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Abstract: The object of this study is the evaluation of the three phase squirrel cage induction motors operating as
induction generator. It is presented a solution for the excitation of the three-phase induction generator from a single-
phase source maintaining the features main operation of the induction generator interconnected to three-phase power
supply. It is also evaluated its operation isolated system, where the generator depends on arrangement using
capacitor-excited induction generator. Also, is presented some information about interrelationships between the load,
the excitation capacitor, frequency stabilization, voltage regulation and the speed. The analysis is applied to a
specific machine, leading to a comparison between calculated and test results.
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1. Introduction

The use of the induction generators (Gl) insteaslyothronous generators (GS) in alternative engygtems (wind
power stations, micro and mini hydropower plant$ Increased considerably (Ackerman, 2012). Studige shown
that the cost of Gl is approximately 40% lower tlidrthe GS, and in addition the Gl has other acaged such as:
small size and cost units, strength, there areonmnautator or slip rings to service (compared todbenotor), there are
no brushes to replace, minimum of maintenancegsired, self-protection against over load and shivcuit, no need
for separate DC field power, among others (Thodget984; Pham, 1991; Filho et al, 2014).

In isolated power systems, the Gl with excitatiapacitor is quite popular; it does not require $yonism devices
and/or controllers for parallel operation, so thpacitor bank may provide the reactive power ne¢dedperation of
the motor as generator, as well as to assert thetipg speed. However, its isolated operationgaregroblems related
to variable voltage regulation and frequency, pefeds of the engine load and needs of the selfagim capacitors of
the high power and cost. The price of the capabiémk is still a limiting factor for the the useisblated Gl in systems
with power lower than 50 kW (Rahim, 1990; Mahat@kt2008; Trapp, 2008). An important applicatiowards the
generator connected to the electric network casele® as an additional energy source to local ceitresre network
The goal of this solution is the use of alternatwveergy systems of low power, providing the insthlpbower increase
with small investment and high reliability. Thisoposal can provide, for example, the electric poawen generation
on rural properties with small investment and openal cost.

2. Computational and Experimental Analysis

In this study, two configurations were adopted tmfigure the behavior of the three-phase inductienerator
connected to a single-phase power system: The atealisystem is composed for a three-phase induggoerator
(GIT), it is connected to the single-phase electnid by means of frequency inverter, where thetesyswill be
analyzed with and without harmonic filters and lgedtuto excited for a capacitor bank.

The GIT experimental tests was conducted in theachometer of the bench of the denominated “Laboi@ide
Otimizacdo de Sistemas Motrizes” — LOSIM, as isvghin Fig. 1.
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This bench has twthree phase squirrel cage induction m¢, which aremechanically coupleby a torque and
speed transducer. A5 cv thrpbase induction mot, 4 poles, is used as primary machawntrolled by a frequency
inverter and, one 2 cv MIT, 4 polewas employed asl; which is connected electricallp the singl-phase electric
grid by means of mono-three phasequency inverte. This monothree phase frequendnverter is a three phase
normal inverter operating with ord thephases disconnected.

Figure 1.Dynamometer Bench of the LOSIM/DEPEL/UFSJ

3. Computational Results
3.1. System Isolated Operation
3.1.1.Calculation of the Capacitor Bank

In isolated power grithe GI require se-excitation systems that are, in most casapacitor bank, which can
be connected in delta or stagcordin(to Fig. 2.

i1
1

Figure 2. Capacitor Bank Connections. CHAPALLAZ 90}

The capacitobank was calculating by three w, as follows: 1Using the magnetization characteristic of
machine, usuallprovided by manufacturers on catalogs and names; 2. Using the n-load motor eletric power;
and 3.Motor mutual inductance, which is obtained frmanufactures oexperimentally(CHAPALLAZ, J. M,
1990).

3.1.2.Method of the motor magnetization curve

In Equation (1)s presented the capacitor calcula:

Qg (1)

T 3XUZX2XTTXS
Where:Q;=capacitive reactive pow(kVAR]; U = voltage [V]; f = frequencyHz]; C = capacitancelC].

The capacitive reactive power can be caled according to the Eq. (2):

Q¢ S (86) o Qum 3

" sin (¢g)
Where:Q,,= motor reactive powel KVAR] according with the Eq. (3):

Qu- X tan(cos™ pu) 3)

Where:P,=motor nominal powe[KW]; n,,=motor nominal efficiencycos™ ¢,,=motor power factor angle
cosine.
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The ratioji':li—z“; was obtainewsing machines tests, 4 poles, 50 Hzthe range 00 a 25 [KW], but, can be
G

used machines until 35[kWih accordance witFig. 3.

1,50 1
"t 1,40 4
=
c
[+
]
-
-3
® 1,304
1207\
0 5 10 15 20 25 30 35

P, (kW)
Figure 3. Generator and Mo sin(¢) Ratio
The selfexcitation capacitance f60 [Hz] frequency is calculated by Eq. (4):
Coo=cqy X (z_g) ? 4)
Where:C4,= capacitancé0 Hz JuF per phasel¢s,= capacitance 50 HzF per plase]
The electric poweproduced by machine estimated by Eq. (5):

Pele=%XPN (5)

NMXCos pm

Where: Re= generatelectric powe [KW].

The induction generator mechapower and efficiency are calculated accordintheEq. (6) and Eq. (7):

Pu = Pag + Py x (- 1) (©)
Pe
= T o

Where: R =generatednechanic powelKW]; n,= generator efficiency.

According to motor datavailablein Tab. 1, are presented in the Talbhe resultcof the analyzed motor
operating as generator.

Table 1. Motor Data.

Py [kW] Voltage [V] Frequency [Hz] Speed [rpm] 1 [%] cos @
1472 220 60 1755 842 0.81
Table 2. Generator Data.
Capacitance pF] P, [KW] Py [KW] n [%0] cos @
28.28 11 1.37 0.79 0.51

3.1.3.Method of the Nodoad Motor Electric Power

In this method is used the hmad motor electric power for the calculation of tieactive power for to keep t
motor magnetic field Matching the reactive powers of the motor and geioeris possible the capacitar
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calculation, which is essential for the isolate@mpion of the generator, and with similar resaltso the method
of the motor magnetization curve.

3.1.4.Method of the Motor Mutual Inductance

Another way for the calculation of the capacitameaising the motor equivalent circuit parametensthis
case, the magnetization reactance or mutual reaztanequal to the capacitive reactance. Usingzthe (8) is
calculated the capacitance in ohms, whose valuasislose as of the calculated by method of the moto
magnetization curve.

c=— 8) (

T wxxy,

Where:w=angular frequency [rad/sX,=inductive reactanc&]]; X.= capacitive reactanc€l].
In Tab. 3 are presented the capacitance valuesdicgdo methods studied in this paper.

Table 3. Capacitance Values with the generatoradipgrin isolated power systems.

Cy[pF] Co[pF] Cs [nF]
28.28 39.42 28.98

Where: G =capacitance value using the motor magnetizatiaonecuF];; C,=capacitance value using the
method of the no-load motor electric powgF]; C;=capacitance value using the method of the motduat
inductance iF].It must be highlighted that, the capacitanceaisulated to provide the reactive power for the
motor, which can be adjusted according to theesydbad, or even to the voltage stabilization duehe
system load variation.

4. Computational Modeling and Simulation
4.1. Isolated Power System
A. Self-Excited System and No-Load

The simulation has been carried out using thealigitmputer simulation package Simulink.

For operation of the motor isolated of the powestsmn is necessary that a capacitor bank be corhertbe
motor, as shown in the Figure 4. In the simulatithhe, motor and capacitor were magnetized by powpply
using a small time period, around 2 seconds.

Figure 4 shows the motor speed and electromagopéicating isolated of power system. As can be feem
Fig. 5, when the simulated system is connectedoteep system, the motor speed has been as highpastex
than the synchronous speed. With the capacitoe tises sharp decrease of the speed, which is megdthecause
of the no-load system. This speed decrease depantise capacitor that establishes the system speéed
frequency. Electromagnetic torque transient behaigoapproximately equal to the few thousandth sdsp
because momentarily the system operates as malascam after it operates as generator. The mdstadriactor
to consider in applying induction generators istieed for the system to supply all the reactive gromecessary
to provide excitation at all generating levels. sThieans that the machine can only be applied wihere is a
source of reactive power and it is of adequate @gpdn this case the capacitor bank was adjustetb0 LF],
thereby causing adverse effects in the torque,Usecthis motor operating as generator its torqué ba higher
than 17 [N.m]. The torque peak time of the generatemall, thus avoiding the speed increase.

Figure 4. Isolate Power System — No-Load
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Figure 5. Speed and Torque x Time

Figure 6 shows the behavior of the voltage of fstesn without adjust of the capacitance, it is ddteat from 1
to 5 seconds the system is connected to power wupth peak voltage of de 311 [V]. In a general waith the
system no-load and the capacitor value specifietiéomaximum valuegthe peak voltage is high, and it continues high in
steady state. In Fig. 7 has been observed that affiesting of the capacitothe voltagereach acceptable values.
However, in spite of adjust of the voltage levikre has been a cleariation of system frequencWith the connection

of the capacitor in system there is the stabilaratof the voltage, generator speed and as wellfrgguency
regulation.

Figure 6. No-Load Voltage, without adjust of th@aeaitance

Figure 7. No-Load Voltage, with adjust of the cafEnce
B. System with RL load

Figure 8 shows the system configuration with a Badl connected. The torque and speed behavioesepted in
Fig. 9. It can be observed that due to load thedjgeadjusted and the torque reach its nominalkeval

Figure 8.Systemwith RL load
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Figure 9. Speed and Torque x Time

In Figure 10 is presented the rotor and statoreciiymoting that there is a peak when there isntbertion of the RL
load, but with the recovery of the speed the cusrefthe generator reach their nominal values.
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Figure 10. Gl Rotor and Stator Current x Time

In Figure 11 the voltage behavior for a load RL barseen.
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Figure 11. Gl Voltage with RL Load

C. System with capacitive load

In Figure 12 is showed the system with capacitbaal|

Figure 12. System with capacitive load
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With a capacitive load connected to system is @snifs no-load and with a capacitor bank to cdntre voltage. In
Fig. 13 is presented the variation of the GI vadtadg Fig. 14 is verified how behave the rotor atator currents.

intamt

Figure 13. Gl Voltage with capacitive load x Time
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Figure 14. Gl Rotor and Stator Currents with capacioad x Time
4.2. Generator connected to the single-phase electricigrby means of frequency inverter

In Figure 15 is showed the configuration with trengrator connected to the single-phase electrittgrimeans of
frequency inverter. A RC filter is connected induency inverter output for to help in reductionsgbtem harmonic
components.

Figure 15. Generator connected to the single-péleséric grid by means of frequency inverter

The speed is within the limit valuspected for generator connected to the single-phase elecid¢ &g can be seen
from Fig. 16. The electric grid assert the systeegdiency and speed, making the matosperateas a generator with
the speed greatest than synchronic speed, andrtheetvalue is the nominal of the machine.

Tparmd | e

Figure 16. Gl Speed and Torque x Time
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In spite of filter connected the system is affectgdharmonics due to the frequency inverter, bet tlarmonic
distortion is in limit range required, can be olveerin Fig. 17 and Fig. 18.
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Figure 18. Load Voltage x Time

Now the analysis will be using the circuit of thigglire without the filter in frequency inverter outpand can be
observed in the Fig. 19 the harmonic componentie&tator and rotor currents. A filter appropifiattimensioned to

system output soothing the effects relating to twamios, which can be of higher amplitudes and caremely impact
the generation.

“Stalrsurert < a(Br

Figure 19. Rotor and Stator Currents x Time

5. Experimental Results
5.1. Generator connected to the single-phase electricigrby means of frequency inverter

In this configuration, the Gl is connected to tlegke-phase electric grid by means of frequencyeiter, and
supplies power a three-phase resistive load. Theagarameters of this test are the variatioomdration frequency
of a 5 CV motor (elementary machine) and the loaithge.

In Figure 20 and Figure 21 are shown the graphseroed to active and reactive power, respectiwehich are
measured in the GI output terminals. The positiitésa power corresponds to the operation as a navtdrthe negative
active power corresponds to operation as genewalicghe reactive poweis supplied byelectricgrid, because the Gl not
generates the reactive. In Fig. 22 is presentedrttpiency measured in the terminals of the GI, @rghould be
observed that in operation of the Gl the frequepmsents a variation within of the tolerance additby electric
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power system (60 * 0,5 Hz). This Gl frequency bédraas expected is kept by single-phase electiit @nd does not
need any complex controls of the frequency of atated generator.
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Figure 20. Gl Active Power Connected to Grid anthviResistive Load x Time
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Figure 21. Gl Reactive Power Connected to Gridwaitidl Resistive Load x Time
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Figure 22. Gl Frequency connected to grid and vétistive load

The voltage and current values of the generatonites are presented in Fig. 23, and can be obdahsat the
oscillations of the voltage and the variationshef turrent were absolute by normal.
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Figure 23. Voltage and currents on the generataritals
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5.2. Generator auto excited by capacitor bank

In this test, the three-phase induction motor & Zhcv, 220V, 60Hz, 4 poles, of the experimentaicheof the
denominated “Laboratério de Otimizacdo de SisteMatrizes” — LOSIM is disconnected of the electrigdgand it
will start to operate as a generator auto excitedapacitor bankAs expected, in this tegs worth highlighting that, the
generated frequency variation between 54 and 6hrdzthe voltage variation are above of the stantianidd The
results of this test only confirm that in this cgmiration is needed to use voltage and frequenaypéex controls.

5.3. Generator connected to the single-phase electricigrby means of frequency inverter and with capacito
bank

In this case, the Gl is connected to the singlesphalectric grid by means of frequency inverter arglipplies a
three-phase resistive load is associated with dapdmank. As described in 4.1, the variation &duency of the 5 CV
motor (elementary machine) and of the load arectimtrol parameters. The results are similar corgém 4.1, except
that the reactive power of magnetization of theas3iow divided between the capacitor bank and ithglesphase grid.
It is necessary to emphasize that in this test wererded several voltage trouble (overvoltagejhsas shown in the
Fig. 24, which probably are resulting of the intdi@an between the inverter harmonics and the céqagank.
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Figure 24. Gl Voltages and Currents with Resistivad and Capacitor Bank x Time

6. Conclusion

An analytical technique of the steady-state analydi self-excited induction generator is preseritedrder to
obtaintheperformancecharacteristicofthemachinensaiiolateoperation. The search of the optimum evadfi the
capacity makes possible the Gl to obtain high perémce while the voltage and the frequency are taiaied within
desired limits.
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