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KOMIT’IOTEPHE MOJIEJIIOBAHHSI ACHHXPOHHOTI'O TEHEPATOPA
JUUISI BITPOEJTEKTPOCTAHIIT

AKTyaJbHOI0 MPOOJIEMOI0 CydacHOT eKOHOMIKHU BCe 1€ 3aIHIIAETHCS MPoOIeMa BUPOOICHH JOCTATHROI KITbKOCTI enekTpoeHeprii. CuTyaris morip-
IIYEThCS €KOJIOTIYHUMHU Npo0OIeMaMy P BUKOPHUCTAaHHI Tak 3BaHOI BYIJICLEBOI CHEPreTHKH, a TAKOX TP BUKOPUCTAHHI I'iJJpo- Ta aTOMHOI eHepre-
THKU. PO3BHTOK aJIbTEPHATUBHUX [DKEPEN ICKTPOCHEPTil HEMOKIMBO 3apa3 ysBUTH Oe3 BUKOPHCTAHHS BiTpOeieKTpocTaHLii. Exepris BiTpy npax-
THYHO JIapMOBa €HEpris, NpoTe ii BUKOPUCTaHHS Iepeadadae 3aCTOCYBaHHs €eKTporeHepaTopiB. B qaHuii yac 1e nepeBakHO CHHXPOHHI reHeparo-
PH, aJie TAKOXK BUKOPUCTOBYIOThCS 1 aCHHXPOHHI reHepatopu. He3Baxkaroun Ha BiTHOCHY JCIICBU3HY Ta HaIIHHICTh, IPOTE, ACHHXPOHHI F'€HepaTopu
3aliMaroTh Jy’ke CKpPOMHE MiCIle y BiZICOTKOBOMY BiJHOIIEHHI cepesl BiTporeHepaTopis. OHi€I0 3 MpoOIeM BUKOPUCTAHHS aCHHXPOHHUX BITpOreHe-
patopiB € Te, 110 iM MOTPiOHA MPH POOOTI IyXke 3HAUHA PEAKTHBHA MOTY)KHICTh, SIKa HAJXOIUTh 3 Mepexki a00 KOMIIEHCYEThCsl OaTape€cio KOHACH Ca-
TopiB. OCTaHHE i y aBTOHOMHMX aCHHXPOHHHX reHepartopiB. Komi'loTepHe MoOJeNOBaHHSI aCHHXPOHHHX BITPOI€HEPATOPIiB YCKIIAJHIOETBCS CYTTe-
BOIO HEJIHIHHICTIO, sika 00yMOBIICHa KPHBOIO HAMArHidyBaHHS a0o, 110, T€ CaMe, XapaKTEPUCTHKOI0 X0JIOCTOr0 X04y reHeparopa. SIk npaBuio, mpu
KOMIT'IOTEPHOMY MOJIEITIOBAHHI 1HAYKTHBHHUII OMIp BITKM HAMArHIYyBaHHs OPHUAMAETHCS MOCTIHUM, LIO € HE 30BCIM KOPEKTHHUM, OCKIJIbKH TOCTOBIp-
HO BiOMO, L0 BOHO 3aJIEXHUTh BiJ 4aCTOTH oOepTaHHs potopa. Bimomuii psi mMoaeneil acHHXpOHHOTO reHepaTopa, ajie MOKH IO He iCHye O aHi€l
HaiOIIbII JOCTOBIPHOT MaTEMaTHIHOT MOJIEII, 1110 J03BOJISIE IPOBOANTH KOMIT'FOTEPHI TOCIIPKEHHST aCHHXPOHHOI'O TeHEepaTopa 3 KOPOTKO3aMKHEHUM
POTOPOM 3 ypaxyBaHHSM ycix itoro ocobmuBocteit. Y nporpamuomy maketi MATLAB 20236 € maTemaTn4Ha MOJETb ACHHXPOHHOTO BiTPOre€HepaTo-
pa, sika IpeACTaBIsie HAYKOBHUIA Ta MPAKTUYHHMIT iHTepec. Y CTATTi AOCIIHKEHO MOXKIMBOCTI JaHOT MOei, 1i nepeBaru Ta Henomikin. OTpHMaHo 3aie-
JKHOCTI BIUIMBY ITapaMeTpiB MAIIMHY HAa aKTHBHY i PEaKTHBHY IIOTY)XKHICTb, [0 BUPOOIISETHCS Ta CIIOKHUBAETHCS BIAIIOBIHO, OLIHEHO BIUIUB iHIYK-
THBHOTO OIOPY T'iJIKM HAMArHi4yBaHHS i BIUIMB XapaKTepy HABAHTAXKCHHS HA BUPOOIIFOBAHY SHEPIil0 FeHEPaTOPOM.
Kur04oBi c10Ba: BiTPOEIEKTPOCTAHLIIS, ACHHXPOHHUI T€HEPATOP, MOJIENIFOBAHHS aCHHXPOHHOTO F'eHEepaTopa.
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SIMULATION OF AN INDUCTION GENERATOR FOR A WIND FARM

A pressing problem in the modern economy is still the problem of generating a sufficient amount of electricity. The situation is aggravated by envi-
ronmental problems when using so-called carbon energy, as well as when using hydro and nuclear energy. The development of alternative sources of
electricity is now impossible to imagine without the use of wind power plants. Wind energy is practically free energy, but its use involves the use of
electric generators. Currently these are mainly synchronous generators, but induction (asynchronous) generators are also used. Despite the relative
cheapness and reliability, however, induction generators occupy a very modest place in percentage terms among wind generators. One of the prob-
lems with using induction wind generators is that they require very significant reactive power during operation, which either comes from the network
or is compensated by a capacitor bank. The latter is typical for autonomous induction generators. Computer modeling of induction wind generators is
complicated by significant nonlinearity, which is caused by the magnetization curve or, what is the same, the no-load characteristics of the generator.
As a rule, in computer modeling or simulation the inductive reactance of the magnetization branch is assumed to be constant, which is not entirely
correct, since it is reliably known that it depends on the rotor rotation speed. A number of models of an induction generator are known, but so far
there is no one most reliable mathematical model that allows computer studies of an induction generator with a squirrel-cage rotor, taking into account
all its features. The MATLAB 2023b software package contains a mathematical model of an induction wind generator, which is of scientific and
practical interest. The article examines the capabilities of this model, its advantages and disadvantages. The dependences of the influence of machine
parameters on the generated active power and consumed reactive power were obtained, the influence of the inductive resistance of the magnetization
branch and the influence of the nature of the load on the generated energy by the generator were assessed.
Keywords: wind farm, induction (asynchronous) generator, simulation of induction generator.

Introduction. A pressing problem in the modern
economy is still the problem of generating a sufficient
amount of electricity. The situation is aggravated by envi-
ronmental problems when using so-called carbon energy,
as well as when using hydro and nuclear energy. The
development of alternative sources of electricity is now
impossible to imagine without the use of wind power
plants. Wind energy is practically free energy, but its use
involves the use of electric generators.

Currently these are mainly synchronous generators,
but induction (asynchronous) generators are also used [1 -
5]. Despite the relative cheapness and reliability, howev-
er, induction generators occupy a very modest place in
percentage terms among wind generators. One of the
problems with using induction wind generators is that
they require very significant reactive power during opera-
tion, which either comes from the network or is compen-
sated by a capacitor bank. The latter is typical for auton-
omous induction generators.

Problem statement. The latest version of MATLAB
2023b presents a mathematical model of an induction

wind generator (Fig.1) different from the earlier model
presented in MATLAB version 6.5 [6], which is of scien-
tific and practical interest.

It is necessary to explore the capabilities of this mod-
el, its advantages and disadvantages. It is also necessary
to obtain the correlations of the influence of machine
parameters changing on the generated active and con-
sumed reactive power; and it is especially important to
understand how the magnetization curve affects the gen-
erated energy by the generator.

Description of model. This example shows an induc-
tion machine used as a wind turbine generator. The Sim-
ple Turbine block converts wind speed to turbine output
power by a simple output power versus wind speed char-
acteristic.

When the wind speed is below the cut-in speed or
above the cut-out speed, the machine generates zero real
power. The machine always consumes reactive power.
The Reactive Compensation block offsets the machine's
reactive power requirement.
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Three-Phase Asynchronous Wind Turbine Generator

1. Plot wind speed and output power of Simple turbine (see code)
2. Explore simulation results using Simscape Results Explorer
3. Learn more about this example
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Figure 1. Simulation model presented in MATLAB-2023b
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Figure 2. Output quantities of Simple Turbine and Wind Speed block respectively
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Figure 3. Graphs of real power (upper curve) and reactive power (lower curve)
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The local load consumes 75kW. The infeed from the
power grid meets any wind turbine generation shortfall.
When the generator produces more than 75kW, excess
power is exported to the grid.

The reactive power compensator is dimensioned to
supply 90 kvar when a 440 V phase-to-phase voltage is
applied across its terminals.

Parameters of an induction generator (IG) with a
squirrel cage rotor:

- rated apparent power S = 15 kVA,;

- rated frequency f = 60 Hz;

- stator resistance R; = 0,25 Ohm;

- stator leakage reactance X; = 0,4 Ohm;

- referred rotor resistance R, = 0,14 Ohm;

- referred rotor leakage reactance X2 = 0,41 Ohm;

- magnetizing reactance X, = 17 Ohm.

Magnetic saturation of the IG representation is in
TABLE I. Here | is a no-load line current, U is terminal
voltage.

TABLE | — Magnetic saturation of the IG

I, A 0 4 9 18 25 34
uVv 0 88 154 198 220 242
I, A 50 86 95 120 - -
UV | 264 286 308 327 - -

Turbine rated output power 150 kW, cut-in speed
3 m/s; rated output speed 12 m/s, cut-out speed 23 m/s.

Simulation. Let us simulate the processes in the gen-
erator when the parameters of the stator and rotor change
by a factor of two from the nominal value, both up and
down. We are interested in the maximum steady-state
value of active and reactive powers.

First, we will change only one parameter, and then
two parameters in pairs in the stator and rotor, then to-
gether in both the rotor and stator and for several values
of the magnetization reactance from its minimum to max-
imum values.

We will also change the nature of the generator load.
First, we will consider a purely resistive load, and then a
resistive-inductive and resistive-capacitive load.

TABLE Il presents experimental data on the values of
real or active power P and reactive power Q in relative
units when changing the parameters of the induction gen-
erator by a factor of two, both up and down. A minus sign
before the reactive power value means that this power is
consumed.

An increase in the resistance of the stator R; and rotor
leads to a decrease in active power, which is explained by
a decrease in currents in the stator and rotor windings. If
we reduce the resistance of the stator winding, the active
power increases and the reactive power decreases. It
would seem that the power factor of the stator winding
decreases, which should reduce active power and increase
reactive power, but an increase in the current in the stator
winding leads to a decrease in reactive power consump-
tion.

If you increase the resistance of the rotor Ry, the active
power decreases, and the reactive power also decreases. If
you reduce the resistance of the rotor, the active power
increases and the reactive power also increases.

A change in the reactance of the stator X; and rotor X
windings leads to the same changes in active and reactive
power, exactly like changes in the resistance of the stator
winding.

Despite the magnetization curve presented in the mod-
el, in reality the model only works with one value of Xp.
Moreover, the maximum value X, which is the default in
the model, corresponds to the minimum value of current
and voltage on the magnetization curve, (see TABLE 1)
which is not clear.

TABLE Il — Experimental data

1G Parameters P Q
R1, Ohm 0,25 0,895 - 0,433
0,5 0,843 - 0,441
0,125 0,922 - 0,430
X1, Ohm 0,4 0,895 - 0,433
0,8 0,885 - 0,530
0,2 0,897 - 0,369
R2, Ohm 0,14 0,895 - 0,433
0,28 0,868 -0,421
0,07 0,907 - 0,439
X2, Ohm 0,41 0,895 - 0,433
0,8 0,886 - 0,535
0,2 0,896 - 0,383
Xm, Ohm 17 0,895 - 0,433
2,725 0,761 -1,531
5,28 0,848 - 0,960
11 0,885 - 0,568
22 0,887 - 0,376
R1, Ohm and 0,25and 0,4 0,895 - 0,433
X1, Ohm 0,5and 0,8 0,838 - 0,4825
0,125 and 0,2 0,926 -0,331
R2, Ohm and 0,14 and 0,41 0,895 - 0,433
X2, Ohm 0,28 and 0,8 0,86 - 0,500
0,07 and 0,2 0,92 - 0,387
R1, Ohm and 0,25and 0,4
X1,0hm; 0,14 and 0,41 0,895 -0,433
R2, Ohm and 0,5and 0,8
X2, Ohm 0,28 and 0,8 0,794 -0,622
0,125 and 0,2
0,07 and 0,2 0,941 -0,334
load resistive 0,895 - 0,433
RL 0,893 - 0,433
RC 0,894 - 0,433

From the point of view of changes in power factor,
varying the reactance of the stator and rotor windings well
explains the change in active and reactive powers.

In the IG with a squirrel-cage rotor, control goes
through the stator circuit and the load is connected to the
stator circuit. An increase of the resistance and inductive
resistance in the stator winding leads to a decrease in
active power and an increase in reactive power consump-
tion.

A simultaneous increase in the resistance and reac-
tance of the stator and rotor leads to a decrease in active
power and an increase in reactive power. When these
resistances and reactance are simultaneously reduced, the
situation is reversed.

The presented model in the MATLAB program has a
number of advantages and disadvantages.
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The undoubted advantages of the presented model are
clarity, block structure, the ability to see the output of any
structural block, ease of changing any parameter in any
block, especially in the structure of an induction genera-
tor.

Disadvantages: it is not possible to simulate an induc-
tion generator with a nonlinear characteristic of the mag-
netization branch, as mentioned before, depending on the
rotor rotation speed, since it is known that such a depend-
ence exists and is significant. In addition, the model
seems to have the ability to change the nature of the load,
but changing this nature during modeling does not give
any change in the values of active and reactive power,
which is very doubtful. There is also no way to change the
RL-, RC-load values.

Conclusions.

1. This MATLAB model of an induction generator as
part of a wind farm is very visual and convenient to mod-
el due to its block structure.

2. Moreover, it is convenient to change not only the
parameters of the generator itself, but also the parameters
of external influence, i.e. wind, as well as wind turbine
parameters.

3. It is enough to simply estimate the numerical values
of the quantities being studied.

4. Since in an autonomous asynchronous generator the
load is connected from the side of the stator winding, the
most interesting changes are the parameters of the stator
winding.

5. Changes in these parameters lead to a significant
change in the generated active power and consumed reac-
tive power.

6. Additional research is required on the induction
generator when changing its parameters, taking into ac-
count optimal excitation conditions and stator current
values.

7. The disadvantage of the model is the impossibility
of modeling while taking into account the nonlinearity of
the magnetization curve. It is possible to specify only a
single value.

8. It is not possible to change the load values taking
into account its nature: resistive-inductive or resistive-
capacitive.

10.

11.

12.
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