Turkish Journal of Electrical Engineering & Computer Sciences Turk J Elec Eng & Comp Sci
(2019) 27: 973 — 984

© TUBITAK

TUBITAK Research Article doi:10.3906 /elk-1708-20

http://journals.tubitak.gov.tr/elektrik/

Optimal range of loading for operating a fixed-speed wind turbine using a
self-excited induction generator

Nassim IQTEIT'®, Giil KURT?*®, Bekir CAKIR?
!Department of Electrical Engineering, Faculty of Engineering, Palestine Polytechnic University, Hebron, Palestine
2Department of Electrical Engineering, Faculty of Engineering, Kocaeli University, Kocaeli, Turkey

Received: 03.08.2017 . Accepted/Published Online: 10.12.2018 . Final Version: 22.03.2019

Abstract: In the present study, a new strategy of analysis was used to determine the optimal interval of a single-phase
resistive load to operate a fixed-speed wind turbine. The essence of this optimal range is to enable the generator to
have stable voltages and current balances, large power, and an acceptable frequency range, and also mitigate generator
overheating. The generator windings and excitation capacitances were prepared according to the C-2C connection
scheme with suitable values of excitation capacitances. The admittance matrix of the system was based on positive and
negative sequence generator voltages and was calculated by symmetrical components theory. The generator performance
was found through optimization of the determinant admittance matrix magnitude. Moreover, balanced position of the
generator can be achieved near the maximum load power. Consequently, the best interval of resistive load of the generator
(1.5 kW) was found around 2% voltage unbalance factor. The appropriate optimal load was approximately £6% of the

perfect balance resistive load value.

Key words: Fixed-speed wind turbine, C-2C connection, best interval of resistive loading, optimizing, balance position,

self-excited induction generator

1. Introduction
Power supply in remote rural regions such as islands, military apparatus, ships, and villages is essential for the
sustainable growth of a country. For most instances, wind energy is already available in these places and seems
economical compared to other types of energy [1,2]. Since most of the resistive loads fed by isolated power
systems are based on a single-phase system, a single-phase generator is a better choice. Generally, three-phase
generator systems are widely used due to their advantages such as less maintenance, modest protection, and
lower investment cost [3,4]. However, a three-phase induction machine can be modified to generation mode to
supply single-phase load [5]. A three-phase squirrel cage induction machine is cheaper, it has good efficiency,
and is available at higher power ratings (more than 3 kW) as well [3,6]. Furthermore, a squirrel cage machine
can operate as a self-excited induction generator (SEIG). The excitation can be done using a capacitor bank
connected to the stator windings of the induction generator. Magnetizing inductance is the most important
factor in SEIG voltage build-up [7].

Wind turbine generating systems (WTGSs) can be classified under two main categories: fixed speed
WTGSs and variable speed WTGSs. A variable speed WTGS contains advanced power electronic devices
and control systems; therefore costs are high. On the other hand, the fixed speed of the WTGS has some
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good advantages such as simple and lower probability of mechanical resonance, lack of harmonics, and lower

investment cost [8].

The conversion of a three-phase SEIG to feed a single-phase load may result in unwanted performance.
The drawbacks may include low generation efficiency, frequency variances, large voltage fluctuations, severe
vibrations, and rising temperature. However, using suitable excitation capacitors, these unwanted effects can
be alleviated by modified Steinmetz connection [9], Smith connection [6], or C-2C connection, which is a special
case of the modified Steinmetz connection (i.e. R suzitiaryioada = 00 and Ca = 2Cm). Moreover, these

connections of SEIGs and other types of connections were discussed in [10].

According to the literature, a number of studies have been published dealing with SEIG performance
and models but only in three-phase loads [2,11,12]. In contrast, Chan and Lai proposed a method of phase
balancing for a SEIG supplying single-phase resistive load, using the modified Steinmetz connection [9] and
Smith connection [6]. Wang and Lee [13] also proposed a three-capacitor circuit scheme, as well as a method to
estimate the values of self-excited capacitors, which allow the SEIG to be balanced. In another study, Anagreh
and Iqteit [3] proposed a scheme that provides acceptable phase balance and large output power. Bhattacharya

and Woodward [14] studied SEIG excitation balancing for maximum power output.

In research by Chan [15,16], balancing a SEIG with one excitation capacitor was investigated using single-
phasing mode operation and Steinmetz connections I and II. The perfect balance operation was discovered when
the induction generator runs reverse rotation. Alolah and Alkanhal [17] used a sequential genetic (GA)/gradient
optimizer to minimize the unbalance between stator voltages. The authors noted that the maximum value of
the unbalance factor does not exceed 7% at 0.5 load power factor (lagging) when the induction generator is
excited by two shunt capacitors. Furthermore, the transient and steady-state model of a self-excited single-phase

induction generator was proposed in [18] with an application of lighting an animal farm by biogas energy.

In the present study, the C-2C connection was used to simplify the analysis. To obtain the generator
characteristics, a singular admittance matrix was derived by assigning positive and negative sequence generator
voltages. Usually, remote rural areas have mostly resistive loads. When these loads are coupled with a SEIG
at fixed speed wind turbine, the SEIG frequency and magnetizing reactance are changed. These values can be
found through magnitude determinant optimization of the singular admittance matrix. The present research
also presents the generator performances with different loads and different excitation capacitors. In addition,
the main critical points of the generator, i.e. perfect balance point, maximum power point, and breakdown

point, were determined.

This work presents an application to drive a SEIG by a fixed-speed wind turbine. Most of the literature
focused only on the balancing condition of the SEIG when supplying single-phase load. However, the main
contribution of this work is determining the best range of load demand to provide consumers with the best
quality of frequency, voltage, and energy. In addition, the appropriate speed and excitation capacitors of the
C-2C connection were specified to drive the SEIG at the best balancing conditions. The C-2C connection was
used in this application due to its simplicity, costs, and perfect balance point. These optimal values and load
range result in the reduction of initial operation cost, reduction in the unbalance effects of the SEIG, and

supplying high-quality energy to consumers.
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2. System connection and analysis model

Figure 1 shows the wind turbine system, including a fixed-speed wind turbine and induction generator. The
C-2C connection is used as a delta connection and supplies a single-phase resistive load. Moreover, the generator
is excited by the C-2C configuration method [6]. From the theories of wind energy, it is known that the wind
turbine mechanical input power can be represented in terms of area swept by the rotor (A), air density (p),

power coefficient (C,), and wind speed (u) [12].

Gear .
box : Rotor G

a~

Y =jo(2C)=j(2B 2C
e =4 20) = j(2B)

-1

Figure 1. The C-2C connection of the SEIG with fixed speed wind turbine.

Pr = %pAuSCp()\), (1)

where C), depends on the tip speed ratio (), which can be calculated as

A= (2)

The relation between C}, and A was obtained from the manufacturer of wind turbines. However, with modern
turbines, a value Cp, = 0.5 can be used, which is not far from the Betz limit (C} ez = 16 / 27 = 0.59) [8].

Depending on the circuit in Figure 1, the inspection equations (3) to (6) were obtained.

Vas+%s+‘/cs:0 (3)
Lic = Ic + Iitic=tc+7; (4)
Vas
I, = = G Vs 5
> I (5)
Ias Ibs - (Gl +jB) j(2B) 0 VIIS
Lys | — | Ies | = 0 —j(2B) 0 Vis (6)
Ics Ias (Gl +JB) 0 0 chs
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By using symmetrical component theory and elimination of zero sequence of voltage and current [6], the stator

phase voltages and currents can be expressed by

F, 1 1

as 1 F
Fbs = = a2 a |: be :| 3 (7)
F, V3 a a® Frs

where F' is voltage V or current I.

When Eq. (6) is transformed into positive and negative sequence components, the result is expressed as

follows in Eq. (8):
Ips | _ Vs
{ I”LS } n { Vns } (8)

Positive and negative sequence equivalent circuits of the SEIG, used for supplying a single-phase load at rated

- 1 1 1
—JB 3G, —zB-36,

1 1 . 1
ﬁB — gGl _]B -G

frequency, are given respectively in (a) and (b) of Figure 2 [19]. From Figure 2, the following equation can be

obtained:

I K ] xls ] X}r I I J X Is ] x}r
_.PS_IVV\/_fWY\ Y YN
; - :
" 7-1 Vg Py s
? Yp

(@) (b)

Figure 2. (a) Positive and (b) negative sequence equivalent circuits of the SEIG feeding a single-phase load at rated
frequency.

Hﬂ—[}gp QH&} ©)

Now subtracting Eq. (9) from (8) will result in Eq. (10).

Y,+jB+3iG, LB+ 1iG
o) [myie e )
BV R A I L i 1 ns

From Eq. (10) the expression of voltage unbalance factor (VUF) can be written as

Vs Y, + % BZ60°
VUF = x 100% = | ——3 x 100%, (11)
Vps Yo + Z BZ120°

where Y, and Y,, can be calculated from Figure 2.

From Egs. (9) and (10), the expressions of current unbalance factor (CUF) can be written as

Yn
YP

n V’VIS

YP VPS

Lns

Ips

CUF = x 100% = x 100% = | 2| VUF (12)
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Under steady-state self-excitation, st [

S

# ] # [ 8 ] ; therefore, the coefficient matrix in Eq. (10) is a singular

) =0 (13)

For given values of excitation capacitances, load resistances, and speed, the values of F' and Xj; can be
determined using Eq. (13), when the function | f(X s, F') |is minimum. In the present study, MATLAB code

was used to solve the optimization problem to obtain the unknowns F and Xj,;. After determining F' and

matrix, i.e.
Y, +jB+ 3G, =B+ 35G,

1 1 . 1

F(Xu, F) = det(

X, the positive-sequence air gap voltage was found from the magnetization characteristic X»; — (Eg = Vg /
F) (Appendix). Then the performance of the SEIG was computed and analyzed using Eqgs. (3) to (12) and the

circuits in Figure 2.

3. Perfect balance conditions

Modified Steinmetz and Smith connections can be used to achieve the perfect balance operation of a SEIG
when single-phase resistive load is used. The perfect balance conditions of these connections are shown in Table
1, whereas the C-2C connection shown in Figure 1 is the perfect balance connection of the SEIG. This SEIG
achieves the perfect balance point when the negative sequence voltage vanishes (Vs = 0). According to Eq.

(10) the perfect balance condition of C-2C is given by

— /3
¢ =51y )
wp = 120°

Table 1. Perfect balance connections of SEIG.

Modified Steinmetz [9] Smith [6] C-2C
Perfect balance Cy =203 = % 1Y, | Cr=%=C3= ﬁ Y, | C= % Y, |
conditions at pp = 120° oy = tan™t (32) =130.9° | o, = 120°
purely resistive load | At removed auxiliary load (Rpz)

4. The strategy of system analysis

Usually, electric systems in remote rural areas are not complex and must have low initial costs. For these
reasons, a fixed-speed wind turbine, SEIG, and single-phase network are usually preferable. System protection
and maintenance cost reduction, together with generator components, sustainability, and consumers’ satisfaction
in using frequency and voltage service, are the main targets of this research.

The negative effects of unbalanced voltage on three-phase induction machines are rising machine temper-
ature, increasing losses, decreasing machine efficiency, and reduction in generated power [20]. Wind turbines
must run in normal conditions (90%-105% voltage and 49-51 Hz), but should also be able to work outside of
these ranges within identified time limits [21].

Unbalanced currents in stator windings occur due to the nonequal line voltage of the SEIG. The deviation
in frequency should not exceed +5% if the voltage is at the rated value, while the variation in voltage should

not exceed £10% if the frequency is at the rated value [22]. Through these limitations and association with
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perfect balance point, maximum power point, and breakdown point, the best loading interval of the SEIG can

be found.
According to the National Electrical Manufacturers Association, the percentage of unbalanced voltage is
given by
max . unbalance voltage — ratedvoltage

Vi = 100 15
unbatance rated voltage % % (15)

Consequently, the flowchart shown in Figure 3 explains the selection procedure of the optimal loading range of

the SEIG under unbalanced loading current.

Set the parameters of SEIG and wind turbine
{i.e. Capacitors, speed, IM parameters,...etc.}
Where the IM has high insulation class and high service factor.

v

Calculate the optimal value of X and F at the wind
turbine speed and at variable loads

v

Specify the perfect balance point and the Max. power

A

point Updating the
+ values of
Between the perfect balance point and maximum power excitation
point select a value of VUF. capacitors or
! selecting IM
At VUF calculate CUF, Vinbalance, output powers, and within 'appropriate
the average of unbalance voltages and unbalance service factor

currents

At VUF,
are the values that i
the previous box
within acceptable

Find the optimal range of load

Figure 3. Flowchart for selecting the procedure of the optimal loading range of the SEIG.

5. Results and discussion

The squirrel cage machine was simulated when a fixed speed wind turbine was connected as a prime mover. The
wind turbine provided a constant speed that is greater than synchronous speed. Induction generator parameters

and magnetization characteristic and base values are given in the Appendix [3].
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5.1. Performance of the SEIG and critical operation points

Figures 4 to 6 show the performance and critical points operation of the SEIG when driven by a wind turbine
at fixed speed 1515 rpm and excited with capacitors at 40 pF. Figure 4 shows the change in load power, load
voltage, and VUF with load current. The critical points, perfect balance point, maximum power point, and
breakdown point are also presented in the same figure (Figure 4). Additionally, this figure shows that the
voltage unbalance factor at the load that gives the maximum power is equal to 5.822%, while the SEIG reaches
breakdown when VUF is greater than 7.845%. Figure 5 shows the variation in the magnitude and angle of VUF
with load current. At load current 1.11 pu the VUF equals zero, its angle jump is 48.77°, and the generator
reaches the balance position. Figure 6 shows the variation in the frequency and VUF with load resistance. The
balancing resistance is 0.79 pu and the frequency of the generator equals 0.9803 pu. Moreover, the frequency
at the maximum power is 0.9689 pu and resistance maximum power equals 0.49 pu. Furthermore, Figure 6

illustrates that the frequency and VUF linearly increase when the load resistance is greater than 2 pu.

14 T T T T T T T
— Pload, C=40uF
ey Vload, C=40uF
Break down point <€
12 VUE, C=40uF i
h Max. power point < . X: 1.576
Perfect balance point <Xllll — B Vi 1067 15 T T T T T T 100
el x15 | W
| Y:09747 LT |
% 1 " "
Q ;
E n 2
Eosl X: 1111 . o
on Y:08775 X: 1,576 S o0
g l\ Y:0.6775 < 10f A
X: 151 [] é =
= Y:0.7399
a 0.6 - us -]
et >
el Q Gy
I g )
3 £ o
04r B 5 oh
% & 5 -100 5
&
el
g 02r X:1.51 X: 1576 Magnitude of VUF
; i - Y:005822 | § Y:0.07845 Angle of VUF
i |
Y:0.0003391 /l
0 1 1 1 - 1 1 X X _200
02 04 06 08 1 12 14 16 020z 0%
ILoad (pu)

Figure 4. Variation in the load power, load voltage, and  Figure 5. Variation in the magnitude and angle of VUF
magnitude of VUF with load current. with load current.

5.2. SEIG characteristics with different excited capacitors

Figures 7 to 10 show the generator characteristics when driven at fixed speed 1515 rpm, with excitation capacitors
values of 37 uF, 40 uF, and 43 pF. Figure 7 shows the resistive loads characteristics of RL1,, RL2;, and RL3,
at perfect balance points and the characteristics of RL1,,, RL2,,, and RL3,, at maximum power points of
the generator, respectively. At the excitation capacitors mentioned above, the ranges of resistive loads between
maximum power point and balance point ({RL,, , RL; }) are {0.63, 0.93},{0.49, 0.79}, and {0.47, 0.73},
respectively. Figure 8 shows the variation in the frequency with load power for different capacitors excitation.
The variation frequency curve dramatically dropped between the balance power point and the maximum power
point. This effect can be seen when the characteristic generates at 40 pF. In addition, Figures 7 and 8 show that
the load voltage and the frequency can be easily controlled by changing the value of the excitation capacitors.

Figure 9 shows the relation between total reactive power and load voltage. From this figure, the following
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conclusions were observed: at balance voltage, the total reactive power equals zero; it is negative between
balance voltages and maximum power and positive when the load voltage is greater than balance voltage. In
addition, between the perfect balance and maximum power positions, the generator has a linear characteristic
(Qtotai — Vioad curves having approximately the same slope). Figure 10 shows the relation between real load
power and total reactive power. It also shows that the curve of Ppoqq — Qrota; decreases between balance and
maximum power position. Additionally, it should be noted that the area inside the capability curves shown
in Figure 10 increases when the values of the excitation capacitors are increased. Table 2 summarizes the
characteristics of the system shown in Figure 1 at different types of operation points when the excited capacitor
C = 40 pF and the speed of the wind turbine is equal to 1515 rpm. For example, the voltage unbalance factor
was equal to zero at the perfect balance point. At this point, the total reactive power was also equal to zero and
the current and the voltage of the windings reached a state of balance. However, when comparing the results
from Figures 4 to 10 together with the acceptable limitations, it can be concluded as, at 1515 rpm speed and

40 pF excitation capacitor value, the load is not suitable for the supply because it is outside the acceptable
ranges.

1 T T

15
14
X:0.79
Y:0.9803 LDL‘ |
= 0.98F | | 110 >
\8}‘ / [
o 4
R X: 049 K
Y:0.9689 =
& <
g i ¥ g
- 0.96} \X:0.49 15 E ; B
: Y:5.822
Magnitude of VUF 1
Frequency F
X:0.79
/ Y:0.03391
094 1 L 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5O
R Load (pu) ILoad (pu)

Figure 6. Variation in the frequency and magnitude of
VUF with load resistance.

Figure 7. Loading resistors at perfect balance points and
maximum power point for different C values.

Table 2. The best important operation points of the SEIG at excited capacitor C = 40 pF and wind turbine speed
1515 rpm.

VUF | F Iioad | las Ips Ies Vicad =Vas | Vis Ves Proad | Qtotat Type of
(%) | (pw) | (pu) | (pu) | (pu) (pu) (pu) | (pw) |(pw) | (pu) point
7.845 | 0.9653 | 1.576 | 0.8657 | 0.4305 | 0.839 | 0.6775 0.7023 | 0.77 | 1.067 |-0.01931 |B.D.P
5.822 [ 0.9689 | 1.51 | 0.8425 | 0.5072 | 0.8379 | 0.7399 0.7582 | 0.8136 | 1.117 | -0.01530 | M.P.P
2.09 |0.976 |1.275 |0.7705 | 0.6522 | 0.7841 | 0.8236 0.8348 | 0.8574 | 1.056 | -0.00537 | Min.R.P
0.0 0.9803 | 1.111 | 0.744 |0.744 |0.744 | 0.8775 0.8775 | 0.8775 | 0.9747 | =2 0.0000 | P.B.P
2.095 | 0.9846 | 0.9337 | 0.7336 | 0.8389 | 0.6939 | 0.9243 0.9188 | 0.8932 | 0.863 | +0.004584 | Max.R.P

B.D.P: Breakdown Point, M.P.P: Max. Power Point, Min.R.P: Min. Range Point, Max. Range Point, P.B.P: Perfect

Balance Point.
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Figure 9. Variation in the load voltage with total reactive
power for different C values.

Figure 8. Frequency with load power for different values
of C.

5.3. Selecting the optimal interval loading

The following parameters are important for selecting the best load interval: VUF, CUF, load power, load voltage,
load current, total reactive power, and frequency of the system. Taking into account the previous acceptable
limitations, compilation of the parameters’ variation according to VUF helps in determining the best interval
load as shown in Figure 11. After exciting the generator with C = 60 pF capacitors and 1530 rpm speed, the
perfect balance line and maximum power line helped to determine the best interval load. Figure 11 and Table 3
show that when the deviation of the frequency —3% € [-5, 5]%, the average of voltage is equal to 0.9987 at VUF
= 1.88%. Therefore, this condition agrees with the strategy of selecting the optimal interval load. However, at
the maximum limit of load interval, the average value of unbalance currents was equal to 1.285 pu. There is
a large probability that this overcurrent causes overheating in the winding of the SEIG, but this problem can
be solved by selecting an appropriate insulation class and a high service factor of induction machine [23] or by
reducing the excitation capacitor to less than 60 pF but this solution will change the service voltage. However,
Table 3 reports the parameter variation values suitable for the determination of the best interval loads. The
best load interval was determined as [0.47, 0.6023] pu. All parameters determined in this study almost matched

the limitation values according to the analysis strategy.

Table 3. Generator and load parameters at ends of optimal interval loading.

Interval VUF (%) | CUF (%) | F (pu) I joad (pu) Vicad (PU) | Proad (Pu) | Qrotar (PU) | RLoad(pu)
Maximum | 1.88 7.106 0.9754 1.73 1.042 1.803 0.007784 0.6023 (max.)
Minimum | 1.88 6.972 0.9693 2.033 0.9555 1.943 —0.008084 0.47 (min.)
Interval Vas (pu) | Vos (pu) | Ves (pu) | Vunvatance(%) | Ias (pu) Irs (pu) Ies (pu) Tunbatance (%)
Maximum | 1.042 1.034 1.01 1.296 1.266 1.371 1.218 (min) | 6.693
Minimum | 0.9555 0.9646 0.9861 1.793 1.262 1.151 1.294 (max) 4.721
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Figure 10. Variation in the load power with total reactive

power for different values of C.

6. Conclusions

Voltage unbalance factor (VUF) (pu)

Figure 11. Determination of the best interval loading of
the SEIG through different variables.

Green energy has become a very important area in energy generation due to the problems associated with fossil

fuels. This research revealed that by using the C-2C connection with suitable values of excitation capacitance the

interval between the balanced position and the maximum load power of a generator is considerably diminished
(about 4% of VUF). The best interval load of the generator was found around 2% VUF. Approximately, +6%

of the perfect balance resistive load value was determined as the best optimal level. Application of the values

obtained in this study in a three-phase generator would generate more energy and mitigate overheating of the

system. Most importantly, from an economic point of view, it is a very simple system to set up.

List of symbols

27
Complex operator e’

a

A Area swept by the rotor of wind turbine

B Susceptance

C Capacitance

Cy Power coeflicient of wind turbine

E, Internal generated voltage

F Per unit frequency f/ fpase

f Frequency

Gy Conductance load = 1/R;

Ic, I Current through capacitances

I Load current

I.s, Ips, I.s a,b,c phase stator currents

I, I Positive and negative sequence stator currents

j Imaginary number /—1

Pr Wind turbine generator mechanical input power
Pt Output power

Qout Total reactive power in the system

Ry Resistive load

r Turbine rotor radius

Ts, Ty Resistances of stator and rotor (referred to stator)
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S Slip

U Wind speed

Vass Vs, Ves @, b, c phases stator voltages

Tis, X, Leakage inductances of stator and rotor (referred to stator)

Ty Magnetizing reactance

Y,Y, Positive and negative admittance of induction generator

ZyZn, Positive and negative impedance of induction generator

VUF The ratio of negative—positive sequence voltages

CUF The ratio of negative—positive sequence currents

A Wind turbine tip speed ratio

w Angular velocity of rotor wind turbine

W Base speed

We Synchronous generator speed
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Appendix

¢ Induction generator

1.5 kW, 3 phase, 4 pole, 50 Hz, line to line voltage (V) 220 A /380Y, line to line current (A) 6.4 A/3.7Y, 1415
rpm, 0.77 lagging power factor,
re = 5.027 Q, 1. = 351 Q,X), = 578 Q, X, = 578 Q, Xj; = 98.92 Q. The relationship

s

between F, = % and X pr is given by
E, = —0.1314 X5, 4+ 0.7269 X 3, — 14118 X3, + 1.1262 X3, — 0.6172 X 5 + 1.4779

« Base values

base voltage (Vipase) = 220 V, base current (Ipgse) = 3.7 A,
base power (Ppgse) = 220 x3.7 = 814 W, base impedance (Zpgse) = 59.5 Q.



	Introduction
	System connection and analysis model
	Perfect balance conditions
	The strategy of system analysis
	Results and discussion
	Performance of the SEIG and critical operation points
	SEIG characteristics with different excited capacitors
	Selecting the optimal interval loading

	Conclusions

