calculation results performed using the above
algorithms on the example of the IM with short-
circuited rotor 4AP160S4Y3 (P = 15 kW, U =220V,
1=299 A, py=2).

Figure 1 shows the time dependences of the relative
values of the electromagnetic torque (Fig. 1,a4) and the
current value (Fig. 1,b) in the transient during start up of
the IM with cyclic loading, at which the torque of load
varies with the period 7= 0.16 s in the range from idling
to nominal value, the moment of inertia J = 0.5 kg~m2,
and the density is 60 %, and Fig. 2 presents the same
dependencies, but with less moment of inertia
J=0.1 kgm”.

6))
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Figures 3, 4 present an example of calculated by the  presented in this work which correspond dependencies in
method of solving the boundary value problem of periodic  steady state shown in Fig. 2.
curves of current, electromagnetic torque and load,

H H

A MO T
25 2
12 16
I
11 12
0.4 0.g M,
-03 0.4
-1 ¢ 0 ¢
0 T2 T T2 aT 0 T2 T 3T 2 2T
a b

Fig. 3. Periodic dependencies (two periods shown) of the relative values of the load torque (M), electromagnetic torque (M,")
and current (I') calculated at the moment of inertia J = 0.1 kg-m? by the method of solving the boundary value problem
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Fig. 4. Dependence of the electromagnetic torque of the motor
on the relative value of the duration of the period of change of
load (at the point 7/T, = 0.16 there is a mechanical resonance)

Conclusions.

1.The developed calculation methods and
corresponding algorithms make it possible to use
mathematical modelling to analyze the operation of
induction motors with a short-circuited rotor taking into
account the saturation and displacement of currents in the
rotor bars under different laws of change of periodic load.

2. The algorithm of calculation of the steady-state
periodic modes at cyclic loading allows to obtain the
periodic dependencies of coordinates in the timeless
domain, which ensures high speed.

3. The mathematical models developed can be used to
design and analyze the operation of electric drives with
periodic load.
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THE EFFECTIVENESS OF ACTIVE SHIELDING OF MAGNETIC FIELD WITH
CIRCULAR SPACE-TIME CHARACTERISTIC AND WITH DIFFERENT SHIELDING
COILS SPATIAL POSITIONS

Aim. The synthesis, computer modeling and field experimental research of two degree of freedom robust two circuit system of active
shielding of magnetic field with circular space-time characteristic, generated by overhead power lines with «triangle» type of phase
conductors arrangements and with different shielding coils spatial positions for reducing the magnetic flux density to the sanitary
standards level and to reducing the sensitivity of the system to plant parameters uncertainty. Methodology. The synthesis is based on
the multi-criteria game decision, in which the payoff vector is calculated on the basis of the Maxwell equations quasi-stationary
approximation solutions. The game decision is based on the stochastic particles multiswarm optimization algorithms. The initial
parameters for the synthesis by system of active shielding are the location of the overhead power lines with respect to the shielding
space, geometry and number of shielding coils, operating currents, as well as the size of the shielding space and magnetic flux density
normative value, which should be achieved as a result of shielding. The objective of the synthesis is to determine their number,
configuration, spatial arrangement and shielding coils currents, the control systems parameters as well as the resulting of the
magnetic flux density value at the shielding space. Results. Computer simulation and field experimental research results of two
degree of freedom robust two circuit system of active shielding of magnetic field, generated by overhead power lines with «triangle»
type of phase conductors arrangements and with different shielding coils spatial positions are given. The possibility of initial
magnetic flux density level reducing and system sensitivity to the plant parameters uncertainty reducing is shown. Originality. For
the first time the synthesis, theoretical and experimental research of two degree of fieedom robust two -circuit t system of active
shielding of magnetic field generated by single-circuit overhead power line with phase conductor’s triangular arrangements and with
different shielding coils spatial positions carried out. Practical value. Practical recommendations from the point of view of the
practical implementation on reasonable choice of the spatial arrangement of two shielding coils of robust two -circuit system of active
shielding of the magnetic field with circular space-time characteristic generated by single-circuit overhead power line with phase
conductor’s triangular arrangements are given. References 32, figures 20.

Key words: overhead power lines with «triangle» type of phase conductors arrangements, magnetic field, system of active
shielding, computer simulation, field experimental research.

Llens. Cunmes, KomnvlomepHoe MmoOenupoganue u Hnoaegble IKCHEPUMEHMANIbHBIE UCCTE008AHUA KOMOUHUPOBAHHOIL
pobacmuoil  06yXKOHMYPHOU CUCHIEMbl AKIMUGHO20 IKPAHUPOGAHUA MAZHUMHOZ0 RONA C KpPY2060il RPOCMPAHCHIGEHHO-
6PEMEHHOI XAPAKMEPUCMUKOU, 2eHepUpPyemo0 O0OHOKOHMYPHOU 6030YWIHOI JIHHUEINl INeKmponepeoaiu ¢ mpeyzonbHbIM
noogecom npo60006, U C PAa3IUYHLIM NPOCHIPAHCHIECHHBIM PACHONONCCHUEM IKPAHUPYIOUWUX OOMOMOK ONA CHUNCEHUS.
UHOYKUUU MAZHUMHO20 NONAA 00 YPOGHA CAHUMAPHLIX HOPM U ONA CHUMNCEHUA UYYECIMEUMENbHOCU CUCHEMbl K
HeonpedeneHHOCmMuU napamempog odvekma ynpaenenusn. Memooonozus. Cunmes 0CHOGAH HA PEWIEHUNU MHOZOKPUMEPUATILHONL
CMOXACMUYEeCKOl Uzpbl, 6 KOMOPOU 6EKMOPHDLIL GbIUZPLIUL GBIUUCIACMCA HA OCHOGAHUU peuwieHull ypaenenuil Maxceenna 6
Keazucmayuonapuom npudnuxcenuu. Peutenue uzpol Haxooumca Ha 0CHOGe AN2OPUNMOE CHIOXACIMUYECKOT MYTbMUALEHIMHOIL
onmumuzayuu mynsmupoem uacmuy. Hcxoonvimu napamempamu Onsa CUHMEIA CUCHMEMbl AKMUGHO20 IKPAHUPOBAHUS
AGNAIOMCA PACNOJIONCEHUE BbICOKOGONLMHOI TUHUIL INIEKMPOneEPeoai no OMHOWIEHUIO K IKPAHUPYEMOMY NPOCHPAHCIEY, ee
2eomempuiecKue pasmepvl, KOJIUYECHEO NPO6000E u padouue moKu IUHUU INeKmponepeoaiu, pasmepvl IKPAHUPYEMOZO
npoCmMpancmea u HOpMAMUGHoOe 3HAYEHUE UHOYKUUU MAZHUMHO20 N0, KOMOPoe 00JI)CHO Oblmb 00CMUZHYMO 6 pe3yiibmame
IKPAHUPOBAHUA. 3a0aueil cunmesa AGNAEMCs onpedesieHue Koauuecmea, KoHpuzypayuu, npocmpanHcmeeHH020 Pacnoiolcenus
U 3HAYEHU MOKO0G 6 IKPAHUPYIOWUX 0OMOMKAX, RAPAMEMPbL CUCHEMbL YRPACICHUA, 4 MAKIHCE PE3YTbMUPYIOU|e20 3HA4eHUA
UHOYKUUU MAZHUMHO20 NOAA 68 IKpaHupyemom npocmpancmee. Pezynomamel. Ilpusooamca pe3ynsmamosl KOMNbIOMEPHO20
MOOenuposanun U NoueevlX IKCHEPUMEHMATILHBIX UCCAE006aHULI KOMOUHUPOSAHHOU POOACMHON 08YXKOHMYPHOU CUCHEMbL
AKMUBHO20 IKPAHUPOGAHUA MAZHUMHO20 NOA, 2€HEPUPYEMO20 G030YWIHOU JUHUEl INeKmponepeoaiu ¢ MpeyzonbHbIM
noogecom npoeooos, U C PpazluUYHBLIM NPOCHMPAHCIMEEHHBIM PACHON0MNCEHUEM IKpanupylowux oomomok. Ilokazana
603MOMNCHOCHG CHUMNCEHUA YPOGHA UHOYKUUU UCXOOHO20 MAZHUMHO20 NONA GHYMPU IKPAHUPYEMO20 NPOCHMPAHCMEA U
CHUMCEHUA 4YECMEUMEbHOCMU CUCMEMbl K HeonpeleieHHocmam napamempoé odvekma ynpaeénenus. OpuunanbHocmo.
Bnepevie npogedenvt cunmes, meopemuueckue u IKCHEPUMEHMATIbHBIE UCCIC006AHUA KOMOUHUPOBAHHOI POOACMHOTL
O0GYXKOHMYPHOU CUCHEMbl AKMUBHO20 IKPAHUPOBAHUA MAZHUMHOZ0 N0, 2EHEPUPYEMO20 00HOKOHMYPHOU 6030YUIHON TUHUELL
IneKmponepeoauu ¢ MPeyoabHLIM N006ecoM npoeodos. Ilpakmuueckaa uennocms. Ilpusodamca npaxmuueckue
PeKomeHoayuu no 060CHOBAHHOMY 6bIOOPY C MOYUKU 3PEHUA NPAKMUYECKOU Peanu3ayuu npoCmpancmeenHoz0 pacnonodicenus
06YX IKPAHUPYIOWUX O0OMOMOK OGYXKOHMYPHOU PpOOACMHOI cucmembl AKMUEHO20 IKPAHUPOGAHUA MAZHUMHO20 NONA C
Kpy20601l  npOCMPAHCMEEHHO-BPEMEHHOI  XAPAKMEPUCMUKOU,  C03046aemM020  O0OHOKOHMYPHOU  6030YWIHOU  JUHUEl
INeKmponepedanu ¢ mpeyzoabHvlM n00eecom npoeooos. budi. 32, puc. 20.

Kniouesvie cnosa: Bo3nyIIHAsl JHHUS YJIEKTpPoINepenay, MoBec NMPOBOAOB THIA «TPEYroJbHHK», MATHUTHOE I0JIe, CHCTEMA
AKTHBHOI0 SKPAHHPOBAHHS, KOMIILIOTEPHOE MO/IeTHPOBAHHe, T0JIeBble IKCIePUMEHTAIbHbIe HCCIeI0BAHMS.

Introduction. World Health Organization experts
have identified the carcinogenic properties of the power
frequency (PF) magnetic field (MF). Therefore, in the
world over the past 15 years, sanitary standards are
constantly tightening at the maximum permissible level of
MF induction of 50-60 Hz and intensive research is being

conducted on the development of methods for MF
normalization. Overhead power lines (OPL) are one of the
most dangerous for people sources of PF MF [1, 2].
Active contour shielding of PF MF generated by
OPL [3, 4] is the most acceptable and economically
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feasible for ensuring the sanitary norms of Ukraine in the
PF MF. The methods of synthesis of systems of active
shielding (SAS) for MF, generate by OPL, developed
in [5-8].

Single-circuit SAS with single SC is most widely
used in world practice [3]. Such SAS can effectively
shielded by MF with a small polarization. The space-time
characteristics (STC) of such MF is a very elongated
ellipse whose ellipse coefficient (ratio of the smaller axis
to the larger axis) is seeks to zero. Single SC of single-
circuit OPL generates MF, whose STC is a straight line.
With such a single- circuit SAS with single SC, the major
axis of the STS ellipse of the initial MF is compensated,
so that the STS of the total MP with SAS is on is
significantly smaller than the STS of the initial MF,
which determines the high shielding factor of such single-
circuit SAS. Single-circuit OPL with horizontal and
vertical bus arrangement, double-circuit OPL such as
«barrely, «tree» and «inverted tree», and groups of OPL
generates a MF with a weak polarization.

However, the single-circuit OPL with phase
conductor’s triangular arrangements generated most
polarized MF. The STC of such MF is practically a circle.
Therefore, for effective shielding of such MF it is
necessary to have two SC at least [5]. Note that the vast
majority of single-circuit OPL in Ukraine has just such
phase conductors triangular arrangements.

The goal of this work is the synthesis, computer
modeling and field experimental research of two degree
of freedom robust two circuit system with different both
shielding coils spatial positions for active shielding of
magnetic field with circular space-time characteristic,
generated by overhead power lines with «triangle» type of
phase conductors arrangements for reducing the magnetic
flux density to the sanitary standards level and to reducing
the sensitivity of the system to plant parameters
uncertainty.

Problem statement. The initial data for the
synthesis of the SAS are the parameters of the
transmission lines (working currents, geometry and
number of wires, location of the transmission lines
relative to the protected space) and the dimensions of the
shielding space and magnetic flux density sanitary
standards level, which should be achieved as a result of
shielding [12-22]. In the process of synthesis, it is
necessary to determine the parameters of the shielding
coils (SC) (their number, configuration, and spatial
arrangement), currents and the resulting magnetic flux
density level. To shielding factor improvement two
degree of freedom SAS are used in which simultaneously
used feed back regulator for closed loop control and feed
forward regulator for open loop control [22-26].

Two degree of freedom robust SAS synthesizing
problem reduced [27, 28] to the determination of such SC
spatial arrangement and geometric sizes, as well as
parameters of the regulator vector and uncertainty
parameters vector, which the maximum value of the
magnetic flux density in the shielding space points
assumes a minimum value for the SC spatial arrangement
and geometric sizes parameters vector but the maximum
value for the uncertainty parameters vector [28]. The two
degree of freedom robust SAS includes open loop and

closed loop control. The synthesis of such two degree of
freedom robust SAS is based on the multi-criteria game
decision [29-31], in which the payoff vector calculated on
the basis of the Maxwell equations quasi-stationary
approximation solutions [1, 2]. The game decision based
on the stochastic particles multiswarm optimization
algorithms [32].

Computer simulation results. Consider the results
of the two degree of freedom robust two circuit SAS
synthesis of MF with circular space-time characteristic
generated by 110 kV OPL with triangular conductors
arrangement in a single-story building located at a
distance of 10 m from OPL. In Fig. 1 are shown location
of OPL and shielding space (SS) in which MF must
mitigated to the sanitary norms level. In Figure 1 also are
shown location of both SC. SC upper parts are
coordinates (3.0416, 3.4965) and (7.1943, 3.6818). SC
lower parts are coordinates (6.3707, 0.6637) and (2.8478,
2.4522).

At 250 A OPL current, its necessary 86.2448 and
86.2768 amperes of turns (AT) in SC. Phase current shifts
are 0.8074 rad and 1.2043 rad.

T

47y, m

X, m

Fig. 1. The location of 110 kV overhead power line with phase
conductors triangular arrangements, both shielding coils and
shielding space

In Figure 2 are shown comparison of magnetic flux
density between working SAS with and without SAS. The
initial magnetic flux density level in shielding space is
0.75 uT. When the SAS is on, the magnetic flux density
level in shielding space is reduced to 0.12 pT. Therefore,
the shielding factor is 6.25.
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Fig. 2. Comparison of magnetic flux density between with and
without system of active shielding
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In Figure 3 are shown the MF STC, generated by
OPL (1); both SC (2) and total MF with SAS is on (3).
The STC of initial MF generated by OPL with phase
conductors triangular arrangements close to the circle.
STC of MF generated by both SC is also close to the
circle of the STC of initial MF, which ensures high
shielding factor.

I ——— - R W -
e R O E S o e o

T S o . o

B_,uT

L D PP R
L,

R

BouT

Fig. 3. Comparison of space-time characteristics of magnetic
flux density between with and without system of active
shielding and both shielding coils

However, STC of MF generated separately by only
single first SC or only single second SC are straight lines.
Naturally, the STC of the resulting MF generated by OPL
and only single SC is an ellipse, which will be shielded by
another SC. In Figure 4 are shown the STC of the initial
MF generated by OPL, shielding MF generated by only
single first SC and the resulting MF when only single first
SC is used.

As can seen from Fig. 4, the STC of the resulting
MF is a strongly elongated ellipse, the semi-major axis of
which is almost two times larger than the STC of the
initial MF, and therefore, due to only single first SC work,
initial MF is almost twice re compensated.

B_,uT

4 08 06 D04 D2 0 02 04 06 08 1
B.,uT
Fig. 4. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single first shielding coil and only single
first shielding coil

However, then after second SC switching resulting
MF STC becomes significantly less than the STC of

initial MF, which ensures high shielding factor. Note that
the STC of the resulting MF, left after the operation of
only single first SC, practically parallel with the STC
generated by the MF using only single second SC.

In Figure 5 are shown the STC of the initial MF
generated by OPL, shielding MF generated by only single
second SC and the resulting MF when only single second
SC is used.
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Fig. 5. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single second shielding coil and only single
second shielding coil

As can seen from Fig. 4 and Fig. 5, STC of MF
generated separately by only single first SC, or only
single second SC are straight lines. However, STC of the
resulting MF, which left after the operation of only single
first (or second) SC, practically parallel with the MF STC
of MF, generated by using only single second (or first)
SC. It is the STC arrangement that provides ensures high
shielding factor, when both SC work simultaneously.

Notice, that the initial magnetic flux density level
ranges from 0.75 pT to 0.35 puT in all shielding space, as
can be seen from Fig. 2. When SAS is on, the magnetic
flux density level does not exceed 0.12 pT in all shielding
space, as can be seen from Fig. 2.

However, when SAS is on and with only single first
SC is used, the magnetic flux density level ranges from
1.5 uT to 0.3 uT in all shielding space. Consequently,
when SAS is on and with only single first SC is used
initial magnetic flux density level more than double due
to overcompensation.

However, when SAS is on and with only single
second SC is used, the magnetic flux density level ranges
from 2 puT to 0.4 puT in all shielding space. Consequently,
when SAS is on and with only single second SC is used
initial magnetic flux density level also more than 2.5 due
to recompensation. However, when SAS is on and with
both first SC and second SC is used, the magnetic flux
density level does not exceed 0.12 puT in all shielding
space. Consequently, when SAS is on and with both first
SC and second SC is used shielding factor is 6.25.

Notice also, that initial magnetic flux density level
overcompensation effect with only single first SC also
follows from comparison between MF STC without and
with SAS with only single first SC. Similarly initial
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magnetic flux density level overcompensation effect with
only single second SC also follows from comparison
between MF STC without and with SAS with only single
second SC.

Magnetic flux density level sanitary norms of
Ukraine are 0.5 pT. When the SAS is on, the magnetic
flux density level in shielding space is reduced to 0.12 puT
at 250 A OPL current. Consider the results of the SAS
synthesis at 700 A OPL current. In Fig. 6 are shown
location of OPL and shielding space in which MF must
mitigated to the sanitary norms level and location of both
SC. SC upper parts are coordinates (2, 4) and (6, 3.1031).
The SC lower parts are coordinates (6.6897, 1.5394) and
(2,0).

z,m .

-4'20 y, m

X, m

Fig. 6. The location of 110 kV overhead power line with phase
conductors triangular arrangements, both shielding coils and
shielding space

At 750 A OPL current, its necessary 158.9729 and
—178.5417 AT in SC. Phase Current Shifts are 0.6934 rad
and 1.5959 rad. In Figure 7 are shown comparison of
magnetic flux density between with and without SAS.
The initial magnetic flux density level in shielding space
is 2.25 puT. When the SAS is on, the magnetic flux density
level in shielding space is reduced to 0.55 puT. Therefore,
the shielding factor is 4.1.
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Fig. 7. Comparison of magnetic flux density between with and
without system of active shielding

In Figure 8 are shown the MF STC, generated by
OPL (1); both SC (2) and total MF with SAS is on (3).

The STC of initial MF generated by OPL with phase
conductors triangular arrangements close to the circle.
STC of MF generated by both SC is also close to the

circle of the STC of initial MF, which ensures high
shielding factor.

BuT
i

B,uT

Fig. 8. Comparison of space-time characteristics of magnetic
flux density between with and without system of active
shielding and both shielding coils

The STC of the resulting MF generated by OPL and
only single SC is an ellipse, which will be shielded by
another SC. In Figure 9 are shown the STC of the initial
MF generated by OPL, shielding MF generated by only
single first SC and the resulting MF when only single first
SC is used. The STC of the resulting MF is a strongly
elongated ellipse, the semi-major axis of which is almost
two times larger than the STC of the initial MF, and
therefore, due to only single first SC work, initial MF is
almost twice re compensated. However, then after second
SC switching resulting MF STC becomes significantly
less than the STC of initial MF, which ensures high
shielding factor. Note that the STC of the resulting MF,
left after the operation of only single first SC, practically
parallel with the STC generated by the MF using only
single second SC.
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Fig. 9. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single first shielding coil and only single
first shielding coil

In Figure 10 are shown the STC of the initial MF

generated by OPL, shielding MF generated by only single

second SC and the resulting MF when only single second
SC is used.
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Fig. 10. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single second shielding coil and only single
second shielding coil

The initial magnetic flux density level ranges from
2.25 uT to 1 uT in all shielding space, as can be seen from
Fig. 7. However, when SAS is on and with only single
first SC is used, the magnetic flux density level ranges
from 2 uT to 0.8 uT in all shielding space. When SAS is
on and with only single second SC is used, the magnetic
flux density level ranges from 3.5 pT to 1.2 uT in all
shielding space. Consequently, when SAS is on and with
only single second SC is used initial magnetic flux
density level also more than 1.5 due to recompensation.
However, when SAS is on and with both first SC and
second SC is used, the magnetic flux density level does
not exceed 0.55 uT in all shielding space. Consequently,
when SAS is on and with both first SC and second SC is
used shielding factor is 4.1.

At 750 A OPL current when the SAS is on the
magnetic flux density level in shielding space is reduced
to 0.55 uT, which exceeds the magnetic flux density level
sanitary norms of Ukraine is 0.5 uT. So consider the
results of the SAS synthesis at 625 A OPL current. In Fig.
11 are shown location of OPL and shielding space in
which MF must mitigated to the sanitary norms level and
location of both SC. SC upper parts are coordinates
(8.544, 2.6895) and (3.069, 2.8128). SC lower parts are
coordinates (4.8693, 0.1461) and (8.4686, 0.2538). At
750 A OPL current, its necessary 77.5265 and —73.1804
AT in SC. Phase current shifts are 1.1091 rad and
0.8583 rad.

In Figure 12 are shown comparison of magnetic flux
density between with and without SAS. The initial
magnetic flux density level in shielding space is 1.9 pT.
When the SAS is on, the magnetic flux density level in
shielding space is reduced to 0.4 pT. Therefore, the
shielding factor is 4.75.

In Figure 13 are shown the MF STC, generated by
OPL (1); both SC (2) and total MF with SAS is on (3).

The STC of initial MF generated by OPL with phase
conductors triangular arrangements close to the circle.
STC of MF generated by both SC is also close to the
circle of the STC of initial MF, which ensures high
shielding factor.

i g
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Fig. 11. The location of 110 kV overhead power line with phase
conductors triangular arrangements, both shielding coils and
shielding space
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Fig. 12. Comparison of magnetic flux density between with and
without system of active shielding
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Fig. 13. Comparison of space-time characteristics of magnetic
flux density between with and without system of active
shielding and both shielding coils

The STC of the resulting MF generated by OPL and
only single SC is an ellipse, which will be shielded by
another SC. In Figure 14 are shown the STC of the initial
MF generated by OPL, shielding MF generated by only
single first SC and the resulting MF when only single first
SC is used.

As can seen from Fig. 14, the STC of the resulting
MF is a strongly elongated ellipse, the semi-major axis of
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which is almost two times larger than the STC of the
initial MF, and therefore, due to only single first SC work,
initial MF is almost twice re compensated. However, then
after second SC switching resulting MF STC becomes
significantly less than the STC of initial MF, which
ensures high shielding factor. Note that the STC of the
resulting MF, left after the operation of only single first
SC, practically parallel with the STC generated by the MF
using only single second SC.

2
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B..uT
Fig. 14. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single first shielding coil and only single
first shielding coil

In Figurel5 are shown the STC of the initial MF
generated by OPL, shielding MF generated by only single
second SC and the resulting MF when only single second
SC is used.

-------------------------------------------------------------------------

B.,uT
Fig. 15. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single second shielding coil and only single
second shielding coil

At 625 A OPL current the initial magnetic flux
density level ranges from 2 pT to 0.9 uT in all shielding
space, as can be seen from Fig. 2. However, when SAS is
on and with only single first SC is used, the magnetic flux
density level ranges from 4 pT to 0.7 uT in all shielding
space. Consequently, when SAS is on and with only
single first SC is used initial magnetic flux density level
more than double due to overcompensation.

However, when SAS is on and with only single
second SC is used, the magnetic flux density level ranges
from 5 uT to 1 pT in all shielding space. Consequently,
when SAS is on and with only single second SC is used
initial magnetic flux density level also more than double
due to recompensation. However, when SAS is on and
with both first SC and second SC is used, the magnetic
flux density level does not exceed 0.4 puT in all shielding
space. Consequently, when SAS is on and with both first
SC and second SC is used shielding factor is 4.75.

The initial magnetic flux density level
overcompensation effect with only single first SC also
follows from comparison between MF STC without and
with SAS with only single first SC, which Fig. 14 shows.
Similarly initial magnetic flux density level
overcompensation effect with only single second SC also
follows from comparison between MF STC without and
with SAS with only single second SC, which in Fig. 15
are shown.

To realize the SAS according to the first option of
SC spatial arrangement which is shown in Fig. 1, even at
a of 250 A OPL current , its necessary 86.2448 and
86.2768 AT in SC. Wherein SC upper parts are
coordinates (3.0416, 3.4965) and (7.1943, 3.6818). SC
lower parts are coordinates (6.3707, 0.6637) and (2.8478,
2.4522). To reduce the number of amperes in the SC, we
bring the SC to the shielding space. Consider the results
of the SAS synthesis at 250 A OPL current. In Fig. 16 are
shown location of OPL and shielding space in which MF
must mitigated to the sanitary norms level and location of
both SC. The SC upper parts are coordinates (6.0278,
2.9014) and (7.9925, 3.1824). SC lower parts are
coordinates (8.0261, 1.0391) and (5.9751, 0.1319).

y, m

X, m

Fig.16. The location of 110 kV overhead power line with phase
conductors triangular arrangements, both shielding coils and
shielding space

In this SAS at 250 A OPL current, its necessary
28.7127 and —25.6121 AT in SC. Phase current shifts are
1.0056 rad and 1.6681 rad. In Figure 17 are shown
comparison of magnetic flux density between with and
without SAS. The initial magnetic flux density level in
shielding space is 0.75 pT. When the SAS is on, the
magnetic flux density level in shielding space is reduced
to 0.26 uT. Therefore, the shielding factor is 2.88.
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Fig. 17. Comparison of magnetic flux density between
measurements and simulations with and without system of
active shielding

In Figure 18 are shown the STC of MF, generated by
OPL (1); both SC (2) and total MF with SAS is on (3).
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B,uT

Fig. 18. Comparison of space-time characteristics of magnetic
flux density between with and without system of active
shielding and both shielding coils

The STC of initial MF generated by OPL with phase
conductors triangular arrangements close to the circle.
STC of MF generated by both SC is also close to the
circle of the STC of initial MF, which ensures high
shielding factor.

The STC of the resulting MF generated by OPL and
only single SC is an ellipse, which will be shielded by
another SC. In Figure 19 are shown the STC of the initial
MF generated by OPL, shielding MF generated by only
single first SC and the resulting MF when only single first
SC is used.

As can seen from Fig. 19, the STC of the resulting
MF is a strongly elongated ellipse, the semi-major axis of
which is almost 1.5 times larger than the STC of the
initial MF, and therefore, due to only single first SC work,
initial MF is almost twice re compensated. However, then
after second SC switching resulting MF STC becomes
significantly less than the STC of initial MF, which
ensures high shielding factor. Note that the STC of the
resulting MF, left after the operation of only single first
SC, practically parallel with the STC generated by the MF
using only single second SC.
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Fig. 19. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single first shielding coil and only single
first shielding coil

In Figure 20 are shown the STC of the initial MF
generated by OPL, shielding MF generated by only single
second SC and the resulting MF when only single second
SC is used.
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Fig. 20. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single second shielding coil and only single
second shielding coil

At 250 A OPL current the initial magnetic flux
density level ranges from 0.75 pT to 0.33 uT in all
shielding space, as can be seen from Fig. 17. However,
when SAS is on and with only single first SC is used, the
magnetic flux density level ranges from 1.5 uT to 0.3 pT
in all shielding space. Consequently, when SAS is on and
with only single first SC is used initial magnetic flux
density level more than double due to overcompensation.
When SAS is on and with only single second SC is used,
the magnetic flux density level ranges from 1.5 pT to
0.35 uT in all shielding space. Consequently, when SAS
is on and with only single second SC is used initial
magnetic flux density level also more than double due to
recompensation. However, when SAS is on and with both
first SC and second SC is used, the magnetic flux density
level does not exceed 0.26 uT in all shielding space.
Consequently, when SAS is on and with both first SC and
second SC is used shielding factor is 2.88.
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Note that with the first variant of the location of the
SC shown in Fig. 1 and Fig. 2, magnetic flux density
value of the initial MP decreases from 0.75 pT to 0.12 uT
and, therefore, the shielding factor is 6.25. However, in
this case, it is necessary to use 86.2448 AT and 86.2768
AT in a SC. Such a large value of the amperes turns in SC
are due to the fact that in this variant the both SC are
located closer to the transmission line, but with the variant
of the location of the SC shown in Fig. 16 and Fig. 17, at
the same 250 A OPL current, the initial magnetic flux
density level are reduced from 0.75 pT to 0.26 puT and,
therefore, the screening factor is 2.88. However, in this
case, it is necessary to use 28.7127 AT and 25.6121 AT in
a SC. Such a small value of the amperes turns in SC is
because in this variant the both SC are located far
from OPL.

Experimental research. Consider the field
experimental research of the SAS model. SC upper parts
of SC located at heights of 2.9 m and 3.2 m from the
ground, and the SC lower parts located at heights of 1 m
and 0.1 m from the ground. Both SC contains 20 winds
and are powered by 1.4 A and 1.25 A current from
amplifier type TDA7294. In Figure 17 are shown
comparison of magnetic flux density between
measurements (cross) and simulations (solid) with and
without SAS. The experimental SAS shielding factor is
also more than 2 units. A magnetic flux density difference
between measurements and simulations in the shielding
zone does not exceed 20 %.

Conclusions.

1. For the first time the synthesis, computer
modeling and field experimental research of the
effectiveness of system of active shielding of magnetic
field with circular space-time characteristic, generated by
overhead power lines with triangular conductor’s
arrangement, and with different shielding coils spatial
positions are given.

2. The synthesis of two degree of freedom robust
two-circuit system of active shielding is based on multi-
criteria stochastic game decision, which is calculated by
multiswarm stochastic multi-agent optimization from
Pareto-optimal solutions. Multi-criteria game vector
payoff is calculated based on the Maxwell equations
solution. The spatial arrangement and currents in two
shielding coils, the regulator parameters and resulting
magnetic flux density value in the shielding space are
determined by the system synthesis.

3. It was found, that depending on the shielding coils
spatial positions, the shielding factor level varies in the
range from 6.25 to 2.88. The closer the shielding coils are
located to overhead power lines, the shielding factor level
higher. However, the closer the shielding coils are located
to overhead power lines, it is necessary the amperes of
turns greater in shielding coils by shield the initial
magnetic field in the shielding space. Naturally, with the
same shielding coils arrangement when the overhead
power line current changes, the shielding coils current
changes in proportion to the line current.

4. It is shown, that when only single first shielding
coil or only single second shielding coil is working
separately, the initial magnetic flux density level may
increases 2-3 times due to overcompensation by initial

magnetic field. Moreover, the space-time characteristic of
magnetic field, generated separately by only single first
shielding coil or only single second shielding coils are
straight lines. However the space-time characteristic of
the resulting magnetic field, which left after the work of
only single first (or second) shielding coil, practically
parallel with the space-time characteristic of magnetic
field generated by using only single second (or first)
shielding coil. It is the space-time characteristic
arrangement that provides ensures high shielding factor,
when both shielding coils work simultaneously.

5. Based on field experimental research of two degree
of freedom robust two-circuits system of active shielding of
magnetic field with circular space-time characteristic,
generated by overhead power lines with «triangle» type of
phase conductor’s arrangements, and with different
shielding coils spatial positions are shown that
experimental and calculated magnetic flux density values in
the shielding space spread does not exceed 20 %.
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V.Yu. Rozov, K.D. Kundius, D.Ye. Pelevin

ACTIVE SHIELDING OF EXTERNAL MAGNETIC FIELD OF BUILT-IN
TRANSFORMER SUBSTATIONS

This paper deals with the mitigation of low-frequency magnetic field of build-in transformer substations down to the reference
level 0.5 uT in nearby living spaces. To meet the reference level, we substantiate the actuality of the usage of active shielding
methods having higher efficiency, comparably to metal consuming passive shielding. We show that the optimization of
parameters and localization of compensation coils is the main goal of the synthesis of the active shielding system. The solution of
synthesis problem is based on the developed 3D numerical model by using particles multiswarm optimization algorithms from
Pareto-optimal solutions set taking into account binary preference relations. This allows justifying the usage of simple active
shielding system for magnetic field mitigation down to the reference level in living spaces, located near build-in transformer
substations (2x400 kVA, 6/0.4 kV). The synthesized active shielding system has two plane compensation coils installed near the
ceiling (wall) of the substation room. The area of each coil is less than 10 m® and the number of ampere-turns is less than 30. We
show that the efficiency of the active shielding system is 6 when it electric power consumption is less than 100 W. This allows
mitigating the magnetic field down to 0.5 uT in 40 m’ living space located on top or side from the substation. The application of
synthesized active shielding system (subject to the positive results of experimental studies of their full-scale physical models)
allows solving the actual and socially significant problem of the health protection of tenants of residential buildings with build-in
transformer substations from the negative effects of power frequency magnetic field. References 16, tables 2, figures 8.

Key words: urban transformer substation, living space, active shielding of the magnetic field.

Ilokazano, w0 ocnoenoro 3adauero cunmesy cucmem akmuenozo expanyeannsa (CAE) € onmumizauia napamempie i noxanizayii ix
KomneHncayitinux oomomox (KO) npu 3abe3neuenni eucokoi eghexmugenocmi expanyeannsa maznimnozo nona (MII)
mpancgpopmamopnoi niocmanyii (TIT). It piwenna euxonano na ocnosi sanpononosanoi mpueumipnoi Komn'tomepnoi mooeni 3
GUKOPUCMAHHAM ANIZ0PUMMIE ONMUMIZAUIT MYTbMUPOEM YacmuHnok 3 muoxcunu Ilapemo- onmumansnuux piniens i ypaxyeanuam
Oinapuux eionocun nepesazu, wio 00360JUI0 OOTPYHIYSAMU MONCTUGICING 3MEHUWEHHA 00 pieHa canimapnuux Hopm indykuii MII ¢
ocumaosux npuminiennsnx, posmauwiosanux nopyu 3 TII 6/0,4 kB nomyscnicmio 00 2x400 kBA, 3a 0onomoz010 nainpocmiwiux
CAE. Cunmesosana CAE mac 06i nnocki KO nnowero 0o 10 m* npu xinskocmi amnep-sumcis ne invuie 30, o 6crmanosnionomycs
noonusy cmeni (cmin) npumiwienna TI1, i npu enepzocnoscueanni ne oinvuie 0,1 kBm peanizye epexkmuenicme expanysanna CAE
He MmeHwe 6 OOUHUUb, WO O00360NAE IMEHWUMU [HOYKYII0 MAZHIMHO20 NONA 6 PO3MAULOBAHOMY 36epXy abo 300Ky eio TII
scumnogomy npumingenni nnoweio 00 40 m° do piens 0,5 mxTa. Bi6n. 16, TaGn. 2, puc. 8.

Knrouoei cnosa: micbka TpaHcgopMaTOpHA MiICTAHIiSA, JKUTJI0BE NPUMIIIEHHS, AKTUBHE eKPAHYBAHHS MATrHITHOTO MOJIS.

Ilokazano, umo ocHo6HoIl 3a0aueil cunmesa cucmem akmueHnozo skpanuposanusn (CAJ) asenaemca onmumusayusa napamempos
U JI0Kanu3auuu ux Komnencauyuonnvix oomomox (KO) npu obecneuenuu 6vlcoKoul IPpgexmusnocmu IKpanuposanus
mazuumnozo nona (MII) mpancghopmamopnon noocmanyuu (TIl). Ee pewenue evinonneno na ocnoee npeodiorHcennoul
mMPexXmMepHOoll KOMNbIOMEPHOI MOOeNl ¢ UCHONb306AHUEM ATIZOPUMMOE ORMUMUZAYUUL MYTbMUPOEM YACMUY, U3 MHOIMCECMEd
Ilapemo-onmumanvHueix pewtenuii ¢ y4yemom OUHADHBIX OMHOWIEHUN NPeONOYMmenus, 4Ymo RO360AUN0 000CHOGAMD
603MOMHCHOCb YMEHBUEHUA 00 YPOGHA CAHUMAPHBIX HOpM undykyuu MII ¢ scunvix nomeuienuax, pacnonioHceHHbIX PAOOM C
Tl 6/0,4 kB mownocmoio 0o 2%400 kBA, c¢ nomowpro npocmeiimux CAI3. Cunmesupoeannaas CAD umeem Ose
ycmanaenueaemvle onuzu nomonka (cmen) nomeuwgenus TII nnockue KO nnowaowto oo 10 M npu Koauuecmee amnep-6umKos
He Oonee 30, u npu Inepzonompednenuu ne oonee 0,1 kBm peanuzyem rpgpexkmuenocms rxpanuposanua CAD ne menee 6
eounuY, YMo Nno360JAem YMEHbUUMYb UHOYKUUIO MAZHUMHOZ20 NOJIA 8 PACHON0NCEHHOM ceepXy auoo cooky om TII rcunom
nomewieHuu naouwaosio 0o 40 Mmoo yposusn 0,5 mxTn. bubn. 16, tadm. 2, puc. 8.

Kouesvie cnosa: ropoackasi TpancgopMaToOpHasi NOACTAHINA, KUJI0€e MOMellleHHe, AKTHBHOE JKPAHHPOBAHUE MATHHTHOIO
noJisl.

Introduction. Much attention is paid to the problem
of protecting the living environment from the influence of
the magnetic field (MF) of electric power facilities around
the world, since power frequency (50-60 Hz) MF is
dangerous to human health even with its weak but
prolonged exposure [1, 2]. The main sources of MF in a
residential environment are overhead and cable power
lines (PLs) located in residential areas, as well as urban
transformer substations (TSs) [3].

Urban TSs are located in separate buildings or are
built into residential buildings [3]. The most acute
problem of reducing external MF of the TS is in
residential buildings with built-in TS [2-4], when the : =
distance between the TS and residential premises is e -
reduced to several meters. Such buildings (Fig. 1) are
quite widespread in Ukraine and other countries.

Fig. 1. Typical residential building in Kharkiv with built-in TP
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In addition, built-in TPs began to be widely used
in the world in modern ultra-high-rise residential
buildings for individual high voltage power supply of
sections of several tens of floors in order to reduce
electricity losses [5, 6].

The studies conducted by the authors [3] show that
the external MF of typical built-in TSs with power of
400 (800) kVA can exceed the level of sanitary standards
in residential premises adjacent to the transformer
substation by 3-10 times, which requires measures to
reduce their MF. In this case, the main source of the
external TS MF is their current leads, and the scattering
MF of TS transformers at distances greater than 2 m from
the transformer substation can be neglected [3].

The most urgent problem is the reduction of the TS
MF in old buildings with built-in TS (Fig. 1), when the
practical use of methods to reduce MF due to the
improvement of the design of TS [3] is difficult.
Currently, the most common technique in practice of
reducing the MF in the spaces adjacent to the TS is
passive shielding of the walls (ceilings) of the TS
premises by electromagnetic (magnetostatic) shields [7].
However, this shielding method for low-frequency TS MF
is characterized by high metal consumption and cost at
low efficiency.

Therefore, a promising method of reducing the TS
MF is active shielding (compensation) of the MF
[3, 8-14]. Moreover, the global trend in the development
of active shielding systems (ASS) aims to optimize their
design for energy consumption and cost, provided that the
necessary shielding efficiency is provided.

However, in Ukraine, the development of methods
and means of active shielding of TS MF is not given due
attention. So, up to the present, the possibility and the
ways to create inexpensive budgetary ASSs with
efficiency sufficient to reduce the TS MF in nearby
residential premises to the level of sanitary standards have
not been substantiated.

The goal of the work is an analysis of the
possibility of reducing the magnetic flux density in
residential premises located next to urban transformer
substations to the level of sanitary standards using simple
active shielding systems.

By the simplest ASS we mean a system with a
minimum number of flat compensation windings (CWs)
placed near the surface of the walls (floors) of the
premises, which has a limited power consumption of
hundreds of watts.

Active shielding method. The method of active
shielding of the potential TS M in the volume of the
living premise adjacent to the TS is realized through the
formation of the ASS (Fig. 2) of the compensating MF of
such a spatio-temporal structure, the superposition of
which with the original TS MF reduces the effective value
of the magnetic flux density in the entire protected
volume of the living space from walls and floor to a
distance of more than 0.5 m, to the level of sanitary
standards (0.5 uT) for the population [12]. In this case,
the compensating MF generated by the CW must also be
potential in the volume of the living space, which imposes

certain requirements on the configuration and location
coordinates of the CW during their synthesis.

ASS (Fig. 2) consists of the following main
elements: compensation windings (CW); regulated power
source (PS) performing the function of a power amplifier,
control system (CS); sensors (S) of current or MF. In the
general case, ASS can have a different amount of CW, S
and can be realized in a closed or open structure [11, 12].

Living | P B -
1 AT R PN
space oo RN
] : / | |
e /V, ! v \
- 5 \
Bo(Pt) B,(Pt) CS \

Fig. 2. Active shielding of the external TS MF

To determine the parameters of the ASS (Fig. 2), it
is necessary to carry out its synthesis. The initial data for
the synthesis of ASS are: the spatio-temporal
characteristic of the initial MF of the urban TS in the
protected volume (residential space); mutual spatial
arrangement of active elements of the TS and residential
premises; geometry and number of three-phase current
leads of the TS; the standard value of the level of the
magnetic flux density, which should be achieved as a
result of shielding. In this case, the effect of shielding of
the TS MF by the walls and floors of residential buildings
is neglected due to its smallness [15, 16].

We carry out active shielding of TS MF using the
proposed in [14] method of synthesis of ASS, created for
shielding of the MF of high-voltage PLs in order to
reduce it to a level safe for the population in nearby
residential buildings. A feature of this method is the
solution of the shielding problem in a 2D formulation,
which is acceptable for extended PLs with an almost zero
component of magnetic flux density directed along the
PL, which allows to significantly simplify the solution to
the synthesis problem for such ASS [13, 14].

A more complicated design of current leads of finite
length [3], compared with PL [3], makes it necessary to
model the TS MF in a 3D formulation, which
significantly complicates the synthesis of the TS ASS.
Another feature of solving the problem of synthesis of the
TS ASS is the need to locate their CW outside residential
premises. Taking into account these features, the
synthesis of TS MF ASS is carried out on the basis of the
modified method developed and presented below.

A modified method for the synthesis of TS ASS.
The mathematical model of the initial external TS MF in
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the shielding zone (residential space), remote from the
TS by more than 2 meters [3], not containing
ferromagnetic elements and magnetic field sources, can
be represented as:

_ K 3 N ~ sl_éai
-5 3 S Al ball

()16 = 1) St
where N is the number of microcontours in the rectilinear
contour of the TS current lead; k£ is the number of

rectilinear contours; S‘lan is the area vector of the

microcontour; #; is the unit vector normal to S; R, is

the radius vector from the geometric center of the
microcontour to the observation point P; I(f) is the

instantaneous value of the microcontour current; « is the
phase number of the TS current lead (=1 ..., 3); 1 is
the magnetic constant. In accordance with (1), the TS MF
is potential and decreases with distance from the source.

Let us introduce the vector of the sought-for
parameters R, the components of which are the sought-for
geometrical parameters, the coordinates of the spatial
arrangement of the ASS CWs and the sought-for
parameters of the ASS CWs. Then, the flux density of the
resulting potential MF generated by the TS current leads
and ASS is determined as

B(R.P.t)=Bg(B.t)+ B,(R.P.1), )

where Z;’y (R,Pl-,t) are the instantaneous values of the flux

density of the MF generated by the ASS CWs in
points F;.

By analogy with [14], we reduce the determination
of the vector of the sought-for parameters R to the
solution of the multicriteria optimization problem of the
vector criterion

B(R)=[B(R,P),B(R,P,)..B(R,P,)|", 3)

whose components E(R,P,-) are the values of the flux

density of the resulting MF at points P;.

This multicriteria optimization problem (3) will be
solved in computer modelling based on algorithms for
optimizing by particles multiswarm from the set of
Pareto-optimal solutions taking into account binary
preference relations [13, 14]. Modelling is carried out in
the MATLAB software package.

Analysis of the effectiveness of active shielding of
the TS MF. The efficiency (factor) of the shielding of the
ASS MF at the point P; in accordance with [11] can be
determined by the relation

‘55(31 1

Epi=r0————="—5=7"">
" IBs(R)+ B, () Om

“4)

where Bg(P), éy(P-) are the effective values of the

1
initial and generated by ASS magnetic flux densities at

the point P;; Jp; is the relative error in the shielding of
the ASS.

For example, with the above-mentioned excess of
sanitary standards by 3-10 times, the required shielding
efficiency will be 3 (10) units, and the permissible relative
error in compensating the magnetic flux density should be
no less than 0.33 (0.1), respectively. Here, the value op;
can be defined as

Spi =+ Spim + Oy » ©)

where Jp;, is the relative methodological error of the
ASS, determined by the mismatch of the spatial structure
of the initial MF and the compensating MF generated by
the CWs; 0p;, is the relative error of regulation of
the ASS.

An analysis of relation (5) shows that the main
component of the ASS error is the methodological error
Opim» Which is determined by the CW parameters and
limited to 0.1 with shielding efficiency of no more than
10 units. In this case, the relative error op;. of regulation
of the ASS when using modern automatic control systems
can be easily reduced to values of 0.01-0.03, at which it
will not have a significant impact on the total shielding
error of Jp; of the ASS. This allows at this stage to reduce
the synthesis of ASS to the synthesis of its CWs.
Therefore, the ASS control algorithm is not considered in
this paper and is the subject of separate studies.

We carry out the solution of the problem of
synthesis of ASS CWs and analysis of the efficiency of
shielding of TS MF for a typical urban two-transformer
substation (2x400 kVA, 6/ 0.4 kV), built into a residential
building on the ground floor. The dimensions of the TS
premises correspond to the sizes of neighboring
residential premises. The arrangement of TS current leads
is shown in Fig. 3, and their geometry is given in [3].
Three-phase current leads are connected with direct phase
sequence.

— Living

49 space
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Fig. 3. Location of the premise over the TS (option A)
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Computer simulation of the external TS MF is
carried out in accordance with (1)-(3). In this case, two
options for the location of the living space relative to the
TS are considered (Fig. 1): option A — the premise is
located over the TS; option B — the premise is located
near the TS on one floor (on the side of the TS).

Shielding of the MF in the premise over the TS
(option A). Let us carry out the synthesis of ASS CWs,
which ensure the necessary efficiency of the MF shielding
in the premise located over the TS (Fig. 3).

To guarantee a decrease in the flux density of the
potential MF to the level of sanitary standards in the
entire living space, it is enough to ensure a corresponding
decrease in the MF on the control plane DI, which is
0.5 m from the floor of the room (Fig. 3), where the MF is
normalized [1, 2].

The calculated value of the flux density of the initial
TS MF at rated power of the TS is presented in Fig. 4.
Here, the maximum value of the initial magnetic flux
density is 3 uT, which is 6 times higher than the level of
sanitary standards of 0.5 pT [2].
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Fig. 4. Distribution of the initial magnetic flux density in the

living space over the TS, option A:
(a) — indoors; (b) — on the control plane D1

Based on the simulation, synthesis of the ASS CWs
is performed (Fig. 5), and their parameters are determined
in accordance with Table 1. CWs are located in the TS
premise, parallel to its ceiling, at a distance of 0.55 m
from it, and make it possible to realize the necessary
shielding efficiency, reducing the initial TS MF (Fig. 4) to
the level of sanitary standards.
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Fig. 5. Distribution of the resulting magnetic flux density in the
living space over the TS using ASS, option A:
(a) — indoors; (b) — on the control plane D1
Table 1
Parameters of compensating windings of the ASS (option A)

CW | Ampere-turns,

No. CW power CW coordinates

1 |IW1=245A,
§=36 VA,
h=135m.

x11=-1,23m, y11 =-0,51 m,
z11=-1,35m, x12=-0,94 m,
y12=290m, z12=-1,35m,
x13=1,24m, yl3=2,55m,
z13=-1,35m, x14=0,99 m,
y14=-0,40m, z14=-1,35 m.

2 | IW2=25,6A,
§=36 VA,
h=135m.

x21=4,41m, y21=-0,22m,
z21=-1,35m, x22=4,40 m,
122 =298 m, z22=-1,35m,
x23 =6,40m, »23=230m,
z23=-1,35m, x24 =6,40 m,
124 =-0,48 m, z24 =—1,35 m.
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As the simulation results show (Fig. 5), when using
synthesized ASS, the level of the magnetic flux density
both on the D1 plane and in the entire living space
decreases to the safe value of 0.5 uT. Here, the
synthesized ASS has a minimum number of CWs located
in the TS premise and provides the necessary shielding
efficiency (at least 6 units) with energy consumption of
not more than 0.1 kW.

Shielding of the MF in the premise located near
the TP (option B). Let us perform the synthesis of ASS
CWs, providing the necessary efficiency of shielding of
the MF in the premise located near the TS on the same
floor (Fig. 6).

Wall
Living \ Oas m TS
& space \ -
k2
g 2 S
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0 2
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Fig. 6. The location of the premise on the side
of the TS (option B)

Figure 7 shows the calculated value of the flux
density of the initial TS MF, which reaches 1.2 puT,
which is 2.4 times higher than the sanitary standards
of 0.5 uT.
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Fig. 7. Distribution of the initial magnetic flux density in the
living space located on the side of the TS, option B,
on the D2 plane, 0.5 m from the room wall

Based on the simulation, the synthesis of the ASS
CWs (Fig. 8) located at a distance of 0.35 m from the

plane of the wall of the TS premise is performed,
allowing to realize the necessary shielding efficiency and
reduce the flux density of the initial TS MF (Fig. 7) to the
level of sanitary standards (0.5 uT) when using CWs with
parameters in accordance with Table 2.

Table 2

Parameters of compensating windings of the ASS (option B)

CW No. Ampere-turns,

CW coordinates

CW power

1 | IW1=945A, x11=-1,42m, y11=3,0m
§=10 VA, z11=2,50m, x12=-2,0m,
h=1,15m y12=3,0m, z12=3,70m,
x13=2,0 m, »13=3,0m,

z13=3,70m, x14=2,0m,

y14=3,0 m, z14=1,28m.

2 |IW2=9,44 A, x21=3,47m, »21=3,0m,
§=10 VA, z21=1,11mM, x22=3,74 m,
h=1,15m. 122=3,0m, 2z22=3,70m,
x23=7,40m, »23=3,0m,

z23=3,70 m, x24=6,56m,

124=3,0m, z24=2,40m.

a
B, uT
4 T r ’
35 - g ii
AR /
2.5
=)
N 2
Projection
1.5 CWl\ a
1 =
D.Sé =% ] g
S |
-2 0 2 4 6 8
X, m
b

Fig. 8. Distribution of the resulting magnetic flux density
in the living space on the side of the TS when using the ASS,
option B: (a) — position of CWs and TS; (b) — MF on the control
plane D2

The layout of the ASS CWs is shown in Fig. 8,a and
the calculated distribution of the resulting magnetic flux

28

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.3



density in the living space on the side of the TS when
using the ASS (option B) on the control plane D2 of the
premise wall is shown in Fig. 8,b.

As the simulation results show (Fig. 8), when using
synthesized ASS, the level of the magnetic flux density in
the volume of the living space decreases to the safe value
of 0.5 uT. Here, the synthesized ASS also has a minimum
number of CWs located near the plane of the wall of the
TS premise and provides the necessary shielding
efficiency (at least 2.4 units) with energy consumption of
not more than 0.03 kW.

Thus, the above analysis confirms the possibility of
reducing the magnetic flux density in residential premises
with area of 40 mz, located near urban transformer
substations 2x400 kVA, 6/0.4 kV, to the level of sanitary
standards with the help of simplest ASS with two flat
compensation windings placed near the floor (wall) of the
premises of the TS. Here, the energy consumption of the
ASS is no more than 0.1 kW, the CW area is no more
than 10 m* with the number of CW ampere-turns no more
than 30. The shielding efficiency (factor) realized by the
synthesized TS ASS (Fig. 2) reaches more than 6 units,
which has experimental confirmation in laboratory
conditions.

At the next stages of creating the TS MF ASS, it is
planned to develop its structural elements (Fig. 2) and
conduct experimental studies of full-scale models of the
ASS in residential buildings with built-in TS.

Conclusions.

1. For the first time, the possibility of solving the
problem of reducing to the level of sanitary norms of
the magnetic flux density in a living space located near
an urban transformer substation with power of up to
2x400 kVA using the simplest active shielding systems
has been substantiated. The justification is carried out
in computer simulation using algorithms for
optimization of particles multiswarm from a multitude
of Pareto-optimal solutions taking into account binary
preference relations.

2. The synthesis of the simplest systems of active
shielding of the magnetic field of transformer
substations with two flat compensation windings located
near the ceiling (walls) of the TS premise and allowing
the magnetic field to be reduced to the level of sanitary
standards in a nearby residential area of up to 40 m? is
performed. In this case, the energy consumption of the
active shielding system is no more than 0.1 kW, the area
of the compensation windings is no more than 10 m’
with the number of ampere-turns no more than 30, and
the shielding efficiency (factor) reaches more than 6
units, which has experimental confirmation in laboratory
conditions.

3. The practical use of synthesized active shielding
systems, subject to the positive results of experimental
studies of their full-scale physical models, will effectively
solve the urgent and socially significant task of protecting
the health of the population of residential buildings with

built-in transformer substations from the negative effects
of magnetic fields of power frequency.
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N.J. Khlopenko

CALCULATION AND DESIGN OF A ROBUST SPEED CONTROLLER
OF A FREQUENCY-CONTROLLED INDUCTION ELECTRIC DRIVE

Purpose. The aim of the work is the calculation and design of a robust speed controller of a frequency-controlled induction
electric drive with parametric uncertainty and the presence of interferences in the feedback channel. Methodology. The
calculation and design of the controller was carried out in four stages. At the first stage, a linearized mathematical model of the
control object with parametric uncertainty was constructed and the transfer function of the Hoo-suboptimal controller was
calculated in the Robust Control Toolbox using the mixed sensitivity method. At the second stage, the stability of the robust
system and the accuracy of stabilization of the induction machine speed with random variations of the object's and controller's
uncertain parameters within the specified boundaries were explored. At the third stage, the influence of interferences arising in
the feedback channel on the speed of the electric motor was explored in the Simulink package. At the final stage, the transfer
function of the Ho-suboptimal controller was decomposed into a continued fraction using the Euclidean algorithm. This fraction
was used to build the electric scheme of the controller. Results. Computer modelling of the transfer function of Hoo-suboptimal
controller, the robust stabilization system for the speed of the frequency-controlled electric drive with random variations of the
uncertain parameters of the object and the controller at specified boundaries, as well as with the presence of varying intensity
interferences in the feedback channel, was carried out. The choice of variable parameters was carried out according to the
Monte-Carlo method. The curves of transient processes of the induction machine speed with parametric uncertainty and at
different ranges of interference are constructed, as well as a Bode diagram for an open system. By the scatter of the obtained
curves of the transient processes, the accuracy of speed stabilization of the machine was determined, and according to the Bode
diagram, stability reserves in the amplitude and the phase of the robust system were determined. They are within tolerances with
comparatively large deviations of the varied parameters and the range of interferences. Based on the investigations, an electrical
circuit of the Ho-suboptimal robust controller was developed. Originality. The mathematical model has been developed and the
methodology for calculating and designing of Hoo-suboptimal robust speed controller of the frequency-controlled system of an
induction electric drive with random variations of the uncertain parameters of the object and the controller at determined
boundaries and the presence of interferences in the feedback channel, ensuring the stability of the system with allowable reserves
of the amplitude and the phase and high accuracy of speed stabilization of the machine within the tolerances of uncertain system
parameters and interferences was proposed. Practical value. The obtained structure of the controller from analog elements makes
it possible to carry out modernization of the electric drives frequency-controlled systems in operation with minimal financial
costs. References 11, figures 7.

Key words: induction electric drive, frequency control, robust controller, electric circuit.

Mema. Memow pobdomu € po3paxyHOK [ RPOEKMYBAHHA POOACMHO20 PeYyNAMopa WIGUOKOCHI cucmemu Yacmomuozo
YRPAGNIHHA ACUHXPOHHO20 €NIeKMPONPUEOOYy 3 NAPAMEMPUUHOI0 HEBU3HAYEHICMIO MA HAAGHICMIO NEPeuwiKod 6 Kamani
360pomnozo 36'a3ky. Memooonozia. Po3paxynok i npoexmyeannsa pezynamopa npoeooueca ¢ yomupu emanu. Ha nepuiomy
emani 0Oydyeanaca niHeapu306aHa MAMEMAMUYHA MOOeab 00'€Kma YnpaeniHHA 3 RAPAMEMPUYHOI0 HeGU3HAYeHicmIo i
pospaxogyeanacs ¢ nakemi Robust Control Toolbox nepeoasansna gynxyia Hoo-cybonmumanshozo pezyiamopa 3a mMemooom
Miwmanoi uwymaueocmi. Ha Opyzomy emani Oocnidxcysanaca cmiiikicmy podacmnoi cucmemu i mounicmsy cmadinizayii
WIBUOKOCMI ACUHXPOHHOT MAWIUHU NPU 6UNRAOKOBUX 8aAPIAUIAX HeeU3HAUEHUX napamempie 00'ckma i pecynamopa é 3a0anux
mexcax. Ha mpemvomy emani eusuascs ¢ nakemi Simulink ennue nepewtkoo, w0 6uHuUKaoms 8 Kanaii 360pOMHO20 36’4A3Ky, HA
wieuokicmo  enekmpoosuzyna. Ha 3axnounomy emani 6ukonyeanocs po3eunenns nepeoasanvnoi  Qynkuii  Hoo-
CYOOnmMuUManbHO20 pecyiamopa 6 J1anuio2o8y 0pio 3a anzopummom Eexnioa. Ila 0pio euxopucmosysanacs 0ns nooyoosu
enekmpuunoi cxemu pezynamopa. Pesynomamu. Ilpoeedeno komn'tomepne moodenioeanna nepeoasansnoi @ynkuyii Hoo-
CYOORMUMANIBLHO20 PecYyNAmopa, cucmemu podoacmuoi cmadinizayii WeuOKOCmMi 4acmomHo-pezynb08an020 el1eKmponpusoody
HpU GUNAOKOGUX 6aPIAUIAX HEBU3HAYEHUX NAPAMEMPIe 00'cKma i pezyiamopa é 3a0AHUX MeHCax, a4 MAKoMNC npu HAAGHOCHMI
nepewikoo piznoi inmencuenocmi é Kanaui 360pomHnozo 36'a3Ky. Bubip eapiiliosanux napamempis 30ilicHI08a8CA 34 MEMOOOM
Mounme-Kapno. Ilobyoosano Kpuei nepexionux npouyecié wi6UOKOCHI ACUHXPOHHOI MAWUHU 3 NAPAMEMPUYHOIO
Hegu3Hauenicmio i npu po3maxax nepewkoo, a maxoxc oiacpama booe onsa pozimknymoi cucmemu. 3a po3KuOOM ompumManux
Kpugux nepexioHux npouecie eusnauvanacsa mouHicmov cmaodinizauyii wieuoxocmi mawiunu, a no odiazpami bode — 3anacu
cmitikocmi 3a amnaimyooro i ¢azor pooacmnoi cucmemu. Bonu 3naxooamuvca 6 mexcax O0OnycKie npu NOPiGHAHO GENUKUX
6I0XUNEeHHAX 6apilioeanux napamempie i pozmaxax nepeuwtkod. Ha 6a3i npogedenux 00cnioxncenv po3pooneno eneKkmpuiHy cxemy
Hoo-cyponmumansnozo pooacmnozo pezynamopa. Hoseusna. Pospoonena mamemamuuna mooens ma 3anponoHoeana Memoourka
Ppo3paxyuky i npoekmyeannsn Hoo-cyGonmumansnozo poéacmmnozo pezyismopa wieudKOCHi CUCHEMU YACMOMHO20 YAPAGIIIHHA
ACUHXPOHHO20 €/IeKMPONPUEOJy NPU GURAOKOBUX 6aApiaWiaX HeGU3HAYeHUX napamempis 00'ckma i pezynamopa 6 3a0aHux
Medxcax i HaAGHOCMI NePeiKo0 6 KaHA 360POMHO20 36°A3KY, AKA 3ade3neuye cmiiiKicms cucmemu 3 3anacamu 3a AmMniimyooio
i ¢hazoro, wo oonyckaromuecsa, ma eucoKy mounicmv cmadinizayii weUOKOCMi MAUWIUHU 8 MeXHcaxX OONYCKi@ HeBU3HAYEeHUX
napamempie cucmemu i nepewikod. llpakmuune 3nauenna. Ompumana cmpyKkmypa pezyiamopa 3 anani0206ux e1emMenmis 0ac
MOHCAUGICIML  NPOGOOUMU  MOOEPHI3AUII0 CUCMEM UYACHOMHO20 YRPAGIIHHA eNeKMPONPUGOOie, W0 3HAX00AMbCA 6
excniyamauii, 3 MiniManbHuMu Qinancosumu eumpamamu. bion. 11, puc. 7.

Kniouogi crosa: eneKTponpHBoA aCHHXPOHHMIA, YACTOTHE YNPABJIiHHSI, POOACTHHI PEeryJisiTOp, eJIeKTPHYHA CXeMa.

Llens. Ilenvio pabomul Aenaemcea pacuem u RPOEKMUPOSAnUe POOACIMHOZO PeYIAMOPA CKOPOCHMU YACHOMHO-PeZyIUPYEMO20
ACUHXPOHHO20 IJIEKMPONPUGOOA C NAPAMEMPUUECKOU HEONPedeleHHOCINGI0 U HAUYUeM NoMex 6 KaHnaie oOpammuol céasu.

© N.J. Khlopenko
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Memooonozus. Pacuem u npoekmuposanue pecynamopa nposeoouncs é udemwvipe 3mana. Ha nepeom >mane cmpounace
JUHEAPU306AHHAA MAMEMAMUUECKASL MOOeTb 00beKma YnpasieHus ¢ RAPAMempuvecKoii HeonpeoeireHHoOCmblo U
paccuumviganace ¢ nakeme Robust Control Toolbox nepedoamounas ¢ynxyusa H, -cybonmumansvnozo pezynamopa no memooy
cmewiannoii yyecmeumenvnocmu. Ha emopom >mane uccinedoeanace ycmouiuugocms pooacmmuoil cucmemsvl U mouHOCMb
cmabdunuzayuu CKOPOCMU ACUHXPOHHOU MAUWIUHBL RPU CAYUALHBIX 6APUAUUAX HEONPeOe/leHHbIX NApamempos 00veKma u
pezynamopa 6 3adannvix zpanuyax. Ha mpemvem smane usyuanoce ¢ naxeme Simulink enuanue nomex, 803HUKAOWUX 6
Kanane o00pamuoil cea3u, Ha cKopocmv Inekmpoosuzamensn. Ha 3akniouumensnom srmane GvINOIHANOCL paznodicenue
nepeoamounon ynkyuu Hoo-cyponmumanvnozo pezynamopa 6 uenuyo 0pods no ancopummy Eexknuoa. Ima 0poods
UCNONb306aANAC, 0711 NOCHMPOEHUA IIeKmpuueckol cxemovl pezynamopa. Pesynomamut. IIposedeno kKomnwvlomephoe
Modenuposanue nepedamounoii pynkyuu H, -cybonmumanbHozo pecynamopa, Cucmemsvl pOOACMHON CAOUIUZAYUU CKOPOCMU
4ACMOMHO-PeZyIupyemozo INeKmpPonpueooa npu CAyyaiHbIX 6aApPUAUUAX HEONPeOeleHHbIX Napamempoe o0vekma u
pezynamopa 6 3a0AHHBIX ZPAHUUAX, A MAKMHce NPU HATUYUU ROMEX PATUYHOU UHMEHCUGHOCMU 6 KAHAe 00pAmHoil cea3u.
Buioop eapvupyemvix napamempoe ocywecmenanca no memody Monume-Kapno. Ilocmpoensl Kpugevie nepexoonsix npoueccos
CKOpOCMU ACUHXPOHHOU MAWUHbL C RAPAMEMPUYECKOI HEONPeOeNeHHOCHbIO U NPU PAIMAXAX NOMeEX, A MAaKxyice Ouazpamma
booe ona pazomkuymoit cucmemul. Ilo pazopocy nonyueHHbIX KpUBbIX NEPEXOOHbIX NPOUECCO8 ONPEOenANact MOYHOCHIb
cmabunuzayuu cKkopocmu mawiunvl, a no ouazpamme booe — 3anacel ycmoituueocmu no amnaumyoe u ¢haze pooacmuoi
cucmemsl. Onu naxooamesn 6 npedenax 0ONYCKO8 NPU CPAGHUMENLHO OONLUIUX OMKIOHEHUAX GAPLUPYEMBIX RAPAMEMPO8 U
pasmaxax nomex. Ha o6aze nposedennvix uccinedosanuii paszpadomauna rnekmpudeckas cxema H.,-cybonmumanvnozo
pobacmmuozo pezynamopa. Hoeusna. Paspabomana mamemamuueckaa Mooenv U npeodnoyHceHa MemoouKka pacuema u
npoekmupoeanua H.-cybonmumanvnozo podacmnozo pezyaiamopa CcKOPOCHMU  CUCHIEMbl YACHMOMHO20 YRPAGIeHUsA
ACUHXPOHHO20 IIEKMPONPUEOOA NPU CIYUAUHBIX GAPUAUUAX HEONPEOENeHHbIX NAPAMEmpo8 00veKma u pezyiamopa 6
3A0AHHBIX ZPAHUUAX U HATUYUN HOMeX 6 KaHale O00pAmHoll C6A3U, 00eCneuuearwas yCmoudueoCms Ccucmemsl ¢
00nyCcKaemMpiMu 3anacamu no amnaumyoe u (haze u 8bICOKYI0 MOYHOCHL CMAOUNUZAUUU CKOPOCMU MAWUHbL 6 NPeoenax
00NnycKo6 Heonpedenennvix napamempos cucmemovl u nomex. Ilpakmuueckoe 3nauenue. Ilonyuennas cmpykmypa pezynamopa
U3 AaHAN0208bIX INEMEHMO8 OAenl 603MONCHOCHIL RPOGOOUMDL MOOEPHU3AUUIO CUCHIEM HACHOMHO20 YRPAGIEeHUsA
INEKMPORPUEOOOS, HAXOOAULUXCA 6 IKCHIYAMAUUN, C MUHUMATbHBIMU pUHaAHCO8bIMU 3ampamamu. bubn. 11, puc. 7.

Kniouesvie cnosa: 31eKTpONpUBO ACHHXPOHHBIH, YACTOTHOE YIIpaBJieHUe, POOACTHBII peryasiTop, 3JeKTpuyecKas cxema.

Introduction. In frequency-controlled induction
electric drives operating in conditions of uncertainty, the
task of robust stabilization of the motor speed with a
given accuracy is essential. Several methods are known
[1-5], which are most often used at different times by
domestic and foreign scientists to solve this problem. Of
these, the method of synthesizing the stabilizing
H,-suboptimal robust regulator is most widely used. In
[6-9], on the basis of this method, a scientific research
methodology, a calculation procedure, and an electrical
circuit of a stabilizing H.-controller of the rotor flux
linkage control system for random variations of undefined
parameters at specified boundaries and interference in the
feedback channel are developed.

In the present work, this methodology is used to
construct a mathematical model as well as a method for
calculating and designing the electrical circuit of the
H,-suboptimal robust speed controller of the frequency
control system of an induction electric drive.

The goal of the work is the calculation and design
of a robust speed controller for the frequency control
system of an induction electric drive with parametric
uncertainty and the presence of interference in the
feedback channel.

Research methods and results. Figure 1 is a
structural diagram of the mechanical characteristic of the
control object linearized within the working area in the
input-output signal space [10, 11]. It contains the transfer
functions of a frequency converter with the transmission
coefficient Ky and the time constant 7y and a squirrel-
cage induction motor. An induction motor is represented
by a first-order aperiodic link with the stiffness module S
and the electromagnetic time constant 7., and an
integrating link with inertia moment J, taking into account
the inertia moment of the actuator reduced to the rotor
axis. The load torque (static moment of resistance) will be

considered constant and applied to the rotor in steady
state. Therefore, its increment M, at the working point of
the static mechanical characteristic is neglected. The
increment of the electromagnetic torque M of the motor at
the same point is taken equal to this torque [10, 11].

M

L K. | W B | M
Ti.p+t T.p+1

% 1
Jp

Fig. 1. Structural diagram of an induction electric drive

We pass from the structural diagram of the object to
the equations of state in normal operator form:

1
w=—M;
P J
1 b
M =——M +—\oy, — o), 1
M == Te( 0~ @) (1)
1 K
Py =——"—wy+ fc U,
ch ch
where
2M
pee = @
DonS cr ZpWonScr

p is the Laplace operator; U is the control action; w, wg
are the angular speed of the rotor and the rotating
magnetic field relative to the stator, respectively; M, M,
are, respectively, the electromagnetic and critical torques
of the motor; s, is the critical slip; z, is the number of

pole pairs; # is the index of nominal values.

We introduce dimensionless quantities
xlzﬂ; xzzﬁ; x3=&; uzi. 3)

20 M n 20 Un
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We turn in equations (1) to dimensionless variables
(3). Then, taking into account (2), we obtain the following
equations of state of the object:

n

x| = Xy
px; Jo, 2
@on 1 w,
Xy =22, M .| — X3 ——Xo——X1 |; 4
pxp pcr(Mn3B2MnlJ (4)
K
PXy = ——— Xy +—— 1y,

ch chKfc n

Using equations (4), we construct a structural
diagram of the object in the state space (Fig. 2).

u Kic A |P*s |1 (%
Ktcn ‘ T}C P
1
B
X211 [ PX; Wy
— {5 2z,M,, Mn”
wn -
M,
M, | P% |1 X4
Jw, P

Fig. 2. Structural diagram of the control object in the state space

In this circuit, for the uncertain parameters that are
most sensitive to changes in the object model, we take the
transfer coefficient Ky of the frequency converter, the
critical torque M., the stiffness module f, and the
moment of inertia J of the induction motor.

Suppose that the indefinite system parameters Ky,
M., p and J vary in the intervals:

K= Koo (14 pi, Ok, )5
Mo =My (14 pyr M, )5
B =P+ pgdp);
J=Jy(+pyd;),

where p Ky > PM, > Pp Py are the coefficients that take

)

into account the deviations of the relative values of the
uncertain parameters Sg ,8py , 8pand d,.

We replace each of the parameters (5) presented in
Fig. 2, by a structural diagram. As a result, we obtain a
structural diagram of an object with parametric
uncertainty, shown in Fig. 3.

1
Fn i w ¥4
Pﬁ ] O -4ﬂ
X5 PX;
@ 2z, M,
w, Z;
l"’::r = Mcr wn
My,
1
- M, ) PX4 ’I‘ X4
s 7]
W, Z
P, |~ 3, =

Fig. 3. Structural diagram of the control object
with undefined parameters

Let's pass from the structural diagram shown in
Fig. 3, to matrix equations of state in canonical form:
px = Ax + Byw+ Byu;
Z:C1X+D11W+D12M; (6)
y= sz + D21W+ Dzzu,

where
0 My 0
ann
A _|_ 2prnMcrn _ ZZpMcrn Zzpr nMcrn .
Mn ﬂl’l Ml’l '
1
0 0 -
L Tye
0 0 0 -py
B=| 0 0 2z,M ., pg 0 |;
p
ﬁ 0 0 0
L T i
i 0 0 0 ]
_ 2prnMcrn _ 2ijucrn 2prOnA/[crn
Ml’l ﬁl’l Ml’l
Cl = 0 L 0 5
Bn
M
0 I 0
L Jny ]
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Bsz{O 0 i}czz[l 0 of;
ch
00 0 0
00 2z,M..p 0 T
Dy, = premiP ; Dh=[l 0 0 0];
00 _pB
00 0 -py

Dy =[0 0 0 0]; Dy =[0];
x = (x1, X, x3)" is the phase vector; y is the one-
dimensional output vector along which feedback is
closed; z = (zj, z,, z3, z4)T, w = (Wi, Wy, Wi, w4)T are the
input and output uncertainty vectors, which are related by
the matrix expression w(p) = A(p)z(p) in which the
uncertainty matrix A(p) has a diagonal form.

The resulting system of equations (6) allows,
together with the weighting functions proposed in [4] for
quality control of a robust system, to calculate the transfer
function of the H,-suboptimal controller for a nominal
object in the Robust Control Toolbox package using the
mixed sensitivity method. For an induction electric drive
with MDXMA 100-32 motor with power of 3 kW,
parameters z, = 2; M, = 20.2 N'm; M, , = 48.5 N'm;
J,=0.013 kg'm?; w,= 148.178 rad/s; wo, = 157.08 rad/s;
S = 1.908 N-m/(rad/s) and a frequency converter with the
transmission coefficient K¢, = 1.06 rad/(V-s) and the time
constant Ty, = 10™*s, the calculated transfer function of the
H_.-controller turned out to be equal to:

2
+b,p+b
K(p)=—P*hopths g
alp +a2p +a3p+a4
where a; = 1; a 1.524:10°; as 1.261-10%
a, = 4729:10° b, = 3.53:10° b, 7.385-10°%;
by=5.681-10%.

Using the MATLAB commands, we attach the
robust controller (7) and the unit feedback encompassing
the «H,-controller-object» system to the object (4)
programmatically. Using the Monte Carlo method [4], we
study the accuracy of stabilization of the angular speed of
the machine and the stability of the resulting system with
random variations of the uncertain parameters of the
object K¢, M., in the range of +15 %, f in the range of
+30 %, J in the range of £25 % and the coefficients ay, a,,
a3, ag, by, by, by of the regulator (7) in the range of +15 %.

Figure 4 presents 20 generated transient curves of
the angular speed of the rotor of the induction motor with
a single spasmodic change in the signal at the input of the
system and a random selection of the uncertain
parameters of the object and controller from the given
ranges by the Monte Carlo method.

As expected, presented in Fig. 4 curves do not go
beyond the boundaries of the 3 % tube.

To study the stability of the system, we apply the
method of logarithmic frequency characteristics with a
random selection by the Monte Carlo method of the
indefinite parameters of the object and controller in the
given ranges.

L L L L L L L

01 02 03 04 05 06 07 fs

Fig. 4. Transients of the rotor angular speed

Figure 5 shows a Bode diagram with 20 generated
curves of amplitude L(w) and with 20 curves of phase
o(w) frequency response curves for the same parameters
what were used to calculate the curves shown in Fig. 4.

L(w),dB
50 e

=50 F

—100 R T ETH B S TTT! A T A T TT1 T A TT T B S S Trr|
@), degrees
0

_90 L
-180
- 270 P T B S S TTT] B S S TTY S A T SR
102 10™ 10° 10! 102 10 s’
Fig. 5. Open system’s Bode diagram
From the amplitude L(w) and phase ¢(w)

characteristics presented in this diagram, it can be seen
that the system is stable, since the amplitude characteristic
crosses the abscissa axis earlier than the phase
characteristic, finally decaying, goes over the angle value
of —180°. In this case, the calculated value of the stability
margin in amplitude is 23.12 dB, and in phase — 31.75 °
for the nominal values of the parameters of the object and
the regulator with scatter of random curves not exceeding
4 dB for amplitude and 15° for phase frequency
characteristics.

We proceed to the construction of the electrical
circuit of the H,-suboptimal robust controller.

We decompose the transfer function (7) into a
continued fraction according to the Euclidean algorithm:
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where = 118.1.

The electric circuit of the controller corresponding to
the fraction (8) is shown in Fig. 6. When it was created,
well-known methods and rules for performing electrical
circuits were used.

RS

12

m
r
o
L
r
0
]
<

DAZ | |RS RE/ [ RT

Fig. 6. Electric circuit of a robust controller

The circuit shown in Fig. 6, is made in the form of a
four-terminal network and consists of a series-connected
the first passive four-terminal network with a capacitor
C1 connected in parallel, the second passive four-terminal
network with a resistor R1 connected in series and a
parallel capacitor C2, the third active four-terminal
network with a negatron of the negative resistance NR in
series, consisting of an operational amplifier DA1 and
resistances R2, R3, R4, the fourth active four-terminal
with a parallel connected negatron of the negative
capacitance NC, consisting of an operational amplifier
DA2, a capacitor C3 and resistors R5, R6, the fifth
passive four-terminal with a parallel resistor R7, and an
operational amplifier DA3 with resistors R8 and R9
connected to the output of the fifth four-terminal.

Parameters of its capacitors and resistors
Cl1 =284 pF; R1 =232 kQ; C2 =34 pF; R2 =252 Q;
C3=31.8 uF; R7=118kQ; R8 =1 MQ; R9 =1 kQ and
they correspond to the standard values of rounded
coefficients, fraction (8) when multiplying its numerator
and denominator by a certain constant number, and
R3 = R4 and R5 = R6 are chosen from design
considerations.

As calculations performed by the method of [7]
show, at such capacitance and resistance values, the
values of the coefficients a;, a,, as, as, by, by, by of
controller (7) do not go beyond the limits of the range
specified above £15 %.

In the robust control system, interferences can occur,
caused, for example, by sensor noise, connector pins,
electromagnetic fields, interference with the frequency of
the supply network and other reasons. A robust regulator,
as an element of this system, is known to be able to filter
these interferences. Therefore, the calculations of
transients of the angular speed of the electric motor were

performed at various values of the noise intensity in the
feedback channel of the frequency control system with a
robust controller. The calculations were carried out in the
Simulink package. A static motor load of 0.75-M, was
applied to the rotor of the machine in steady state.

The results of calculating the curves of transients of
the angular speed of the rotor, filtered by the robust
control system, for two different values of the generated
span of interference with a single spasmodic change in the
reference action are shown in Fig. 7.

ﬂ VAN
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o8 ||/
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Fig.7. Transients of the angular speed w/m, with interferences

filtered by a robust system and a rotor load of 0.75M,,
at time 0.5 s: a — interference span of 10 %; b — 30 %

An analysis of these curves shows that the level of
interference filtering by the robust system largely depends
on the intensity of the interference span and in the steady
state it is within the tolerance range of +2.5 %, except for
the local area of the application of the M, load at 0.5 s.

Conclusions.

1. A mathematical model and a technique for
calculating and designing an electrical circuit of the H,-
suboptimal robust speed controller of the frequency
control system of an induction electric drive with random
variations of the uncertain parameters of the object and
the controller within the specified boundaries and the
presence of interferences in the feedback channel are
developed.

2. The results of modelling of transients of the angular
speed of the rotor according to the developed technique
confirm the high accuracy of stabilization with random
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variations of uncertain parameters at given boundaries
and low sensitivity to interferences in the feedback
channel.
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MODELLING OF OPERATION MODES AND ELECTROMAGNETIC INTERFERENCES
OF GaN-TRANSISTOR CONVERTERS

Goal. To analyze the efficiency and EMI of a half-bridge converter built on GaN transistors at different switching frequencies
and to issue recommendations for its application. Methodology. An EPC9035 development board from Efficient Power
Conversion was selected for research. This board is a half-bridge converter built on the EPC2022 eGaN® transistors and
contains a driver for controlling these transistors. To simplify the assessment of the conversion efficiency, it is suggested to use a
computer model of the development board and LISN, which simulates the active load with the LC filter. Results. Simulation
results of the converter efficiency with the nominal values of the elements according to the EPC9035 manual showed significant
deviations from the calculated values at frequencies above 50 kHz. This is explained by the presence of inrush current through
transistors. The inrush current depends on the «dead time» between the intervals when the transistors are open and the delays
specified in the SPICE model of LM5113 driver. To reduce the amplitude of inrush current and, accordingly, to increase the
duration of the «dead timey interval, it is proposed to double the capacitors responsible for the formation of this interval.
Simulation of the converter efficiency with the doubled values of the circuit elements showed that the results almost coincide with
the calculated values of the efficiency in the range from 0.05 MHz to 5 MHz. The converter on the EPC2022 transistors has the
highest efficiency at 50 kHz which decreases by 0.03-0.04 at 500 kHz. Therefore, it is recommended that the operating frequency
should be set close to 500 kHz. Simulation of EMI levels resulted that the difference in the duration of the «dead time» does not
have a significant effect on the levels of simulated EMI. The largest difference between the simulation results and the experiment
is observed at frequencies about 30 MHz and is 3-6 dB. Originality. For the first time, the computer model was used to calculate
the efficiency of a half-bridge converter on GaN transistors at different frequencies. Practical significance. Considering the high
output current, high operating voltage and short switching times, GaN transistors are promising for use in pulse generators,
power supplies with operating frequencies exceeding 500 kHz, and in powerful Class D hi-fi amplifiers with small dimensions,
such as automotive ones. References 10, tables 3, figures 5.

Key words: GaN transistors, computer simulation, electromagnetics interferences, energy efficiency.

Y pooomi oocnioryceno ennaue uacmomu nepemeopeHHs HaA eheKmusHicmov podomu HANIEMOCHIO06020 Nepemeoplosaud Ha
GaN mpanszucmopax. Hasedeno pesyromamu Komn’lomepHozo MOOeNI06AHHA MAK020 NeEPemeopioeaya 3 ypaxyeaHHAM
empam Ha piznux yacmomax. Ilokazano, w0 3anpononoeana Komn’iomepua mooens 0036014€ UHAYUUMU PiGeHb CHPYMY
cnoxycueanns, a, omce, i KK/l naniemocmoeozo nepemeopiosaua na GaN mpanzucmopax. Mooeniosanus 3 napamempamu,
e3AmuMuU 3i cxemu 6i0 6UPOOHUKA NPU3EOOUMDB 00 3ABULLEHUX OUIHOK CHOMCUBAHHA cmpymy 00 2,3 pa3zu. 3mina napamempie
RC-kin, wio popmyroms inmepean «mepmeozo uacy» mpan3ucmopie 3MeHuLy€e ROXUOKY 6UZHAYEHHA CIPYMY CRONCUBAHHA 0O
Menws Ak 5 %. 30invwenna mpueanocmi «Mepmeozo uacy» CYMmEEO He 6NAUGAE HA MOYHICMb MOOeNI08AHHA
HeCUMEMPUYHUX eeKMPOMAZHIMHUX 3a6a0 | npu3eooums 00 3minu ix piena ¢ mexcax 3 0b. Y pesynvmami 0ocnioxncenusn
6CMAHOGIEHO, W0 KOMN’IOMEPHA MO00enb Ma€e€ O0CHMAMHI0O MOYHICMb O1A OUIHOYHUX PO3PAXYHKIE, @ pPO32AHYMI
nepemeopiosaui na GaN mpauzucmopax Haiikpauje 6uKopucmogyeamu 3 yacmomamu nepemeopenus oauzvko 500 xl'y. Taxi
nepemeopiogaui Modxcymv 3HAUMU 3ACMOCY6AHHA 6 0J)cepenax MNCcueieHHs 00pmoeoi anapamypu i aemomoodinibHux
niocunrosauax kaacy D. bi6n. 10, Tabn. 3, puc. 5.

Kniouosi cnosa: GaN-TpaH3NCTOPH, KOMII’I0TePHE MO/IETIOBAHHA, €JIEKTPOMATHITHI 3aBau, eHeproegeKTUBHICTD.

B pabome uccneoosano énuanue uacmomol nepexniouenusn Ha IPphexmusHocmes padbomol ROIYMOCHI08020 NPeodpazoeamens Ha
GaN mpanzucmopax. Ilpusedenst pe3ynvmanmsl KOMRbIOMEPHO20 MOOENUPOGANUA NMAKO20 NPEOOPAZ06AMENS C YHEmOM NOmeps
Ha pasnbix uyacmomax. Iloxazano, umo npeonoIHceHHAs KOMNbIOMEPHAA MOOeNb NO3601AEH Onpedeums yposeHs MOKa
nompeébnenusn, a, cneoosamenvro, u KII/I nonymocmosozo npeoopazosamens na GaN mpanszucmopax. Modenuposanue c
napamempamu, 63AmMbIMU U3 CXeMbl OMl NPOU3EOOUmMeNns, Oaem 3aeviuieHHoe nompednenue moka 00 2,3 pas. HUsmenenue
napamempoe RC-yeneii, 3a0aiouux unmepean «mepmeozo 6pemenu» mpan3ucmopos ymeHsluiaem nozpeuiHocms onpeoeneHus
moka nompebdnenun 00 menee 5 %. Ilpu >3mom, ysenuuenue npooONIHCUMENLHOCHU (MEPMEO20 BPEMEHU) He GaUACH 6
3HAYUMENbHOU CHIeneHu Ha MOYHOCHL MOOEUPOBAHUA HECUMMEMPUUHBIX ITIEKINPOMAZHUMHBIX NOMEX, UIMEHAA UX YPOBCHb G
npedenax 3 0b. B pesynomame uccnedosanun ycmano6neno, Ymo KOMRbIOMEPHAA MOOeNb UMeen 00CMAmOUYHYI0 MOYHOCMb
01 OUEHOUHBIX PaAcuemos, a paccmompensl npeoopazosamenu na GaN mpan3ucmopax Jyduie UCHONb306AMb HA YACHOMAX
nepekntouenusn okono 500 kl'y. Takue npeodpazosamenu mozym Halimu npuMeHeHUe 6 UCMOYHUKAX RUMAHUA O 00PMOBoll
annapamypel u agmomoounsuvlx ycuaumenax knacca D. bu6in. 10, tabn. 3, puc. 5.

Kniouesvie cnosa: GaN-TpaH3HCTOPBI, KOMIILIOTEPHOE MOJICJIUPOBAHHE, 3 16eKTPOMATHUTHBIE IIOMEXH, YJHePro3(pGeKTUBHOCTS.

Introduction. In recent years, transistors based on
gallium nitride (GaN) and silicon carbide (SiC) have
become widespread. Such transistors have low control
and switching losses, short switching time and good heat
transfer. These properties give GaN transistors a number
of advantages over silicon (Si) MOSFET and IGBT

transistors and expand their scope. At present, GaN
transistors are promising substitutes for high-power Si
transistors. Their use ensures compliance with modern
requirements for reducing energy consumption and
dimensions of electronic equipment. But GaN transistors
are still relatively expensive. Due to their advantages,
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GaN and SiC transistors are widely used in radars,
telecommunications equipment and are promising for
many applications, where the requirements for high
efficiency and small size come first. For example, for use
in Class D audio amplifiers and electric drives.

For example, in [1] the results of a comparative
analysis of the efficiency of GaN and SiC transistors
utilization for high-speed electric drives are presented.
Increasing the conversion frequency, due to the use of
GaN transistors, has reduced the losses of the rotor in the
drive with permanent magnets and increased its efficiency
and specific power in general. In [2] the efficiency of
three transistor rectifiers is compared: IGBT, MOSFET
and GaN FET. Due to the low frequency (50 Hz) selected,
the GaN converter did not show greater efficiency than
the others, but provided a lower harmonic ratio. The use
of SiC transistors instead of IGBT in high-power
converters (up to 12 kW) does not provide an advantage
in terms of efficiency, but allows them to be used at high
operating temperatures [3].

In [4], the results of comparison of asymmetric
(Common Mode) electromagnetic interferences (EMI)
generated by Si and GaN transistors are presented. For the
study, the authors chose both types of transistors, the
characteristics of which are similar and little different. As
a result, their study did not reveal a significant difference
in interference levels in the standard frequency range
from 150 kHz to 30 MHz. Differences occurred only at
frequencies above 30 MHz.

The influence of the value of the decoupling
capacitor on the level of EMI generated by a half-bridge
converter on GaN transistors is studied in [5]. The effect
of additional capacitance on both symmetric and
asymmetric interference components using a computer
model is estimated. Simulation is widely used for EMI
analysis because it greatly simplifies the process of
research and development of converters, provides ease of
model construction and the ability to quickly change it. In
addition, it saves money on the development process.

However, in the literature, insufficient attention has
been paid to the justification for the choice of the
conversion frequency of converters on GaN transistors.
Therefore, it is advisable to create a computer model of
the converter, to investigate which parameters can provide
the highest efficiency and how the simulation results
coincide with the experimental data.

The goal of the work is to analyze the efficiency
and electromagnetic interference of a half-bridge
converter on GaN transistors at different switching
frequencies using its computer model and to form
recommendations for its use.

To achieve this goal it was necessary to solve the
following tasks:

e cvaluate the efficiency of the converter on GaN
transistors depending on the frequency of conversion;

e cvaluate the adequacy of the computer model of the
converter to calculate the efficiency when operating at
different frequencies;

e cvaluate the adequacy of the computer model for
calculating the EMI of the converter, measured at the
output of the network equivalent;

e based on the results of research to formulate
recommendations to developers on the feasibility of using
GaN transistors for various tasks.

Description of the computer model. The EPC9035
development board from Efficient Power Conversion was
chosen for the research. This board is a half-bridge
converter module implemented on EPC2022 eGaN®
transistors and contains a driver for controlling these
transistors. Table 1 shows the main parameters of the
EPC9035 board.

The main electrical and time characteristics of the develozifl)ifltl

board EPC9035

Parameter Value
Output voltage, V 80
Output current, A 25
Time of rise and fall of output voltage, ns 3-5
Resistance of transistors in the open state, mQ 4
Minimum width of the input pulse in the «high» state, ns| 50
Minimum width of the input pulse in the «low» state, ns | 100

The on and off times of the transistor EPC2022 are
indicated approximately, they were measured during the
experiment.

Computer simulation of a half-bridge converter on
GaN transistors has previously been performed using the
EPC9062 board [6]. The paper also presents the results of
EMI simulation when operating on active load. The
model proposed below takes into account the differences
in the design of the boards, the components used and
simulates the operation on active load with an LC-filter.
The computer model of the EPC9035 board, connected to
the power supply via the network equivalent, is shown in
Fig. 1. Logic elements Ul and U2 are used on the
EPC9035 board as buffers and to invert the input signal.
RC circuit consisting of R2, C2 and diode D1 forms a
switching on delay of transistor Q1, RC circuit R7, C4
and diode D2 forms a switching on delay of transistor Q2.
Chip U3 is the driver of transistors Q1 and Q2.

Components for modelling the process of EMI
propagation and losses on the printed circuit board
(throttles L1, L3, resistors R1, R10), four decoupling
capacitors C8—CI11 are presented in the diagram with
parasitic parameters: throttles L8-L11 (inductance of
terminals) and resistors R15-R18 (internal resistance).
The parasitic parameters of the supply wires are presented
by throttles L6, L13 and resistors R11, R20. The load of
the converter is the throttle L2, the load resistor R9 and
the filter capacitor C3 with the inductance of the terminals
L4. The network equivalent is presented by capacitors C6,
C7, C12, C13, throttles L5, L12 and resistors R12, R19.
The input resistance of the selective microvoltmeter is
presented by resistor R14. Resistor R13 takes into account
the internal resistance of the power supply and the
resistance of the power wires. Capacitor C5 takes into
account the parasitic capacitance between the output of
the converter and the «ground».
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Fig. 1. Computer model of a half-bridge converter with network equivalent and power supply

Evaluation of energy efficiency of a half-bridge
converter on GaN transistors. Figure 2 shows the
oscillograms of the output voltage of GaN transistors
EPC2022 during switching on (Fig. 2,a) and during
switching off (Fig. 2,b).

i

TR
a b

Fig. 2. Shapes of output voltage pulse fronts of the
half-bridge converter EPC9035:
a — pulse front, b — pulse fall

i

M 10.0ns
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The power losses of the half-bridge converter are
determined for each of the GaN transistors separately [7].
The total losses Pq, of the transistor Q1 consist of losses
in the open state Peond o1, losses on recharging the output
capacitance Pogs, losses during switching on Poy overiap,
losses during switching off Pt overiap, l0SS€S ON recharging
the input capacitance Pg ;. The total losses P, of the
transistor Q2 consist of losses in the open state Pcond o2,
losses on recharging the output capacitance in reverse
mode Poss s¢, losses on the built-in diode until the
transistor opens Py and losses on recharging the input

capacitance Pg . The losses of transistors Q1 and Q2
can be calculated by the formulas [8]:

PQI = Pcond7Q1 + POSS + Ponioverlap + Poffioverlap + PGin;
Fa2 = Feond Q2 + Foss sd + Fsd + F6_q2-

For transistor Q1, the losses during switching off
Potr overlap and the losses on recharging the input capacitor
recharge are insignificant and can be neglected. For
transistor Q2, we can neglect the losses on recharging the
output capacitor in the reverse mode Pogs s and the losses
on recharging the input capacitor Pg o,. Other types of
losses can be determined by the formulas:
I rzipple
12

2
Feond Q1 =| 10Ut + (D =144 fsw) RDS(on) Q13

VBUS

ICOSS(Vds)'dVds;
0

Foss = fsw " VBUS "

1

R n_overlap — Jsw E VBus IL,turnion er +1y£);

0

2

P I ripple

C

2
ond Q2 =| {ouT *+ (1=D—tg42 - fiw) Rps(on) _Q2s
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7 -7 I ripple |
L,turn on = *OUT — y

1.
I L,turn_off = Tout + %ple’

where Vpys is the input voltage, Ioyr is the output
current, Voyr is the output voltage, f;, is the switching
frequency, Loyr is the throttle inductance, D is the fill
factor, Rpson) 1 is the resistance of transistor Q1 in the
open state, Rpseon) o2 is the resistance of transistor Q2 in
the open state, Coss(Vys) is the dependence of the output
capacitance on the resistance of the drain-source, . is
the time of increase of the drain current of the transistor,
tyr is the time of voltage drop of the transistor drain-
source, t4 is the «dead time» before switching on the
transistor Q1, #4, is the «dead time» before switching on
transistor Q2, #sp; and tsp, are, respectively, the current
flow time through the reverse diode until the opening of
transistors Q1 and Q2, Vsp; i Vsp, are, respectively, the
drain-source voltages of transistors QI and Q2 in
reverse flow mode, Iippe is the maximum value of
throttle current, /i tum on, {Lwm oft are, respectively, the
values of throttle current at the moment of switching on
and switching off.

Even an approximate calculation of losses in a half-
bridge converter according to the above formulas is quite
a time-consuming procedure. To simplify the evaluation
of the conversion efficiency, we can use the computer
model shown in Fig. 1. To calculate it is enough to set the
conversion frequency, supply voltage, output voltage and
load resistance. If we know period, it is easy to determine
the duration of the control pulses, after determining the
fill factor by the formula

p=Jour
VBus

Table 2 shows the value of the efficiency of the GaN
module with an LC filter and a load of 8.6 (2 with output
voltage of 7.5 V, supply voltage of 12 V for different
conversion frequencies. The efficiency of the converter is
investigated at frequencies from 50 kHz to 5 MHz using
the proposed computer model with element
denominations according to the circuit given in the
Development Board EPC9031/32/33/34/35 Quick Start
Guide. Also for comparison Table 2 shows the efficiency
values calculated using the results of measuring the

voltage at the output of the power supply and the current
consumption of the EPC9035 board.

Table 2
Dependence of converter efficiency on conversion frequency
with denominations of elements according to the circuit

Frequency, MHz | 0,05 | 0,5 1 2 3 5
U, V 11,74 11,73 {11,71 | 11,67 | 11,62 | 11,52
Iom A 0,59 | 0,6 | 0,63 | 0,68 | 0,75 | 0,9
Teale 0,94 | 0,93 | 0,89 | 0,82 | 0,75 | 0,63
Up mod» V 11,77 | 11,64 | 11,44 | 11,0 | 10,8 | 10,48
Iris, A 0,58 1075| 1,0 | 1,6 | 1,9 | 2,33
Tlmodel 0,96 | 0,75 | 0,57 | 0,37 | 0,32 | 0,27

In Table 2 the following abbreviations are used:
U, is the power supply voltage, /. , is the measured DC
power consumption from the power supply, 7., is the
efficiency calculated using U, and /; v, U, mod and I3 are,
respectively, the simulated power supply voltage and
current through its internal resistance, 7y04e 1S the
efficiency obtained by simulation.

As follows from Table 2, measured and simulated
converter efficiencies quite accurately match only at
frequency of 50 kHz. As the frequency increases, the
difference between them increases. From the simulation
results it follows that the current consumption contains
the through current of the transistors, which reaches 80 A
at the time of switching. The shape and amplitude of the
current of transistor Q1 and the voltage at the gates of
transistors Q1 and Q2 are shown in Fig. 3.
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Fig. 3. Simulated control voltage and transistor drain current

of the converter
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As can be seen from Fig.3, jumps of through current
through transistors occur when one of them has not yet
closed, and the other has already opened. This current
depends on the duration of the «dead time» between the
intervals when transistors Q1 and Q2 are open, and the
time delays that are set in the SPICE model of the
LMS5113 driver. The «dead timey, in turn, is set by the RC
link of the elements RS, C1 for the transistor Q1, and the
RC link of the elements R7, C4 for the transistor Q2.
Thus, the SPICE model of the LM5113 driver with the
manufacturer-specified component denominations does
not operate correctly at frequencies above 50 kHz. It is
possible to reduce the amplitude of the through current
through the transistors extending the duration of the «dead
time» by replacing the parameters of the RC links R8C1
and R7C4. Resistors are selected with a value of 100 Q,
and the values of capacitors are doubled to 200 pF.
Table 3 shows the results of modelling with a changed
duration of «dead time». Also for comparison, the value
of efficiency calculated from the results of the experiment
is presented.

As can be seen from Table 3, the efficiency of the
half-bridge converter on GaN transistors, obtained in the
process of modelling 77,04e1 after changing the parameters
of the RC links, almost coincides with the efficiency
obtained experimentally 77.,c. The converter on transistors
EPC2022 has the highest efficiency at frequency
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of 50 kHz and decreases by 0.03-0.04 at frequency of 500
kHz. Thus, it is recommended to choose the operating
frequency near this value, because with increasing
frequency, the efficiency of the module decreases, and
with decreasing frequency, the advantage in speed is lost.

Table 3
Dependence of converter efficiency on conversion frequency
with changed denominations of model elements

Frequency, MHz | 0,05 | 0,5 1 2 3 5
Up mods V 11,79 | 11,77 | 11,74 | 11,7 | 11,64 | 11,54
Iriz, A 0,56 | 0,59 | 0,61 {0,67| 0,76 | 0,89
TTmodel 0,98 | 0,94 | 0,91 {0,83| 0,74 | 0,64
Neale 0,94 | 0,93 | 0,89 |0,82| 0,75 | 0,63

Evaluation of the EMI of the converter on GaN
transistors using the proposed model. An important
indicator of the converter is the level of generated EMI. In
[8], a study of the EMI level of a boost converter with
conversion frequency of 100 kHz is performed, in which
Si IGBT IRG4BC30U, cascade GaN NCT8G206N and
SiC SCT2120AF transistors in the TO-220 housing are
alternately used. As a result, the difference in EMI levels
in the frequency range up to 30 MHz is not more than 3
dB, except for one frequency with a frequency response
failure, where the difference is 10 dB. Thus, the level of
EMI in a given frequency range is more influenced by the
conversion frequency, the parameters of the passive
elements and the design of the converter, and much less
by the type of transistors.

The parameters of the printed circuit board and the
design determine the level of the asymmetric component
of the interferences due to the parasitic capacitance. It is
formed between the power and load wires, the PCB tracks
and the «ground». The parasitic capacitance between the
output circuits of the converter and the «ground» has the
greatest influence on asymmetric interferences.

The parasitic capacitance of the converter board is
measured by the method described in [9] using an
additional capacitor, which is connected between the
output of the converter and «ground». The EMI level is
measured with and without an additional capacitor. Then
the parasitic capacitance is calculated, which is 1.8-2 pF.

Below are the results of estimating the influence of
model parameters on the level of simulated EMI in
comparison with the measured ones. Figure 4 shows the
levels of interferences for the circuit shown in Fig. 1.
Figure 4,a shows the EMI with «dead time» according to
the documentation, and Fig. 4,b — with extended «dead
time» (capacitors C2, C4 have capacitance of 200 pF).
The simulation is done with an additional capacitor, in
order to increase the asymmetric component of the
interferences. Capacitor C5 in the circuit has a nominal
value of 58 pF (capacitance of the EPC9035 board plus
the capacitance of the additional capacitor of 56 pF).

As can be seen from Fig. 4, the difference in the
duration of the «dead time» does not have such a
significant effect on the level of simulated EMI as on the
efficiency. The biggest difference between the simulation

results and the experimental is observed at

frequencies around 30 MHz.
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Fig. 4. EMI levels with an additional capacitance of 56 pF,
connected to the output of the converters

Description of the test module and test bench. The
EPC9035 is mounted on another board, which contains
the elements necessary to ensure the correct order of on
and off power and control signal supply in accordance
with the Instructions for use of the EPC9035 board. It
should be noted that the minimum duration of the output
pulses provided by the LMS5113 driver is 40 ns. This
allowed to build on the basis of the EPC9035 board a
short pulse generator with voltage of up to 90 V and
current of up to 20 A [10].

As part of the test bench (Fig. 5) a selective
microvoltmeter SMV11, V-shaped equivalent of the
NNBI101 network (Line Impedance Stabilization Network
— LISN), ammeter and 12 V transformer power supply
block with linear voltage stabilizer are used. The
assembly of metal-film resistors with total resistance of §
Q is connected to the output of the converter by wires of
minimum length.

Selective
; Microvoltmeter
Mains
220V
Load

Power + || GaN
51 supply 00 LISN Power %
O_

12V —1 stage

Fig. 5. Diagram of the test bench for measuring current
consumption and EMI

Conclusions.
1. As a result of the investigation carried out using the
proposed computer model, it is found that the simulation
results with parameters taken from the manufacturer's
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circuit have a large error (up to 2.3 times) due to
inaccurate SPICE model of the GaN transistor driver.
Changing the parameters of the RC circuits which form
the interval of «dead time» increases the accuracy of
determining the current consumption to at least 5 %.

2. The efficiency of the converter on GaN transistors
does not practically change up to frequency of 500 kHz,
which allows the use of capacitors and throttles of small
denominations and dimensions. Then, with increasing
conversion frequency, the efficiency decreases.

3. For a converter with additional output capacitance,
the parameters of the SPICE model of the driver do not
significantly affect the accuracy of modelling of the
asymmetric EMI.

4. Thus, due to high output current, high operating
voltage and short switching time, GaN transistors are
promising for use in pulse generators, power supply
blocks with operating conversion frequencies above 500
kHz and in powerful Hi-Fi Class D amplifiers with low
required dimensions, such as automotive ones.

5. The disadvantage of GaN transistors is the high cost,
several times higher than of silicon MOSFET and IGBT
transistors.
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PROVIDING TECHNICAL PARAMETERS OF RESISTIVE CABLES OF THE HEATING
FLOOR SYSTEM WITH PRESERVATION OF THERMAL RESISTANCE OF
INSULATION

Introduction. The main purpose of resistive cables is to convert the current flowing through the cable into heat. The maximum
operating temperature of the conductive core should not exceed 100 °C. Power output per cable per unit length (nominal specific
electrical power per 1 m of heating cable at rated line voltage per 1m cable) is the main technical parameter of these cables. The
heat released by the conductivity of the core current, taking into account the change in the resistivity of the core material from
temperature, is directly proportional to the square of the linear voltage drop across the core, and inversely proportional to the
linear resistance of the core. Typical heat dissipation in such cables does not exceed 10 W/m, provided the cable is placed in the
air. Purpose. Determination of the specific power of the cable system when varying the thickness of the insulation and the
protective polymer shell, provided the thermal stability of the insulation on the basis of thermal balance between the power
released in the core and the power released into the environment from the surface of the resistive heating. Methodology. The
calculation of the linear heat flux is performed in two steps: when changing the radius of insulation (thickness of insulation) and
the constant thickness of the protective polymer shell; at constant thickness of insulation and change of radius of the protective
polymer jacket. The highest values of linear heat flux at (70-90) W/m are achieved for the optimum design of a single-conductor
resistive cable from a conductive core in the range of 0,4 mm to 1,6 mm when varying the thickness of the cross-linked
polyethylene insulation and protective sheath based on polyvinyl chloride plastic. The specific power of heating resistive cables,
provided the thermal stability of the crosslinked polyethylene insulation is determined based on the thermal balance between the
power generated in the core and the power dissipated from the surface of the cable into the air. Practical value. The thickness of
the insulation and the linear voltage of the heating resistive cable, depending on the material of the core, providing thermal
stability of the insulation are substantiated. The methodology of substantiation of specific power, which corresponds to thermal
stability of heating resistive cables on the basis of thermal balance, can be applied to both the floor heating system and other
areas of application of heating cables. References 10, tables 2, figures 4.

Key words: resistive single conductor heating cable, specific power, linear voltage, thermal stability, polyethylene
thermosetting insulation.

Bcmanoeneno dianazon 3nauenv NiHIGIHOZ0 MENN06020 NOMOKY 8 3ANEHCHOCHI 6I0 PO3MIPI6 KOHCMPYKMUGHUX eleMeHmie
Pe3UCmUBH020 HAzPisanbHo20 Kabento koaxcianvhoi koncmpykuii. Ha niocmaei mennoeozo 6anancy nomyxycnocmeil, ujo
GUOINACMBCA 6 CMPYMONPOGIOHIN MHcUai ma po3ciloEmbes 3 NOGEPXHI Kabenl, GUIHAYUEHO NUMOMA NOMYMNCHICHD
HazcpieanbHux pe3ucmueHuUx Kabenie cucmemu mennoi nidI02U 3a YMOGU 3A0€3NEYEHHA Mennoeoi cmiikocmi
noniemunenoeoi mepmopeakmueHnoi izonayii. QO0rpynmosano moewiuna i30aayii ma niHiHA HaAnpy2a HAcpieanbHO20
Pe3UCMUBHO20 Kabenlo 6 3anexdcHocmi 6i0 mamepiany cmMpPYMORpoOGiOHOT Hcunu, wio 3ade3neuyioms menaosy CmilKicmb
i3onayii. bion. 10, Tabmn. 2, puc. 4.

Knrouogi cnosa: pe3sMcTUBHMIL 0JHONPOBIAHUKOBHIT HAarpiBaabHUi Kabeilb, MUTOMA NMOTY:KHICTD, JiHiliHA Hanmpyra, TenJjoBa
cTiliKicTh, MOJIieTH/IEHOBA TEPMOPEAKTHBHA 13015 1is.

Ycemanoenen ouanason 3nauenuii nuneitnoz0 menyio6o20 NOMoOKaA 6 3a6UCUMOCHIU OM PAZMEPOE KOHCMPYKMUGHBIX IIEMEHINOE
Pe3ucmuenozo nazpesamenbHo0 Kabensa koaxcuanvuoiu xoncmpykuyuu. Ha ocnoeanuu mennoeozo oananca mownocmeit,
6b10€11eMOll 6 MOKONPO6OOAWell Jcune U pacceueaemoil ¢ noeepxHocmu Kabens, onpeodeseHa yoen1bHAA MOWHOCHMb
HA2Pe6amenvHbIX PEe3UCMUGHBIX Kadenell CUCmeMbl Menno20 noaa npu ycioeuu o0OecnedeHus menaoeoil ycmouuusocmu
NOUIMUNEHOB0Il  mepMOopeakmueHoi  uzonayuu. OOOCHOGAHbI MONWUHA U30AAUUU U  JIUHENHOe HAanpsdceHue
HA2Pe6amenbHo20 Pe3UCMuUEHO20 Kabens 6 3AGUCUMOCIU Om MAMeEpuana moKonpogooawell dicuisl, odecnevusaroujue
mennogyro ycmoityugocmy uzonayuu. budn. 10, Tadin. 2, puc. 4.

Kniouesvie cnosa: Ppe3UCTHBHBIN OJHONPOBOAHUKOBBLIN HarpeBaTeJbHbIH Kabellb,
Hamnpsi’KeHHe, TeNJI0Bas yCTOHYHBOCTD, NOJUITHICHOBAs TEPMOPEAKTHBHAS H30JIAIMSA.

yaeiabHasi MOLIHOCTb, JHHeiiHOe

Introduction. The cable heating floor system is
based on cable. The most common are resistive heating
cables, which in execution are single-conductor (two-
way) and two-conductor (one-way). Single-conductor
cables (Table 1) are conductive core (1) with insulation
(2) in the metal screen (3) and the protective polymer
shell (4). here, the insulation can be either single- or
double-layer. The presence of a protective screen is
mandatory according to the requirements of the Rules of
operation of electrical installations, and at its
intersection it must be equivalent to 1.0 mm? of copper
conductor [1, 2].

The design of such cables is similar to radio
frequencies ones intended, for example, for the

transmission of television signals. The conductive core is
copper, galvanized steel, or high resistance alloys.
Polyethylene (thermally reactive insulation) crosslinked
by chemical or physical method; organosilicon rubber,
heat-resistant polyvinyl chloride plastic are used as
insulation [3]. The insulation resistance must be at least
100 TQ'm. The protective shell is made of polyvinyl
chloride plastic or light stabilized polyethylene.

The main purpose of resistive cables is to convert
the current flowing through the cable into heat. The
maximum operating temperature of the conductive core
should not exceed 100 °C [4, 5]. Power output per cable
per unit length (nominal specific electrical power per 1 m
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of heating cable at rated line voltage per 1 m of cable) is
the main technical parameter of these cables.
Characteristic heat dissipation in such cables does not
exceed 10 W/m, provided that the cable is placed in the
air (Table 1) [4, 5].

Table 1
Typical characteristics of a single-conductor heating resistive
cable for heating floor system

Parameter Value
Maximum temperature of the core, °C 100
Maximum allowable temperature 100
without load, °C
Maximum linear heat dissipation, W/m 10
Minimum installation temperature, °C -10
Rated frequency of 50 Hz, V 220
Maximum load current, A 16
Minimum bending radius at 150
operation and storage, mm
Minimum allowed radius of single bending, 30
mm

Problem definition. The heat P, released by the
current flow along the core, taking into account the
change in the resistivity of the conductor material from
the temperature [6, 7] pg = P, (1 + a,(T; — Ty)), is
directly proportional to the square of the linear drop in the
voltage U, on the core and inversely proportional to the
Pt
TR

linear resistance R, = of the conductive core with

radius r

U
P,=U,* /Ry =—L— 71 [Wim], (1)

P gt
where a, is the temperature coefficient of resistivity
(a, = 0.004 K" for copper, a, = (0.0001-0.00025) K" for
nichrome); 7, T, are the temperature of the conductive
core in the heated state due to the flow of the rated current
and in the initial state (20 °C), respectively.

In resistive cables, the conductive core has a high
internal resistance and, when connected to the mains, is
uniformly heated throughout. This property makes it
strictly follow the temperature of the operating cable: at
deterioration of heat dissipation in a separate area
overheat and burn of the cable are possible. Therefore, as
a rule, these cables are connected via heating temperature
controllers. Fixed cable resistivity imposes a limit on the
overall length: reducing it relatively to the recommended
values leads to an increase in the specific power, which
reduces the durability of the cable. Conversely, increasing
the length reduces the specific power and, accordingly,
the heating efficiency.

The set of structural features and materials used in
the design of cables for heating floor systems must
provide a set of electrical, thermal and mechanical

characteristics in accordance with the
conditions at the optimum dimensions.

In [6], the problem of optimizing the power cable of
a coaxial structure is formulated to ensure the maximum
heat flux dissipated from the cable surface at a fixed
thickness of polymer insulation. The target optimization
function is the linear density of the heat flux dissipated
from the cable surface, depending on the thickness of the
protective polymer shell. In low-voltage heating resistive
cables, ensuring maximum linear heat flux density is
possible by varying both the thickness of the protective
polymer shell and the thickness of the insulation. The
basic condition for optimizing cable design is to provide
thermal insulation resistance, which limits, firstly, the
long-term operating temperature of the conductive core,
and secondly, the temperature on the cable surface, which
must not exceed 60 °C according to the requirements for
an electrical cable heating system [ 2].

Therefore, the goal of the paper is to determine the
specific power of the cable system when varying the
thickness of the insulation and the protective polymer
shell, provided the thermal stability of the insulation on
the basis of thermal balance between the power released
in the conductive core and the power released to the
environment surface of resistive heating cable.

A model for determining linear heat flux. The
linear heat flux ¢, dissipated in the resistive cable of the
coaxial structure (Fig. 1) during the flow of rated current
through the core is defined as [6]
7 (Tg ~Tps)

Ry
where Tps is the ambient (air) temperature, K; Ry is the
total thermal resistance of cable elements and the
environment, (K-m)/W.

The calculation of the linear heat flux is performed
in two stages: the first is at the radius along the insulation
Favar (thickness of insulation) is changed and at the
constant thickness of the protective polymer shell; the
second one — on the contrary: at a constant thickness of
insulation and change of radius 74, of the protective
polymer shell.

In both cases, the total thermal resistance Ry [6-10]

Rs = Ry + Ry +Rps, 3)

operating

q , [W/m], )

is a function of the design dimensions of the cable.

The thermal resistances of the conductive metal core
and the metal screen are assumed to be zero (the thermal
conductivities of metals are 20-100 times greater than the
thermal conductivity of insulating materials [7, 9]), that
is, Ri =R; = 0.

Components of thermal resistance: thermal
insulation resistance (for the first stage of calculation
when changing 75y,,):

— l . ln 2 r 2 var , ( 4)
27 A, 2n

thermal resistance of the protective polymer shell (for the

second stage of calculation when changing r4y,,):

LI 24var , (5)
272'14 27”3

R2 var

Ryvar =
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r-frm' 4

2

Tg
_'\ZZ_‘T? 74

Fig. 1. Typical design (a), thermal substitution circuit (b) and
schematic representation of temperature distribution (c) by
thickness of resistive coaxial heating cable
(1 — conductive core, 2 — insulation, 3 — metal screen over
insulation, 4 — protective polymer shell)

thermal resistance of the environment (air) (in both cases,
changing each component of the thermal resistance leads
to a change in the cooling surface S, of the cable):

Ros var :; . (6)
Oof 'Sosvar

In the formulas (4), (5) presented: 4,, A4 are the
thermal conductivities of insulation and protective
polymer shell, respectively; . is the effective coefficient
of heat transfer to the environment due to convection and
radiation, 2r; is the diameter of the core, 2ry., is the
diameter of the insulated wire, 2r; is the diameter of the
metal screen, 274y, is the diameter along the polymeric
protective shell.

Figure 2 shows the effect of the thickness of the
polyethylene insulation (4, = 0.25 W/(m'K)) and the
polyvinyl chloride protective shell (14 = 0.35 W/(m'K)) on
the linear heat flux of the resistive heating cable of the
coaxial structure. The calculation is made for three
diameters of conductive core:

e 2r;=04mm-curves 1 and 1’;

e 2r;=0.8 mm - curves 2 and 2’;

e 2rp = 1.6 mm — curves 3 and 3’ when varying the
radius of insulation (7, / 1) — curves 1, 2 and 3, and
when varying the radius of the polymeric protective shell
(P4yar / 1) — curves 1°, 2° and 3’, respectively.

The effective heat transfer coefficient is 10 W/(m? K).
The thickness of the polymer shell is 0.5 mm for curves 1,

2 and 3. Insulation thickness is 0.8; 1.6 and 3.3 mm for
curves 1°, 2’ and 3’, respectively.

10 ~
qi, W/m LaE A R
R I S S e '
i / o
e P /
3 " o
/ 7 7
/3 s
R A
/ 27 2" A
5 A
v 3
/1/
/ 1
10"
10° 10t 102r2(var)/rl,

rd(var)/rl

Fig. 2. Determination of expected values of linear heat flux
depending on the size of structural elements of a resistive
heating cable of a coaxial structure

As the calculation results prove (see Fig. 2), the
maximum values of linear heat flux that can be
dissipated from the cable surface are in the range of 70
to 90 W/m (curves 1 and 3). Such values correspond to
a significant 40-100 times larger diameter along
insulation and protective shell relative to the diameter
of the conductive core. The values of the linear heat
flux in the range (40-50) W/m are provided at smaller
ratios of geometric dimensions (shown by points on
curves 1, 2, 3 in Fig. 2).

Specific power of heating resistive cables,
provided thermal insulation resistance. The value of
the linear heat flux in the range (40-50) W/m (Fig. 3,
curve 5) is provided by the cable design, conductive core
of which is made on the basis of 0.8 mm diameter
nichrome, with cross-linked polyethylene insulation 4.8
mm thick and polyvinyl chloride protective shell 0.5 mm
thick.

10,
Pv,Po,
W/m

20 30 40 50 60 70 80 90 100

Tg,

OC —
10Fzs

20 30 40 50 60 70 80 90

b

Fig. 3. On determination of the specific power provided thermal
resistance of the insulation of the heating resistive cables
(curve 1 — linear voltage 2 V/m; curve 2 — 4 V/m;
curve 3 — 6 V/m; curve 4 — 8 V/m; curve 5 — 10 V/m)

The total cable diameter is 11.6 mm with aluminum
screen thickness of 0.1 mm. Such values are observed at
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linear voltage of 10 V/m, which corresponds to the
thermal balance between the power released in the core P,
and the power dissipated from the surface of the cable P,
into the air (see Fig. 1,a; curve 5 in Fig. 3,a).

The temperature on the cable surface (7, = T4) is
90 °C, of the conductive core — T, = 250 °C (curve 5 in
Fig. 3,b). At these temperatures, the thermal stability of
the cross-linked polyethylene insulation is disrupted,
which makes it impossible for the heating cable to work
in the floor heating system. The cross-linked polyethylene
insulation temperature should not exceed 90 °C [3, 9].
The use of more heat-resistant polytetrafluoroethylene or
mineral insulation ensures the creation of high-
temperature cables for heating oil pipelines and process
equipment [5].

Reducing the line voltage to 6 V/m (Fig. 3, curve 3)
provides a thermal balance (P, = P,) at the level of
18 W/m at a cable surface temperature of 50 °C. In this
case, the temperature of the conductive core exceeds the
maximum permissible value of 100 °C and is 115 °C (see
curve 3 in Fig. 3,b).

Reducing the thickness of the insulation to 1 mm
ensures a thermal balance at the cable surface temperature
53 °C and the core temperature 86 °C at nominal linear
voltage of 4 V/m (Fig. 4,a, curve 2). The expected value
of the specific power is 8.8 W/m (Fig. 4,a, curve 2 in the
upper figure).

When using a copper core of the same design, the
value of the specific power is 7 W/m (Fig. 4,b, curve 2 in
the upper figure) at linear voltage of 0.5 V/m. The surface
temperature of the cable surface is 47 °C, the temperature
of the core is 80 °C (Fig. 4,b, curve 2). The cable
diameter is 4 mm.

Comparison of two identical by dimensions cable
structures with different conductive core material proves
that: at supply voltage of 220 V, the length of the cable
section with a nichrome core is 55 m with total power of
484 W; the length of copper section cable is 440 m with
total power of 3080 W. Eight sections based on the cable
with nichrome core total length of 440 m provide power
of 3872 W.

When placing the cable directly in the floor
(cement-sand mortar), the thermal resistance of the
environment [7]

Ros, =

where 1los = 0.6 W/(m'K) is the thermal conductivity of
cement-sand mortar; L = 1 m is the cable length, d is the
cable diameter, 4 is the depth of cable location.

Table 2 shows a comparative analysis of thermal
resistances at the location of the cable in the air and
cement-sand mortar at a distance of 50 mm from the floor
surface.

Pv, Po
W/m / /
Po /
101 3, /
!
20 30 40 50 60 70 80 90 10C
T9,°C —
102 /‘&
=
ool
20 30 40 50 60 70 80 °%c 90
Tp,
a
curve 1 — linear voltage 3.75 V/m;
curve 2 —4 V/m; curve 3 —4.25 V/m
Pv, Po

20 30 40 50 60 70 80 90 100
curve 1 — linear voltage 0.4 V/m;
curve 2 — 0.5 V/m; curve 3 — 0.6 V/m
b
Fig. 4. Effect of insulation thickness and line voltage of the
heating resistive cable on thermal resistance of the thermosetting
polyethylene insulation

Table 2
Impact of the environment surrounding the cable with diameter
of 4 mm on the total thermal resistance

When the cable is placed | When the cable is placed in
Cable in the air cement-sand mortar
thermal | Air thermal Total Thermal Total
resistance: | resistance: thermal resistance of the thermal
Ry + R4, | Ros, KKm/W | resistance environment resistance
K-m/W Ry, K'm/W | surrounding the | Ry, K-m/W
cable: Rps, Km/W
1.3507 3.2811 4.6318 1.0376 2.3883

The location of the cable in the cement-sand mortar
reduces the total resistance by 1.94 times compared to the
location in the air, which ensures the effectiveness of the
heating resistive cable.

Conclusions.

1. It is established that the highest values of linear heat
flux at the level of (70-90) W/m are achieved for the
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optimum design of a single-conductor resistive cable with
conductive core in the range from 0.4 mm to 1.6 mm
when varying the thickness of the cross-linked
polyethylene insulation and protective shell based on
polyvinyl chloride plastic.

2. Based on the heat balance of the power released in
the conductive core and dissipated from the cable surface,
the specific power of the heating resistive cables of the
floor heating system is determined to ensure the thermal
stability of the polyethylene thermosetting insulation. It is
proved that for two identical cable designs with different
conductive core material, the use of nichrome compared
to copper is more efficient: the specific power is greater
by 1.26 times, the linear voltage — by 8.5 times,
respectively. In both cases, the thermal stability of the
cross-linked polyethylene insulation is ensured.

3. The considered technique of substantiation of the
specific power, which corresponds to the thermal stability
of the heating resistive cables on the basis of thermal
balance, can be applied to both the floor heating system
and other areas of application of heating cables.
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SENSORLESS DIRECT POWER CONTROL FOR THREE-PHASE GRID SIDE
CONVERTER INTEGRATED INTO WIND TURBINE SYSTEM UNDER DISTURBED
GRID VOLTAGES

Wind turbines with permanent magnet synchronous generator (PMSG) are widely used as sources of energy connected to a grid.
The studied system is composed of a wind turbine based on PMSG, a bridge rectifier, a boost converter, and a controlled inverter
to eliminate low-order harmonics in grid currents under disturbances of grid voltage. Traditionally, the grid side converter is
controlled by using the control VFOC (Virtual Flux Oriented Control), which decouple the three-phase currents indirect
components (id) and in quadratic (iq) and regulate them separately. However, the VFOC approach is dependent on the
parameters of the system. This paper illustrates a new scheme for the grid-connected converter controller. Voltage imbalance and
harmonic contents in the three-phase voltage system cause current distortions. Hence, the synchronization with the network is an
important feature of controlling the voltage converter. Thus, a robust control method is necessary to maintain the adequate
injection of the power during faults and/or a highly distorted grid voltage. The proposed new control strategy is to use the direct
power control based virtual flux to eliminate side effects induced by mains disturbances. This control technique lowers
remarkably the fluctuations of the active and reactive power and the harmonic distortion rate. The estimated powers used in the
proposed control approach is calculated directly by the positive, negative, and harmonic items of the estimated flux and the
measured current without line sensor voltage. References 27, tables 6, figures 13.

Key words: direct power control based virtual flux, disturbances of grid voltage, permanent magnet synchronous generator.

Bempanvie mypounst ¢ cunxponnsim 2eHepamopom Ha nocmoannwvix maznumax (PMSG) wiupoko ucnonwv3yromcea é Kauecmee
UCMOYHUKO8 IHEPZUU, NOOKNI0YeHHbIX K cemu. Hccnedyeman cucmema cocmoum u3 eéempanoii mypounol Ha ocnoée PMSG,
MOCH06020 8LINPAMUMENSA, NOGLIUIAIOWE20 NPEOOPAZ0EAMEIA U YRPABIAEMO20 UHEEPMOPA /14 YCMPAHEHUA 2ADMOHUK HU3KO20
nOpAOKA 6 MOKAX CemKU Rpu 803MyW|eHuax Hanpaxcenus cemu. Tpaouyuonno npeodpazosamens Ha cmopone cemu
YRPABNACMCA C NOMOWBIO BUPMYATbHO20 nomoKoopuenmuposannozo ynpaeinenus VFOC (Virtual Flux Orviented Control),
Komopulii pazoensem mpexgaznvie mMmoKu Ha Koceenhvle Komnonenmul (id) u na keadpamuunvie Komnonnemwl (iq) u
pezynupyem ux omoenvno. Oonaxo nooxod VFOC 3asucum om napamempos cucmemsl. /lannas cmamova uiiocmpupyem
HOBYI0O cXemy 0N KOHmpoiepa npeoodpaszosamens, HOOKIIOUeHHO020 K cemu. [QUcOANaHc HANPAMNCEHUA U COOepIHCaAHUe
2aPMOHUK 8 mpexhazHoil cucmeme HARPANCEHUA 6bI3blealOm UCKaxcenus moka. CiedosamenvHo, CUHXPOHU3AUUA C CEMbIO
AGNAEMCA BAHCHOU O0COOEHHOCMbBIO ynpasienus npeoodpazoeamenem Hanpaycenusa. Taxkum oo6pazom, HaoexcHvlii Memoo
ynpagnenus HeodXooum O0isa NOO0EPHCAHUA AOCKEAMHOU NOOAYU IHEPIUU 60 8PEeMA HEUCHPAGHOCHMEN u/unu 3HAYUMEbHO
UCKa)iCeHH020 Hanpaxcenua cemu. Ilpeonosiwcennaa Hoseaa cmpamecus yYNpaeneHus 3aKiO4aemcsa 6 UCHONb306AHUU
GUPMYAIbHO20 NOMOKA HA OCHO6E NPAMO20 YNPAGICHUA MOUWIHOCMBIO ONA YCMPAHEHUA NOOOUHBIX IPPHeKmos, 6bI36aHHBIX
nomexamu 6 cemu. IMom mMemoo YnpasieHus 3HAUUMENbHO CHUIICAEM KO1efanus aKmueHoU U peakmueHoil MOWHOCIU U
YPOBEHb 2apMOHUYECKUX UCKadceHui. OuyenouHble MOWHOCMU, UCHONb3YEMblEe 6 NPEOIazaeMoM N00X00e K YRPAsieHulo,
paccuumovleéaionmca HenoCpPeOCneHHO NO HON0HCUMETbHbIM, OMPUUAMENbHbIM U 2APMOHUYECKUM ITNEMEHMAaM OUEeHEHHO20
NOMOKA U U3MEPEHHO20 MOKA 6e3 HANPAXCEHUA TUHelH020 damyuka. bubn. 27, Tadn. 6, puc. 13.

Kniouesvle cnosa: BHPTyalbHBIi MOTOK HA OCHOBE MPSIMOr0 YNPAaBJIEHHS! MOIIHOCTHIO, BOBMYLIEHUS] HANPSIKEHHS] CETH,
CHHXPOHHBII reHepaTop ¢ NOCTOAHHBIMM MATHUTAMH.

Introduction. Renewable sources connected to a
grid with their inherent intermittent behavior inevitably
impose a major challenge to the conception of the
controller voltage source converter. The majority of
control approaches have equivocal statements according
to their performance under conditions of non-ideal
voltage grid prevailing in an integrated micro-grid system
with renewable energy. Renewable energy production has
become a significant development trend for contemporary
grids because of environmental concerns. Wind energy is
one of the important sources of renewable energy and is a
fast-growing technology [1, 2]. There are two types of
wind energy systems: the grid-connected system and the
stand-alone wind system. Actually, the application of
grid-connected is largely preferred to stand-alone wind
systems. The most common configuration for MWT
systems connected to the grid of less than 20 kW
normally consists of a high-pole-pair PMSG supplying a
three-phase rectifier followed by a boost converter and an
inverter [3]. At the generator terminals, a diode bridge
rectifier can be used since no external excitation current is
required. The non-controlled rectifier with a boost

converter or supercharged converter serves to regulate the
rotor voltage or speed. The interfaces between renewable
energy sources and a grid-side have played a crucial role
in terms of reliability, the flexibility of connection, and
quality of energy and gradually attracted attention from
the academic and the industrial worlds these last years.
These interfaces can regulate the powers with a constant
power factor or constant currents. Various studies of these
electronic power interfaces and control methodologies
have been largely realized, including the development of
schemas of switching to improve the quality of the energy
[4]. Traditionally, the grid side converter is controlled by
using the control VFOC (Virtual Flux Oriented Control)
[5] or VOC [6], which decouple the three-phase currents
in Direct components (id) and in quadratic (iq) and
regulate them separately. A reference frame aligned with
the rotary vectors voltage or virtual flux [7]. However, the
VFOC or VOC approaches are dependent on the
parameters of the system and various simplifying
approximations are made; for instance, the magnetic
saturation of the inductor is not considered that is, the

© 1. Boukhechem, A. Boukadoum, L. Boukelkoul, R. Lebied

48 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.3



inductor is constant whatever of the current values [8].
The three-phase rectifier control approaches in width of
impulse can be classified, as quoted in the literature, as
vector control (VOC) and direct power control (DPC)
[16]. The vector control (VC) can be based on grid side
voltage [17-19] or virtual flux (VF) [20] using integral
proportional controllers (PI). However, it offers some
disadvantages, such as its addiction to the variation of
system parameters, and that its performance largely
depends on the agreement of the PI parameters. The direct
power control strategy (DPC) has become one of the most
recent research topics in recent years relying on its fast
dynamic response, its a simple structure, and its high
power factor [21, 22]. In DPC schemes developed, instant
active and reactive powers are directly controlled [24].
This is what we need more than sensors (voltage sensors
and AC mains sensors) that not only raises the volume
and cost of the system but also lowers the reliability of the
system [22]. The grid-connected three-phase rectifier can
be seen as a virtual AC motor, its virtual flux link can be
used to estimate the voltage of the rectifier [26]. Virtual
flux (VF) based schematics are popular in voltage-free
controller designs for the following two reasons. The
application of VF remains the common benefits of
sensorless strategies, such as cost reduction, reliability,
and overall improvement. During this time, it eliminates
the orientation point limitation for the control system [25]
and improves the harmonic tolerance [26]. A more
complete comparative study is conducted to evaluate the
performance of the system in different grid voltage
conditions where the voltage unbalances vary by up to
20 % and the distortion varies by 10 %. The global

Diode Bridge
Rectifier

Boost converter

magnitude of total harmonic distortion (THD) presented
by VF-DPC and the resilient direct power control
RV-DPC is always inferior to that of V-DPC [15]. The
V-DPC possesses a low immunity to asymmetric and
deformed voltage; the VF-DPC shows a better reliability
only under distorted grid voltage [15] a new method of
VF-DPC control based on the virtual flux estimate
Capable of handling these problems; it results in a stable
and regular estimated virtual flux with a sectorial
detection at a high precision [23].

The aim of this article is to inject all the power
provided by a wind turbine based on the PMSG is a three-
phase microgrid subjected to various voltage conditions.
This document also seeks to propose a new strategy by
integrating new theory, Direct Power Control, based on
the virtual flux (VF_DPC) to ensure that the injected
currents in the three-phase grid emulate the sinusoidal
forms even when the grid voltage is no longer ideal.

Modeling Of The Wind Conversion. In the
suggested system of energy, the PMSG is plugged to the
grid through an inverter assisted by a rectifier bridge and
a boost converter (Fig. 1). The rectifier consisted of
diodes that convert the AC output voltage from PMSG
to a DC voltage. The boost converter increases the
output rectifier voltage at a regulated DC level. The
boost converter regulates the speed of the generator or
the active power of the generator to capture the
maximum power of available wind energy. The grid-side
converter (GSC) is then utilized to control the DC link
voltage and transfer all the active power provided by the
turbine to the grid.

Grid Side converter

‘Wind Turbine

A B’ &

Wind

Rb_Lb

AT

Wind Turbine Modeling. The wind turbine is
three-dimensional, with complex shapes in movement,

Vd
SW Vde =
SO .
Filter
400V
X & X AKI} AKI}
Fig. 1. The system under study comprising PMSG assisted with diode rectifier and boost converter
A= a)turbR (3)
VCO

inundated in a stream air; it changes over the wind's
motor vitality and conveys mechanical force portrayed by
a rotating speed and mechanical torque. The dynamic
force accessible to the turbine is given by:
1 3_1 50,3
Py == pSVg = prR?V;. (1)
where p is density of air (1.25 kg/m®), S is area swept by
the turbine (m?), R is turbine radius (m), V,, is wind speed
(m/s).
Aerodynamic shaft power is given by:

1 »2p3
Burb = CpPa) :E;OER Vwcp(ﬂ*sﬂ)’ 2

where C, is the power coefficient which is a function of
the pitch angle of rotor blades and of the tip speed ratio;
s orientation angle of the blades; A is specific speed

where @, is speed of the turbine.

Modeling of PMSG. The model of PMSG in d—q
transformation is given by the accompanying voltage
framework condition

d
Vd :_Rsld _LdEId +C()Lq1q;

J 4)
Vy=—Rel,—L, E[q +olyl, +op;.
The electromagnetic coupling
{%1 =Lgig +9r; )
Pq = Lyiq>

where L, is stator inductance in d-axis, L, is stator
inductance in q-axis, L, and L, are supposed independent
of 6, ¢ is magnet flux.
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Equation  (6)
electromagnetic torque:
Vd = _Rs[d _Cem =

represent the expression of

:%p[(Ld —Lq)idiq +iq(pf]Ld %Id +ol,l,; (6)

d
Vq = —RSI —LqEIq +60Ld1d +a)¢f,

in which C,, = 3/2-p-¢; -I,, where p is the pole pair
number; R is stator resistance; V, and V, are stator
voltage components; I; and [/, are stator current
components.

Control Of Boost Converter. At the output of
certain renewable sources (such as wind systems) in
general, the voltage generated is not enough to ensure the
proper functioning of the inverter. For this, a DC/DC
boost converter must be used, built with electronic
semiconductor devices, an inductor and a capacitor in
parallel [12]. The wind generator is tied to a boost
converter, and its input voltage is controlled so that the
wind generator delivers the maximum power to its output
terminals. The boost converter is connected between the
output terminals of the non-controlled rectifier and the
input of the inverter, as shown in Fig. 2.

Diode Bridge

Rectifier i Boost converter

‘Wind Turbine I\/\/
Lb

|
- Control |
current PWM |

3
|

Fig. 2. Structure and principle control of an AC / DC converter

The essential role of the boost converter is to convert
the variable input DC voltage, due to different operating
conditions, to a suitable constant DC voltage. The DC
link voltage can be maintained constant at the reference
value by adjusting the duty cycle of the converter. In
doing so, the DC voltage is controlled to sufficient and
non-fluctuating levels so that maximum power is injected
under better conditions through the grid side inverter. The
control framework of the DC-DC boost converter is
founded on the use of the PI controller to keep the DC
link voltage at the reference value as shown in Fig. 2. The
voltage/current input/output relationship of the boost
converter can be written as [13].

Direct Power Control Based On Virtual Flux
(VF_DPC). In this situation, the direct power control
based on the virtual flux (DPC-VF) is used instead of the
direct power control (DPC). This control technique
greatly lowers the fluctuations of the active and reactive
power and the harmonic distortion rate THD, keeping the
advantage of control without the line voltage sensor. In
the VF concept, the virtual AC motor is assumed from the
behavior of grid voltages and AC side coupling
impedance with inductance L in series with equivalent
resistance R. As a result, L and R are analogous to the
leakage inductance and the stator resistance of an AC
motor, respectively [26]. The control of the active (P,)

and reactive (Q,,) power are compared with the estimated
active and reactive power values (P, and Q.) by
hysteresis controllers, respectively. The output digitized
signals (SP) and (SQ) and the vector position (6,) make it
possible to select the appropriate voltage vector according
to the switching table defined in [24].

Figure 3 shows the maximum power point tracking
(MPPT) control charts for the optimal torque control
method respectively. The torque reference multiplied by
the speed of the turbine (ar) gives the optimal power
reference. As shown in Fig. 3, the maximum power of the

wind turbine is calculated from the equation
[P,ef* =T, ,ef*wt] which represents the power reference
injected into the grid.
bo—_— . — ] *
Wy | Tref I Pref
| Kopt Wy Wy |
| |

Fig. 3. Block diagram of MPPT Optimal torque control

Model of Grid Side Converter. The vector of
virtual flux ¢, can be estimated from the integration of
the vector of grid voltages e,s as indicated follow in
equation (8).

The voltages of the converter (Fig. 4) are estimated
in the block ais follows

_ \Eydc (S, — (5 + 5.k

1
VS,B :\/;Vdc ><(Sb _Sc)’

where S,, S;, and S, are the switching states of the rectifier
and (V4 Vip) are the AC side voltages of the converter.
V. is rectified voltage.

The components of the virtual flux ¢, are calculated
as follows:

VSQ
(N

di
Osa = | Vyq +L=5)d;
iy (8)
= + L—=)dt,
(/75,3 Iﬂ/sﬁ dt )
where Vg is the voltage at the output of the inverter at
the a, f mark; i, and iz are grid currents in the Concordia.

converter

[Renewable|

Energy
Source

Fig. 4. Simplified representation of a three-phase PWM inverter

The virtual flux concept has been developed for a
better estimate of instantaneous active and reactive power
in AC-free sensor operation. The use of an ideal integrator
for computing the virtual flux produces a DC offset.
According to (7) and (8) the integrator can be used to
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estimate the virtual flux, but the initial value of the flux
has to be estimated first, this complicates the simulation
and the DC offset could be produced easily [14]. The
virtual line stream observer (Fig. 5) shows that the new
algorithm responds faster than traditional control.

N N
- -
S+We S+We
| La ]
| Le |
Ve N N
> -
S+We S+We

Fig. 5. The virtual line flux linkage observer

The active and instantaneous reactive powers are
observed in the (power observer block) by the
measurement of the line current and the observation of the
virtual flux components in equation [9]. Instant active and
reactive powers can be estimated as

Fps = (@4 % isﬁ ~Psp X Isq)s
Oes = Q5 Xisq + Psp Xisﬂ)~

There is a change in the sector. These sectors may be
expressed as follows (Fig. 6)

)

T T
N-5Z <0y <(N-4Z.
( )6 v < ( )6

Fig. 6. Virtual flux plane 12 sectors

The position of the VF vector

Oy = tan~! ((piJ
Psar

is used in the VF-DPC scheme to select the appropriate
converter voltage vector according to the switch table
defined in Table 1.

Table 1

Switching Table

e1 e2 63 e4 e5 e() e7 68 69 e10 e11 e12
Vs [Ve |Ve [Vi [Vi Vo [Vo [V5 V5 [V [V |Vs
V3 V4 V4 V5 V5 V6 V6 Vl Vl V2 V2 V3
Ve Vi Vi [V, Vo [V Vs [V (VL Vs Vs [V
V1 V2 V2 V3 V3 V4 V4 V5 V5 V(, V(, Vl

—
'—‘O'—‘OQC/J

Modified Direct Power Control (M DPC) for
Converter. When the grid is unbalanced and harmonized,

according to the theory of symmetrical decomposition, an
unbalanced and distorted three-phase system can be
decomposed into three symmetrical components: the
positive sequence, the negative sequence, and the zero
sequence.

In fixed reference systems the flux and the measured
current are expressed as

— h
Doy = (cf)Ia + Qo + ¢sa);

(10)
Psp = (@vﬂ +(/79ﬂ + wvﬁ)
. :( + 1, +zh )
(11)
. . — .k
lsﬂ = (l:ﬁ +lsﬂ +lsﬂ)'
According to the theory of symmetric
decomposition:
X
+ 2 a
X _11 a2 a X, | (12)
X7| 3|1 a° a

XC

here the indices (+) and (—) indicate the positive sequence
(27

3

13)
and the negative sequence, a = e , the zero sequence

sX'=X-X-X.

After substituting the flux and the current by their
values indicated in (10) and (11), the results of the active
and reactive powers can be grouped as follows

B 2 Y AT
(Co;—a t Psa T Psa )X (l;—ﬁ Tisp Tisp )_

£ —(¢:ﬂ+¢;ﬂ+¢£’ﬁ)( +ig, +zh ;

es — WX

_((0;0: Xisp = Pip Xisy )+ ((Ps_a Xigp = Qg % is_a)+ ]
+((/’£la X if’ﬂ —(/’flﬂ Xily )+ ((/J:ra xisp—0up Xf;a)Jr
+(¢’sa’”sﬂ gosﬂ xzsa) ((psa xzsﬁ (pgﬁxzsa)+ ;
+ ((/’sa x lsﬂ —Psp X lm )+ (fpm x lsﬂ —%ﬂ % lsa)+

(13)

X

es =@

_+(¢£’a Xigp —goshﬂ xis_a) |

- h g,

((D;a +Psa ¢’sa) ( +igg +ig )+
_ h . — .

+ (D;ﬁ +§0Sﬁ +§0Sﬁ)>< lsﬂ +1Sﬁ +lsﬂ)_

Oy = 00X

_( o Xise + Psp Xist/})+( sa Xisq tPsp st_ﬁ)
+(gom xzbha +¢7_3ﬁ><lbﬂ)+(¢ba Xy +%ﬁxhﬁ)+
Ops = 0% +(¢m xily, +pip Xlsﬂ) («ﬂm Xisy +Psp Xl;ﬁ)"’ 19
o ity + pipxily o ol ity + gl ity )+
ot i +olyxivg)

The target control of the DPC strategy is to eliminate

the negative and harmonic components of the current, so
we can force

s)

N
Isag =L = lsa = lsp =0.

Leading to
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Pneg =wx l((os_a X i;—ﬁ - ¢7s_ﬂ X i;a )Ja
(16)
Qneg =wx [(ws_a X i;—a + (Ds_ﬂ x i;—ﬁ )]9
where P,., and O,., represent the interaction between the
negative sequence and the positive sequence of flux and
currents that generate oscillation in active and reactive
power with a frequency of 2w.

So we have

Phar = 0% Kﬁf’fa Xisp =05 Xisa )J

where Py, and Oy, represent the interaction between the
harmonic parts of the flux and the positive sequence of
the currents.

It can be seen from equations [16, 17] that if we
want to eliminate the effect of the negative and harmonic
components of the unbalanced and deformed grid, the
active and reactive power of compensation can be
obtained as

. . o T |

Pcom:kasaXl;ﬂ_(psﬂxl;ra\g"'(((psaXl;ﬂ_(”sﬂxl;a)ﬁ(18)
— : - h i h .

Ocom = 0% Wsaxl;a-"(osﬂxl;—ﬂ + ¢saxl;a+(psﬁxl;—ﬂ

a7 Figure 7 shows the overall configuration of the
_ B+ ho )] direct power control without a voltage sensor based on the
Ohar = @ [(wm “Isa T PspXisp )b virtual flux.
converter
gh gc
| I
| | isa
| | —
| |
Renewable | | i
Energy I B ¢— e
Source ' | .
| | Ise
| I e
| I
| |
| |
| I
4 |
) T T
5 L =
Sa.Sp.Sc stimation
= —————- ; =™ DeP,Q,flux(a,p)
‘2 T T vad Eq 9), (10) and (11)
o Switching table <
—
¢ = SP
n A F
- I
Pref* Estimation
F (O Q"Q°".P"P°*
A+
+ : Eq (18)
T - |
( Qcom )

Fig. 7. Control block diagram of the grid-side converter

Simulation Results. In order to verify the
performance of the optimal VF-DPC proposed on a two-
level voltage source inverter, simulation studies were
performed in the Matlab/Simulink environment under
various grid voltage conditions. All the results are
obtained at the maximum power of the wind turbine
P,/ [W]and Q,,, of 0 [VAR].

The simulation model is developed from a
Kollmorgen 6 kW industrial permanent magnet
synchronous machine [27]. The values of the turbine and
the PMSG used parameters are given in Appendix in
Table A.1 and Table A.2. The converter power and its
monitoring algorithm are also implemented and included
in the model. The sampling time used for the simulation is
2107 s.

Test 1. Maximum Power Generation injected.
In this test, the purpose of the algorithm is to follow the

maximum power of the system. Fig. 8 and 9 show several
results obtained.

Figure 8 shows the system response for a gradual
change in wind speed from 9 m/s to 7.5 m/s to 8 m/s then
back to 9.5 m/s. It can be seen in Fig. 8,d that the
electromagnetic torque of the generator 7, also follows the
reference torque of the turbine 7,,. Figures 8,c and 8,e show
that the voltage of the PMSG varies with wind speed as
well as the DC voltage at the output of the rectifier. Figure
8,f shows that the current is controlled according to the
MPPT strategy and can be better regulated to reach the
optimum current. Figure 8,g illustrates that the DC
capacitor voltage (V) reaches its reference quickly to 700
V using the proposed power factor correction controller
(PFC). The PFC attests its capability to give a fast response
time and to pursue the reference voltage regardless of the
variation in wind speed.

52
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Figure 9 shows the performance of the converter
with a balanced and free-harmonic voltage (Fig. 9,a and
9,b). Figure 9,c and 9,d exhibit that the injected current in

the range is controlled to be sinusoidal and balanced.
Figure 9,g and 9,4 indicate that the estimated active and
reactive powers are identical to the measured power.
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Fig. 8. System response for a change of wind speed at 9 m/s to 7.5 m/s to 8 m/s to 9.5 m /s:
(a) rotor speed; (b) output power; (c) voltage generator; (d) torque reference and generator electromagnetic torque;
(e) output voltage rectifier; (f) current boost converter; (g) voltage boost converter; (/) zoom of voltage boost converter

This indicates that the applied virtual flux DPC has
high performance. The injected currents rise and drop
according to the variation of the wind speed and thus the

power. It can easily be shown that the dynamic response
for a brusque change in the speed level is preferable for
the proposed system.
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Fig. 9. Performance of the VF_DPC in a balanced and non-distorted grid during different periods of wind variation:
(a) grid voltage; (b) zoom grid voltage; (c) grid current injected; (d) zoom grid current; (e) current injected with the grid voltage;
(f) the estimated active and reactive power; (g) the active power estimated at the measured power;
(h) the reactive power estimated at the measured reactive power

Test 2. Simulated Transient Responses in Various
Grid Voltage Conditions.

1. Without Compensation. In order to check the
implementation of the VF_DPC on a two-level voltage
source inverter, simulations were performed under
various grid voltage conditions. Four grid voltage states
are applied. Initially, the main voltages are balanced and
sinusoidal, afterward, a voltage unbalance of 30 % is
created. secondly, the amplitude of each phase voltage is

restored. But, the 5th and 7th harmonics with an
amplitude of 20 % are added to the fundamental. Hence,
the grid voltages are balanced but distorted. Finally, the
worst case of grid voltages, both unbalanced and distorted
of 20 % and harmonic 7th of 20 %, is also included in the
last condition. The curves in Fig. 10 are three-phase
mains voltages, three-phase mains currents, active and
reactive power. For further justification, comprehensive
quantitative analyses were performed for grid voltages
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with a defined range of rate and distortion imbalance. To
guarantee the normal operation of the system, the
European Standard (EN 50160) recommends that the
worst case for limiting THD voltage should hold at most

unbalanced 30%

. ba]anced .: :
3 1

8 %; the permissible variation of the supply voltage
should not exceed +10 % [14]. However, the IEEE
Standard 519 recommends a THD voltage limit of 5 %
[15] for general applications.

| ubalanced 20

erid voltage[V]

grid current[A]

0.15

|
0.3
Time[s]

0.35

Fig. 10. The response of currents and injected power in distorted grid voltage:
(a) grid voltage; (b) grid current; (c) active power and reactive power

The study is conducted to evaluate the performance
of the system under different grid voltage conditions. It is
seen that under balanced gate voltages, the results give a
sinusoidal grid current. Table 2 shows the THD ratio of
two periods for each applied condition.

According to Table 2, the THD of the currents is
different for each condition of the applied voltages. The
more unbalance in grid voltage, the more increase in THD
we get, however it is not affected by the harmonic content
in voltage as mentioned in [9].

Table 2 2. With Proposed FV-DPC Compensation.
Currents. THD Figures 11 and 12 show the results of the simulation after
Case |Balanced Unbal%nced Distorted 5§h Unbalanced anc{} compensation. Figure 11 shows the performance of
. 30 A:) and 7th 50 % |distorted 7%1 20 % VF _DPC proposed under unbalanced and distorted
THD| 1.89 % 27.83 % 2.38% 18.46 % voltages.
I balancea H unbalanced 3004 H distorted Sh20%0.& 7h2 0% b :ﬁsiﬂﬁibﬁ%ﬁ
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Fig. 11. The performance of the proposed VF_DPC in an unbalanced and distorted grid during different periods of wind variation:
(a) grid voltage; (b) grid current; (c¢) the active power and reactive power

As indicated in Figure 11,b, that the currents after
the compensation are sinusoidal and balanced even for
distorted and unbalanced voltages. The negative sequence
and higher harmonic components of the gate currents are

also controlled at zero. The THD of the grid currents,
according to the IEEE Standard 519 harmonic, after
compensation is limited. Table 3 presents the THD
percentage of two periods of each condition applied.
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Table 3
Currents THD
Unbalanced | Distorted 5th
30 % and 7th 20 %
1.73 % 0.25 %

Unbalanced and
distorted 7th 20 %
2.26 %

Case|Balanced

THD| 1.7%

From Table 3, it is clear that the proposed control
satisfactorily compensates for distortions and imbalances
under all three-phase grid conditions demonstrating the
superiority and performance of the proposed control.
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Fig. 12. Performance of the proposed VF_DPC in an unbalanced and distorted grid during different periods of wind variation:
(a) grid voltage and current injected; (b) active power compensation; (c) reactive power compensation;
(d) reactive and active power estimated and injected into the grid

Figure 12.d reveals that both active and reactive
powers are well controlled. The reactive power is
controlled to be zero to get a unity power factor. Figure
12,b and 12,c show the estimation block response of
compensation powers. The use of this control process
removes the effect of harmonic content and unbalanced
voltages on the currents. We also note that the
compensating powers of the distorted part are almost null
in the case of harmonics in voltages, Figure 12,0 and
12,¢) [0.3 5 0.55 s].

The following relations show how to compensate
with only negative power. We have

unhalanced

grid voltage[V]

Phar = 0% l((osha Xi;—ﬁ _¢Shﬂ Xi;—a )JE 0;

I

Opar = 0% [((p.?a X i;—a + Qﬁlﬂ x i;ﬂ )] 0.

So, it becomes

Prom = @ l(co;a xisp —Pgp Xisg )J

- o+ - .+
Ocom = O [((Dsa Xlsg T Psp Xisp )]
Figure 13 shows the simulation results with only
negative power compensation.
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Fig. 13. The performance of VF_DPC with only negative power compensation:
(a) grid voltage; (b) grid current; (c) active and reactive powers
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Figure 13 shows that this method (compensation
with negative powers) gives almost the same results
similar to the previous method in terms of THD as shown
in Table 4, except that a delay in response is estimated for
one period. This is shown in Figure 13,b.

Table 4 presents the THD percentage of two periods
of each condition applied.

Table 4
Currents THD
Unbalanced | Distorted Sth | Unbalanced and
30 % and 7th 20 % |distorted 7th 20 %
1.9% 222 % 2.53 %

Case |Balanced

THD| 1.7 %

Conclusion.

This article proposes a strategy of controlling a micro
wind turbine based on a PMSG by injecting maximum
power and adapting to all disturbances that occur in the grid.

For this, a new control strategy VF DPC is
suggested for the grid converter. Thanks to the efficiency
of the proposed controller, the three-phase grid currents
are effectively regulated to be balanced and sinusoidal
with very low direct current component despite deformed
and unbalanced grid voltages. All the results are obtained
at the maximum power of the wind turbine P,ef* [W] and
O, of 0 [VAR].

The total harmonic distortion and the direct current
component of the grid current are still kept very low and
completely comply with European Standard (EN 50160)
and IEEE Standard 519.

The simulation results gave 2.26 % for umbalanced
and distorted voltage. In addition to good steady-state
performance, this controller also provides a very fast
dynamic response under the reference variation. The use
of this control process removes the effect of harmonic
content and unbalanced voltages on the currents.

The proposed current control scheme can be
implemented without the need for grid-side voltage
sensors; it can be easily integrated into the grid with
reduced cost.

APPENDIX
Table A.1
Parameters of wind turbine
Parameter Symbol Value
Power P, 7.5 kW
Radius R 324 m
Rated wind speed N 296 rpm
Wind speed range Veutiino Vimax 4-12 m/s
Inertia Ji 7.5 kg-m®
Friction coefficient B, 0.06 N-m-s/rad

Micro grid parameters: Vi, = 230 V, R, = 0.1 Q,
L,=0.01 H, N=50.

Table A.2
Parameters of PMSG
Parameter Symbol Value
Rated power P, 6 kW
Rated torque T, 40 N'm
Rated current 1 12 A
Rated speed v 153 rad/sec
Number of poles p 10
Magnet flux linkage om 0.433 Wb
Armature resistance R, 0.425 Q
Stator inductance L, 8.4 mH
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AN ADAPTIVE HARMONIC COMPENSATION STRATEGY FOR THREE-PHASE
SHUNT ACTIVE POWER FILTER BASED ON DOUBLE SECOND-ORDER
GENERALIZED INTEGRATOR WITH PREFILTER

Abstract. This study presents a straightforward adaptive prefiltering algorithm based on a double second-order generalized
integrator with prefilter to solve one of the power quality issues, this algorithm is in charge of the determination of the
reference harmonic currents in the control of three-phase shunt active power filter which presents an effective way to enhance
the grid current quality. The proposed algorithm is used twice, to extract the harmonic currents produced by the non-linear
loads and be an interesting part in the estimation of the frequency and amplitude of the fundamental voltage in various
anomalies which can be noticed on the grid voltage. The performance, precision, and robustness of the proposed method are
evidenced under balanced, unbalanced, and distorted grid voltage in the simulation and experimental results obtained by the
implementation of the shunt active power filter on MATLAB-Simulink environment and the dSPACE 1104 platform
respectively. References 17, tables 2, figures 11.

Key words: SOGI-WPF, SAPF, harmonic currents, power quality, DSOGI-PLL-WPF.

Annomayusn. B oannoii pabome npedcmaenen npocmoit adanmueHulil anzopumm npedduibmpayuu, 0CHOGAHHIL HA 080IIHOM
0000uwennom unmezpamope ¢ npeddunompom emopozo nopaoka (DSOGI-WPF) ona pewienusn 00H020 u3 60npocoé Kawecmea
anekmposnepzuu. Jlannvlii anzopumm omeeuaem 3a OnpedeleHUE ONOPHBIX 2APMOHUYECKUX MOKO8 Rpu KOHmMpoie
mpexgaznozo unvmpa wiynma axmuenou mouwgnocmu (SAPF). Ilpeonosicennvlii anzopumm ucnoib3yemcs 08aycovl: O
u36neyeHUs 2APMOHUYECKUX MOKOG, CO30A8AEMbIX HENUHEHHbIMU HAZPYIKAMU, U MAKMce AGNAEMCA UHMEPECHOI UYaACHMbIo
OUEHKU YaACMOmbl U AMAAUMYObl OCHOGHO20 HANPANCEHUS RPU PAZTUYHBIX AHOMATUAX, KOHIOPbIE MONCHO 3AMEMUmMb O
Hanpaxycenuio cemu. Ipgekmuenocmy, MOYHOCHL U HAOEHCHOCMb RPEONOHCEHHO20 Memooa HOOMEEPHCOaIoMca npu
cOanancupoBaHHoM, HeCcOANAHCUPOGAHHOM U UCKAJNCEHHOM HARNPAJNCEHUU CEMmu pPe3yibmamamiy MoOCIUpPOGaHUs U
IKcnepumenmos, nonyyennvimu npu peanuzayuu SAPF ¢ cpede MATLAB-Simulink u nnamgopme dSPACE 1104,
coomeemcmeenno. bubn. 17, tabn. 2, puc. 11.

Kniouesvie cnosa: 00001meHHbIN MHTErpaTop ¢ npeaduabTpom Broporo nopsinka (SOGI-WPF), ¢puasTp myHTa akTUBHOM
MouHocTH (SAPF), rapMoHHyecKkHe TOKH, Ka4eCTBO YJIEKTPOIHEPruu, ABOiiHOI 00001IeHHBIIi HHTErpaTop ¢ npeAGuIbTPOM

BTOpOro nopsjaka c ¢pasonoii cunxponmnzanueii (DSOGI-PLL-WPF).

Introduction. The situation at the level of electrical
energy networks has become very worrying, the quality of
the current in electrical installations is undeniably
deteriorating and some disturbances can act on the proper
operation of many equipment and loads connected to the
grid [1]. Therefore, it becomes a major concern for the
distributors of this energy and its customers, this
degradation results directly from the proliferation of
charges that consume a non-sinusoidal current, called
«non-linear loads», whereas using this kind of loads is not
inevitable in the conversion and control of electrical
power in different domains of industrial or domestic
installations [2, 3].

In order to clean up the grid from the harmonic
pollution there are several methods have been used, such
as passive filter, where it can prevent harmonic currents
from spreading in the grid, but, this type of filter has
certain problems, like shortcoming of adaptability during
variations of the impedance of grid and the load,
considerable size, etc. [4]. To overcome the drawbacks of
passive filter, the SAPF (shunt active power filter)
presents a good alternative solution, which provides an
unprecedented capacity for compensation and correction
the harmonic distortions generated by non-linear loads.
The role of SAPF based on the continuous injection of
current at the connection point or PCC (point of common
coupling), this current corresponds at any time to the
harmonic current components absorbed by the load. In
this way, the current supplied by the energy source
remains sinusoidal [5].

To perform the SAPF task under any constraint that
may appear in the grid (imbalance, frequency variation
and so on), several methods of control and extraction of
harmonic currents have been implemented in the time
domain. Some have used in the balanced grid such as
synchronous reference frame theory [6, 7], PQ theory [8],
[9], others based on artificial neural networks have
proposed in [10-12], which have proved its accuracy and
performance in estimation of harmonic currents, but those
structures present large complexity. In [13], the method
based on multi second-order generalized integrator
(MSOGI) has benne used to extract the multiple harmonic
currents, but this structure cannot identify the inspected
harmonics as the sub-harmonics or harmonics that have
frequencies below the fundamental, furthermore, its
implementation leads to increasing computing time [14].
A third-order complex-vector prefilter [15] known as
third-order sinusoidal integrator has used in [17].

For the purpose of enhancing the performance of
SAPF at high grid distortion, this paper employs an
adaptive prefiltering method based on two-order SOGI to
extract the harmonic currents and estimate the grid
frequency, the two-order SOGI known as the second-
order generalized integrator with prefilter SOGI-WPF in
[14]. For the first time, the SOGI-WPF has been used in
double SOGI-WPF structure or DSOGI-WPF with the
frequency lock loop in the photovoltaic system to estimate
the frequency and improve the speed of voltage sequence
detection under abnormal grid conditions and cancel out

© S. Kalkoul, H. Benalla, K. Nabti, R. Abdellatif
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the DC offset from the input signal [14]. In [16], the
DSOGI-WPF is named as dual SO-SOGI, which has
adopted as a step before phase detector PD in PLL (phase-
locked loop) to generate the fundamental source current in
distribution static synchronous compensator.

The goal of this paper is applying the double
second-order generalized integrator with prefilter
structure to extract the reference harmonic currents in the
control of three-phase shunt active power filter and
improve its operation under unusual grid voltage
conditions (unbalanced, distorted). The method of double
second-order generalized integrator with prefilter will be
used to estimate the grid frequency, positive sequence
components of the grid voltage, and extract the harmonic
current components in the grid.

Description of the studied network. The general
structure of SAPF is shown in Fig. 1, in addition to the
grid elements (voltage source, grid impedance, and non-
linear load). The SAPF constitutes of two parts. The first
one is the power circuit which consists of a three-phase
two-level voltage inverter fed by a DC-link capacitor
(Cq4), the inverter is connected to the PCC through an
inductance L, and a resistance R, which represent the
output filter. The second part represents the control
circuit, its first phase uses the method based on DSOGI-
WPF to extract the reference harmonic currents and
estimate the instantaneous angular frequency of the
fundamental voltage (w)), a corrector of the V. voltage at
terminals of capacitor Cy. is used to ensures a sufficient
and non-fluctuations supply to the inverter by keeping the
measured V. voltage at the reference voltage (in this case,
PI corrector has been implemented), finally, a modulator
based on the PWM technique for generating the pulses of
the IGBTs of the inverter.

|
! Rg g | [ Pcc
| : A aaagt -
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Fig. 1. Scheme diagram of three-phases SAPF

Second-order generalized integrator  with
prefilter. Fig. 2 shows the structure of the second-order
generalized integrator with prefilter. Which is constituted
of two SOGI connected in series, this allows building a
fourth-order band-pass filter system for the in-phase and a
fourth-order low-pass filter system for quadrature-phase.
The k; and k, represent the proper gains of each SOGI,
where k& = 2{1 and k, = 2¢2 ({1 and {2 are the damping
factors). For high-performance of the SOGI-WPF, those
damping factors should be equals i.e. {1 = 2 = { [14].
The relation between the input signal and outputs in

SOGI-WPF can be summarized from the block diagram
presented in Fig. 2 by the transfer functions defined as

2
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Fig. 2. Block diagram of SOGI-WPF

The bode plots of the SOGI and SOGI-WPF transfer
functions are shown in Fig. 3. From the bode plots, it can
be seen that the SOGI-WPF allows overcoming the
drawbacks of the basic SOGI by eliminating the
DC-offset from the quadrature signal and has a high
performance at sub-harmonics attenuation of the input
signal, which makes the SOGI-WPF more efficient and
accurate at the separation of the fundamental component
and the harmonic components.
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Fig. 3. Bode plot of SOGI and SOGI-WPF: a — H(s) and G(s)
of in-phase voltage, b — gH(s) and ¢G(s) of quadrature voltage
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Modeling the control of shunt active power
filter. The proposed control algorithm that is depicted
in Fig. 4, aims to generate the pulses of the inverter

using the reference harmonic currents for
compensating the grid harmonics produced by the non-
linear load.

idc—a

Tabe 2

control

ey N abc T
ifabc

Jte y abe lap R

Veare | B N DSOGI-WPF “, :

mmmmm o o 1 1
| .? J gy L i DSOGI-FLL- oo
: Pl —» : > WPE

G |

Fig. 4. Structure of the proposed control

1. Double second-order generalized integrator
with prefilter. In this sub-section, the proposed method
based on DSOGI-WPF, which is illustrated in Fig. 5, is
employed as a filter to extract the harmonic components
of the input signal and detect its positive sequence
components.

| ‘ |
| Vo | Vai ||
! Vo ——» —v—ﬁ}’%—> ! !
|
! SOGI-WPF ! <
| |
qVa | Va1 |
o e
|
| ]
: » | f |
[ —> i IPSC I
} SOGI-WPF (I Mt NN i
} Ve — qVB }
| |
| |
| |
I I IR o
wrl o opLL

DSOGI-WPF
vpi

D
&

Fig. 5. Block diagram of the proposed synchronization method:
a — DSOGI-WPF, b — DSOGI-PLL-WPF

As mentioned above, the DSOGI-WPF has two
identical variables in each SOGI-WPF, where
ki = ky, = 2{. To have an effective filtering performance
with a fast dynamic response, the k; and £, are set to 0.8.
The two SOGI-WPF lead to output the signals in-phase
and quadrature-phase for a and f components (v,, vs, gv,,
and qvg). To compute the positive sequence components

these signals are used as the inputs of

instantaneous  positive-sequence components IPSC
calculation block as shown in Fig. 5, the IPSC in the
stationary af reference frame is given as

1|11 —¢q
V;,BIZEL] 1:|Vaﬁlv ()

5 (72)

+ .+
Val>Vpl

where ¢ = ¢”'””, which represents a 90-lagging phase-
shift operator. The amplitude of the positive sequence

components detected by the DSOGI-WPF can be

expressed as
(vgl)z +(v;1)2 . (6)

To obtain the positive sequence components of
current, the same procedure as precedent is applied by
using the DSOGI-WPF and IPSC blocks.

2. Frequency estimation and grid harmonics
extraction. In order to estimate the frequency of the PCC

ak

voltage, the fundamental positive sequences (vzl,vzﬂ

obtained by IPSC are straightforwardly used to implement
the PLL based on in-quadrature signal generation as
shown in Fig. 5, which is known as the DSOGI-PLL-
WPF. The PLL that is illustrated in Fig. 5 uses the
DSOGI-WPF as a prefiltering stage in the stationary
reference frame (af) to eliminate the negative impact of
the distorting harmonics, which makes it more accurate at
the estimation of the frequency and the amplitude of the
positive sequence. The frequency/phase generated by the
PLL allows providing the phase-angle for the
trigonometric functions and the fundamental frequency to
the DSOGI-WPF. The PI controller gains of the SOGI-
PLL-WPF are set to k, = 0.3 and k; = 0.5.

Identifying the positive-sequence for the grid current
and make the SOGI-WPF adaptable with any variation
may have occurred on the frequency by using SOGI-PLL-
WPF allows extracting the harmonic current produced
because of non-linear load by simple subtraction as
illustrated in Fig. 4. In this case, the grid-harmonic
currents in af reference frame can be calculated as

. . +
lgh-o =lg ~igl - @)

igh-p =g —ip - ®)
3. V. regulator. To maintain the DC-link in SAPF
at optimal reference voltage and lower the fluctuations on
it, a PI controller is applied in a closed-loop as shown in
Fig. 6. From this figure, the transfer function of the
closed-loop system is depicted as
Ve kps+k;
e ©)
Vdc Cch +kpS+kl-
The equation (9) refers to the second-order transfer

function. Thus, k, =2¢{Cy.0, and k; =Cdca),%, where
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w, 1s the natural frequency, { is the damping factor and is
taken as 0.707.

idc >

Vdc* Vdc
(K STKiS)'s 1/(CycS)

\ 4
v

PI dc-link

Fig. 6. Scheme of V. control

4. Reference currents computation. The reference
currents for SAPF gather the harmonic currents of the
grid that must be compensated and the currents necessary
for the V. to be stable at the desired reference, which can
be calculated as

if =igp—ige. (10)
The i; in stationary aff frame can be written as
.* . .
lf—a =lgh-a ~ldc-a > (11)
if~p =igh-p ~lde-p > (12

where the i, in stationary (of) reference frame is
calculated as
+
. . Vol
lde—a = ldc 0:_ : (13)
4

+

iy g =iy P

de—f ~ tdc :
vt

(14)

The i}_a and i}_ﬂ are transformed to i:bc by

inverse Clarke’s transformation. Finally, the PWM
control generates the pulses of the inverter using error

* * * ..
between the reference currents i, , i, i, and the injected
.* .* .* .
currents lfa . lfb . lfc respectlvely.

Simulation and experimental results
performance. The simulation results have been obtained
by modeling the SAPF on MATLAB-Simulink
environment according to the topology presented in Fig. 1
and the different parameters of the system are illustrated
in Table 1. The proposed algorithm is evaluated under
balanced, distorted, and unbalanced voltage. To prove the
performance of the SAPF in real-time, the control
algorithm which based on DSOGI-WPF and DSOGI-
PLL-WPF (Fig. 4 and Fig. 5 respectively) in extracting
the reference harmonic currents has been executed by
using the digital signal processor (dSPACE 1104
platform). As shown in Fig. 7, the measured load currents,
injected harmonic currents by the SAPF, voltages of the
PCC, and voltage of the DC-bus are connected via the
Analog to Digital Conversion inputs of the dSPACE. The
drivers of the IGBT modules of the inverter are controlled
by the pulses sent via Digital output.

Table 1
System parameters
Parameters Values
Grid voltage Ve max=100V, f=50 Hz

Source impedance
DC-link
Output filter
Non-linear load

R,=05Q,L,=1mH
Cy=1100 pF, V,. =280V
R=0.6Q,L,=12.5mH
Three-phase rectifier, R, = 33 Q

PLL-PI gains K,=03,K,=0.5
SOGI-WPF gains ki =k =0.8
DC-link control gains K,=0.49, K;=109
Switching frequency 7 kHz
Sampling frequency 14 kHz

! I
: | MATLAB-
Rg lg PCC | : Simulink
AN ! I
I
Grid ! :
| I PCI
| Non linear load : connector
.
e
. ~— dSPACE Ds1104
llabe controller board
s -————
3
Vabe > I Control |
3 ifae 2 algorithm |
4[::} —-|->o Ve —
uj N
6
4 : T
Driver ,.g §

Fig. 7. Experimental schematic of SAPF

1. Behavior of the SAPF under sinusoidal grid
voltage condition. Fig. 8,a and Fig. 8,b respectively show
the simulation and the experimental results of the SAPF
under sinusoidal supply voltage. Indeed, the voltage at the
PCC is slightly affected by the harmonics caused by the
main network whose voltages Vg, Vg, Ve have a total

harmonic distortion (THD) of 1, 1.2, and 14 %
respectively. The performance of the control based on
DSOGI-WPF is remarkable where the harmonized
currents generated by the load are almost compensated by
the SAPF currents which give back the waveform of the
source current sinusoidal. Table 2 illustrates the THD of
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the load and the source currents, which shows that the
THD of the source currents is greatly reduced.
Table 2
Current total harmonic distortion

THD (%) load THD (%) source
currents currents
iLa Iy ire iga igh lge
Balanced grid voltage | 21.8 | 22.3 | 23.1 3.5 3.6 4.2

Distorted grid voltage 19.1 | 193 20 4.5 4.3 4.6
Unbalanced grid 190 [ 219 [ 231 | 39 | 4 | 43
voltage

2. Behavior of the SAPF under distorted grid
voltage condition. In this study, the waveform of the grid
voltage has a deformed shape due to the presence of
harmonics, the voltage of each phase is perturbed by a high
amount of the —5th and +7th harmonic components with a
THD of 13, 14.7, and 13.2 % for V,, Vg, V. respectively.

Figure 9 illustrates the performance of the proposed
SAPF command while the supply voltage is distorted. As
observed in Fig. 9, and Fig. 9,b, the source current has a
shape close to sinusoidal in the simulation and experimental
results, which confirms the robustness and the precision of
the DSOGI-WPF. The acceptable THD of the source current
which describes in Table 2 also demonstrates that the
proposed algorithm based on DSOGI-PLL-WPF makes the
SAPF well synchronized with the fundamental frequency of
the PCC voltage which is affected by harmonics.
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3. Behavior of the SAPF under unbalanced grid
voltage condition. In this situation, the grid voltage is
characterized by the following measurements: the
amplitudes of the three phases are V,, =110V, Vg, =96 V,
Vee = 82 V with a total harmonic distortion of 1.8, 3.7, and
7.7 % respectively. The voltage unbalancing is achieved by
inserting resistors of different values in series with the three
phases. In Fig. 10,a and Fig. 10,b, the simulation and the
experimental results are presented, where the performance
of the SAPF under distorted-unbalanced voltage is
validated. It is clear that the efficiency of SAPF is not
influenced by distorted-unbalanced voltage. The THD of
each phase of the source and load currents is illustrated in
Table 2, where the recommendations of the IEEE standard
concerning the THD are observed.

4. Comparison between SOGI-PLL-WPF and
SOGI-PLL under distorted voltage. Figure 11 shows
the performance comparison of the SOGI-PLL-WPF and
the basic SOGI-PLL under distorted grid voltage. It is
clear that the SOGI-PLL-WPF is more robust and
efficient than the SOGI-PLL under such abnormalities of
the PCC voltage, in which the frequency estimated using
SOGI-PLL contains a high level of ripple compared to
SOGI-PLL-WPF method in both simulation and
experimental results.
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Fig. 8. Behavior of the SAPF under sinusoidal grid voltage condition: a — simulation results, b — experimental results
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Fig. 9. Behavior of the SAPF under distorted grid voltage condition: a — simulation results, b — experimental results
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Fig. 10. Behavior of the SAPF under unbalanced grid voltage condition: a — simulation results, b — experimental results
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Fig. 11. Performance of SOGI-PLL-WPF and SOGI-PL: a — simulation results, b — experimental results

Conclusion. This proposed work has extended the
straightforward prefiltering method based on double
second-order generalized integrator with prefilter to
extract the reference harmonic current components for the
control of the three-phase shunt active power filter,
allowing a significant attenuation of the harmonics of the
source currents and consequently improving its quality.
The performance of the proposed configuration has been
proven, where the total harmonic distortion has had
significant reduction from about 22 % to less than 4.2 %
under sinusoidal voltage, in distorted voltage, the total
harmonic distortion is mitigated to about 4.6 % and nearly
to 4.3 % under unbalanced voltage, which demonstrates
the effectiveness and robustness of the proposed
algorithm. This also signifies that even the abnormalities
of the point of common coupling voltage, the phase-
locked loop based on double second-order generalized
integrator with prefilter has estimated grid fundamental
voltage magnitude and frequency accurately and makes
the shunt active power filter always synchronized. The
main advantage of the represented structure appeared in
the results of the experiment, where it has given good
results with reduced computation time. The experimental
results have been quite identical to those obtained by
simulation in MATLAB-Simulink.
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L. Louze, O. Abdessemad, A.L. Nemmour, A. Khezzar

AN EFFECTIVE CONTROL OF AN ISOLATED INDUCTION GENERATOR
SUPPLYING DC LOAD FOR WIND POWER CONVERTING APPLICATIONS

Purpose. The aim of this paper is to perform a simple and robust control method based on the well-known sliding control
approach for a self-excited induction generator supplying an isolated DC load; this adopted technique does not require much
computation and could be easily implemented in practice. In this context, the present work will begin with a mathematical
development of this control technique and its application to the self-excited induction generator case. For this purpose, the
machine provides the produced active power to the load through a static PWM converter equipped with a single capacitor on the
DC side. In order to insure the output DC-bus voltage regulation with respect to the load-power demands and the rotor speed
fluctuations, the required stator currents references are computed by considering the reactive power required for the machine
core magnetization, the induced voltages through the stator windings and the active power set value obtained from the
corresponding sliding mode DC-bus voltage controller. Regarding the nonlinearity of the DC-bus voltage mathematical model
and the discontinuity characterizing the converter-machine behavior association, the sliding mode strategy will constitute a
perfect tool to sizing the controller structure with high control performances. Results of simulation carried out to demonstrate the
proposed control validity are presented. References 26, figures 6.

Key words: self excited induction generator, sliding mode control, DC-bus voltage regulation.

Llenvio Oaunoii cmamvu s61A€MCA PA3PAbOMKA RPOCMOZ0 U HAOEHCHO20 MemoOd YNpAGIeHUs, OCHO6AHHO20 HA XOPOULO
U36eCHIHOM N00X00e K YNPAGIEeHUI0 CKONbICEHUEM ONA ACUHXPOHHO20 2eHepamopa ¢ camoeo3dyyicoeHuem, numawuezo
U30UPOGAHHYI0 HAZPY3KY NOCHOAHHO20 MOKA; OAHHbLI NPUHAMBLE MemoO He mpedyem OOIbUUX 00bEMOB GbIYUCEHUN U
MOdicem Oblmb J1€2KO Peanu3o6an Ha npakmuke. B ymom Kkonmexcme Oannasa paboma Hauunaemca ¢ pazeumus
MAMEMAMUYECKUX OCHO6 3IN020 Memooa YNpAeeHUs U €20 HPUMEHEHUA 6 CJIy4de ACUHXPOHHO20 2eHepamopa c
camoeo3oycoenuem. [na amozo mawiuna nooaem RPou3Ge0eHHYI0 AKMUGHYI0 MOWIHOCHL 6 HAZPY3KY uepe3 CmamuyecKuil
LIIHM-npeobpaszosamens, OCHAUWEHHbLI €OUHCMEEHHBIM KOHOEHCAMOPOM HA CHMOPOHE RNOCMOAHHO20 moka. Ymoovt
obecneyums peynuposanue GvIX0OHO20 HANPANCEHUA WUHLL HOCHOAHHO20 MOKA C y4emom mpeboeanuii K Hazpyske u
KOJ1ebanuaM CKOpOCmu 6pawjeHUs pomopa, mpedyemvie moKu Cmamopa paccuumsléaiomcs ¢ y4emom peaKxmueHoil MOWHOCMU,
Heo0X00uUMOll ONA HAMAZHUYUEAHUA CEPOCHHUKA MALUUHDI, HABCOCHHBIX HANDPANCCHUI 6 00MOMKAX cmamopa u 3a0aHH020
3HAYEHUA AKMUGHOI MOWHOCIU, ROJIYYEHHOZ0 U3 COOMGENCMEYIOUe20 KOHMPOIEPA HANPANCEHUA WIUHBL ROCMOAHHO20 MOKA
6 pesicume ckoavicenun. dmo Kacaemca HeNUHENHOCIU MAMEMAMUYECKOU MOOENU HANPANCEHUA WIUHbI NOCIMOAHHO20 MOKA
U HEeOoOHOpOOHOCMU, XApaKmepusyloweil No8eOeHUe CUCIEMbl «Npeodpazoeamenb-uawiuiay, Cmpamezus CKoab3Aue20
pedrcuma 0ydem npeocmaenamy coooil uoeanbHulil UHCMPYMEHM 014 OnpPeoeNeHus pamepos KOHCMPYKUYUU KOHmpoaiepa ¢
GbICOKUMU XAPAKMEPUCMUKAMU ynpaenenus. /[na oemoHcmpauuu 000CHO6AHHOCHMU NPeOdNazaemoz0 Memood KOHMPO/,
npueeoensvl pe3yibmamol 6bINOJIHEHHO020 MOOdenuposanus. bubn. 26, Puc. 6.

Kniouesvie cnosa: acHHXPOHHBINH TeHePaTOpP ¢ €aMOBO30Y:KIeHHeM, YIpaBlieHHe Pe:KHMOM CKOJIb:KeHHUs, peryJIMpOBaHHe
HaNpsi’KeHUsl HA IIHHe MIOCTOSTHHOI 0 TOKaA.

Introduction. Induction generators constitute a
potential choice for off-grid applications. When operating
in self-excited mode. For a given input prime mover-
mechanical power, the squirrel-cage relative to these
machines configuration requires only a reactive power to
insure the main core magnetization.

Generally, the machine magnetizing procedure could
be performed in several ways; from simple capacitors to
complex static power conversion systems. Many studies
have been presented as well as in steady-state and
transient analysis of the squirrel cage induction generator
based stand-alone wind energy conversion systems [1-9].

For the output-voltage self-excited induction
generator (SEIG) regulation, a number of works have
been proposed structures based on switched capacitors
[10-15], a saturable reactors scheme [16, 17], and short
shunt or long shunt configurations schemes [18-22].
Works that are more recent use voltage source converter
based voltage and frequency controller [23-25].

The aim of this paper is to achieve an efficient
control strategy for self-excited induction generator
driven by a wind turbine and associated to a static voltage
source converter with an output DC link.

For this reason, the sliding mode control strategy is
applied to regulate the DC voltage on the DC side for a

variable DC load taking into account the rotor speed
variations. As practical uses, the regulated DC voltage
obtained could be used to charge a battery set, to supply
isolated DC loads or be further converted into fixed-
frequency AC power by an inverter to supply AC loads.

Mathematical model for the self-excited induction
generator. By adopting the frequently assumptions, the
general equations of three-phase induction machines in
the (e, P), stationary reference frame are given by:

di di
Voo = Rilsy +Ls%+Mﬂ

dt
di di
Vep = Ryigp + L—L+ M —L.
di di “ > ()
0= Rpg + L, +M%—a)(L,irﬂ + Migg)

. dirﬂ di, . .
0=Ryipg+L,— +M%+ (Lyi,, +Mig,)
where s and r denote stator and rotor quantities; v and {
represent  instantaneous  voltages and  currents

respectively; Ry and R, are the stator and rotor resistances
respectively; L, L, and M are stator, rotor and
magnetizing inductances respectively and o represents
the rotor angular velocity.
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Sliding mode control. General concepts. The
general form of sliding surface which guarantees the
convergence of the state x to its reference x  is given as
follows:

d n—1 .
Slx)=| —+ (x —x), 2
(x) ( . yj 2
where n is the degree of the sliding surface and y is a
strictly positive constant.

The first convergence condition allowing the
dynamic system to converge towards the sliding surfaces
must verify the well-known Lyapunov function expressed
in terms of the system state-variables given by:

V(x):%sz(x). 3)

To insure the Lyapunov function decreases, it is
necessary to ensure that its derivative is negative. This is
verified if:

S(x)s(x)<0. 4)

In order to perform the control quantity U,., which
contains two terms, first for the exact linearization term
U, the second discontinuous one for the system stability
U,:

Ue=Uy+U,. (5)

The first control term U,, is obtained from the
condition S (x) = 0 when the second control term U, is
selected to guarantee the attractivity of the variable to be
controlled towards the commutation surface.

Application to the self-excited induction

generator. For the induction generator sliding mode
controller design, the adopted switching surface is:

S = V;c Ve s (6)
where V. denotes the DC voltage in the DC side.
The derivative of (6) gives:
$=Vae Ve - (7
If the inverter losses are neglected, the relationship
between the DC-bus power P, and the stator power side
P, is as follows:

Py = Fye + Foaa » 3
where P, denotes the active power consumed by the
load on the DC-bus side.

Taking into account that the capacitor power P, is
expressed by:

Fae =Vacige = CVacVye ©)
where C represents the capacitor value on the converter
DC side, therefore:

Py =CVyVae + Boaa - (10)
From (10), the output DC bus voltage derivative is
given by:

: 1
Ve :C_Vdc(Ps _Pload) . (11)
From (11), (7) becomes:
o
S=Vg _ch(Ps ~Proad)- (12)

By referring to (11), it is clear that P, represents the
control quantity and Py, acts as a disturbance for the V.
closed control loop.

For sliding mode purposes, the control quantity set

value PS* takes the form of (5) as:
%
Py :Ps_eq+Ps_n' (13)

Under these conditions, (12) gives:
1
(Psieq +%7n _Pload)'

C
S=V,, ———
“ CVdc
In the steady state conditions, the sliding surface is
zero, and therefore its derivative and the discontinuous
part are also zero, so:

Psieq = CVchdc +Foad - (15)
By replacing the equivalent control with its

expression in (14), the following surface derivative is
obtained:

(14)

§———L p (16)

s_n

B CVage

The attractiveness condition expressed by (4)

relative to the Lyapunov condition imposes the following
choice of the P, according to:

P = kxsign(S),

where £ is a positive gain.
Finally, the global control is performed by the
following equation:

P, = CVy. + Byyq +kxsign(s). (18)
Since the active and reactive stator powers can be
expressed in terms of the stator current components i,

and i;p as:
PS* _ Vsa Vsp i:a
Q: Vs Vsa i:ﬂ .

K
Then, the reference stator current components i,

an

(19)

and i:ﬁ to be injected to the stator windings are given by:

* -1 *
isa _ Vsa Vsp Ps
i:ﬂ “Vsg Vsa| |Of ]

(20)

Figure 1 shows the corresponding controller
structure relative to the used sliding mode method.
Py
Vi [y l * I
%y ‘ k »—F—> —»@—Psb Vs  Vsg] ! |fs,
- 4*b [_vs,ﬁ' Vsa e
Q.s‘ [SB

Fig. 1. Sliding mode control applied to the DC-bus voltage
regulation

The proposed control scheme using hysteresis
controllers is shown in Fig. 2.

Simulations and results. The proposed control has
been simulated for an induction machine with the following
parameters [26]: (3.6 kW, 415V, 7.8 A, 50 Hz, 4 poles),
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whose per-phase equivalent circuit constants are: Ly = L, =
=2414mH, M=230mH, R,=1.7Qand R, =2.7 Q.

The DC-bus voltage regulation and the
corresponding main machine’s characteristics obtained
using the proposed sliding mode controller in presence of
stern disturbances such as a step-changing of the load
power P, a step-changing of the DC-bus voltage
reference value and finally, when the wind turbine
imposes to the induction generator shaft a variable speed
profile.

& sa
Lsq 3
BECEN . =
= €
i;ﬁ’ i 1
) 2 =C - "

@

\&f

&

G

Fig. 2. Induction generator (IG) control structure used

The DC-bus voltage regulation performances
under a constant rotor speed. Figure 3 shows the
dynamic responses of the no-load operation followed up
by a sudden load power variation P,,; = 3500 W
introduced at = 0.5 s, then a step changing of the DC-bus
voltage from 600 V to 700 V introduced at 7 =1 s.

800 - .

0 0.5 1 15
time (s)

isa (A)
rn o o

0.5 time () 1 1.5

Fig. 3. The generator performances
(=300 rad/s and C = 1000 pF)

The proposed control method based on the described
sliding mode controller offers a fast DC-bus voltage
response and it is perfectly tracked to its set reference. In
spite of a sudden power load introduction, this
disturbance is instantaneously rejected and the control
performances are not affected.

The speed variation effects for a given capacitor
value. Figure 4 illustrates the influence of the changing
speed effects on the voltage build-up process. The same
load will be applied for all following sub-sections
(Proaa = 3500 W at £ = 0.5 s). The proposed SEIG system
control tracking performances is unaffected to the
considered rotor speed variations.

320 T T

00 ........ ..................... .
) EARPRRRRRRFRAR: SRR TR S ——

w (rad/s)

.7 11— [ S SR [

time (s)

LN 11

isa (A)

20 [ i
0 time (5}

Fig. 4. The generator performances (C = 1000 pF)

The DC-bus voltage regulation performances
under a practical rotor speed profile and load power
demand. In order to simulate a practical case relative to
the wind profile nature that imposes to the shaft the
waveform represented on Fig. 5,a. The DC load is
assumed to change according to the profile of Fig. 5,b,
when the DC-bus voltage set value is fixed at 600 V
(Fig. 5,¢). The current rate is according to the demand of
the load (Fig. 5,d).
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Fig. 5. The generator performances under speed and load
variations

Robustness against variation in generator
parameters. To verify the robustness of the proposed
nonlinear control algorithm, some parameters changing is
considered (case of stator rotor resistances changing).
Figure 6 shows the control system performances when
both stator and rotor resistances are intentionally
augmented by 100 % with respect to the rated values
under a constant rotor speed profile. The DC-bus voltage
regulation still insensitive to the considered machine
parameters variations.

________________________________________

time (s)
Fig. 6. The generator performances under stator and rotor
resistances changing

Conclusion. This paper presents an efficient control
approach based on the sliding mode theory for an
induction generator operating in stand-alone mode
associated to a pulse width modulation static converter
with an intermediate DC link. The proposed control
algorithm offers a perfect control performances under a
simultaneously variation of the load power variation
between 1 kW and 3 kW and the rotor speed between
almost 240 rad/s and 360 rad/s. Moreover, these control
characteristics remain insensitive to the machine
parameters derives represented by 100 % of the stator and
rotor resistances increase with respect to their nominal
values. The obtained results show that the DC bus voltage
tracking performance remains intact. The proposed
system conversion control could be very useful for the
wind power generating plants.
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