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A stand-alone self-excited wind energy conversion system (WECS) is
considered commonly used in remote areas due to its simple control and low
cost. This paper introduces the performance analysis of a stand-alone self-
excited reluctance generator (SERG) under balanced and unbalanced
operations. An asymmetrical component is proposed to obtain the positive and
negative sequence components of voltages and currents in addition to the
unbalanced voltage factor of SERG. The obtained results have been validated
and compared with experimental results obtained from a laboratory prototype
of a5.5 kW synchronous reluctance generator driven by a dc motor as a prime-
mover under unbalanced excitation capacitors and unbalanced loads. The
comparison verifies the applicability of the proposed model.
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1. INTRODUCTION

Due to increasing energy demand and climate changes, renewable energy sources (RES) have become
a crucial energy transformation to reduce carbon emissions. In recent years, RES have been getting worldwide
strong attention. In particular, hydropower, geothermal power, solar energy, and wind energy [1]. According
to international renewable energy agency (IRENA), wind energy is the most significant growing uninterrupted
worldwide a rate of attractive much 7.5 giga watt (GW) in the past twenty years, that brisk from 7.5 GW in
1997 to 700 GW by 2020. Therefore, the wind energy source has become prominent for both isolated and
grid-connected systems [2]. Doubly fed induction generator (DFIG) and permanent magnet synchronous
generator (PMSG) are the choice of the most proper generator for wind energy conversion systems (WECS).
However, the utilization of rare earth magnets in PMSG is the major limitation due to demagnetization at a
higher temperature and cogging torque effects. In addition, the cost of PMSG, which has endured a rise in
varieties in the last years, leads researchers to search for new alternatives [2]-[5].

Regarding DFIG, its construction makes it an attractive selection for integrating WECS into the grid
[6] due to the dual output ability of DFIG through both the stator and the rotor. As a result, the sizing of the
power converter reduces, and it is 30% of its stator rating and harmonics filter as well. Furthermore, there is
no need for an external reactive power source because the required excitation for DFIG is supplied from the
rotor circuit through the power converter. However, the presence of slip rings and brushes results in regular
maintenance, which leads the use of DFIG in off-shore applications less dependable and costly. Besides, the
large size makes it not suitable for small stand-alone applications [7], [8].
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Consequently, a stand-alone self-excited WECS is a popular candidate in remote areas; the self-
excited induction generator (SEIG) is commonly used in stand-alone WECS [9]. Owing to many advantages
such as no brushes, less maintenance, less cost, and the capability to control power at variable speeds [10]. On
the other hand, the regular brushless self-excited generators' performance is poor in terms of voltage regulation,
which requires a magnetizing current from an external excitation source such as additional excitation
capacitances. Additionally, the output voltage and frequency of SEIG are significantly affected by the variation
of speed and load. These drawbacks have been introduced and studied to enhance the power quality that
increases the installation cost [10]-[13].

Currently, synchronous reluctance generator (SRG) has been developed to become an alternative for
PMSG and DFIG because it has promising features such as high efficiency, small size, no need for permanent
magnets, and free maintenance due to the absence of brushes [14], [15]. Moreover, it has the same advantages
as SEIG and other features, such as less core loss, less noise, and rotor copper lossless. Then, at that point,
SRG exhibits characteristics highly attractive for stand-alone WECS applications [2], [5], [10], [14]. Also,
when derived at a constant, SRG provides a constant output frequency for variable loads and excitation
capacitances and improves the steady-state performance over a wide range of operations. Tremendous efforts
have been devoted to studying the performance of an isolated self-excited reluctance generator (SERG) at
steady-state and dynamic operations. In [2], [10]-[14], [16]-[18], the authors have studied a linearized model
of SERG to obtain the eigenvalues of speed, excitation capacitance, and load for steady-state stability under a
wide range of different operating conditions. All articles have investigated the SERG performance in steady-
state operation; until now, the SERG performance under abnormal conditions such as unbalanced loads or
unbalanced excitation capacitors has not been widely researched [19].

During unbalanced operations, the unbalanced terminal voltage and stator currents of SERG are
generated, introducing positive, negative, and zero sequence components. The positive sequence component
produces a rotating magnetomotive force (MMF) in the air gap, rotating at synchronous speed. In contrast,
MMF rotates in the opposite direction at synchronous speed for the negative sequence component, resulting in
oscillations with double frequency. Regarding the zero-sequence component, it is canceled out, and no MMF
in the machine air gap; because of the 120° electric displacement angle between the three-phase stator
windings, which have the same angular displacement all time [20], [21]. The unbalanced stator currents
produce a ripple torque that causes mechanical stress on the rotor shaft, in addition to the temperature rise of
the stator, which degrades the stator winding insulation [22]-[24]. Nevertheless, researchers have simulated
and validated SERG experimentally using a modified squirrel cage induction machine or salient pole
synchronous machine, not from the machine of flux barriers rotor.

This paper concentrates on the performance analysis of a stand-alone SERG under unbalanced
conditions at unbalanced excitation capacitance and unbalanced loads. Analysis symmetrical components have
been adopted to obtain the factor of unbalanced voltage, currents, power, and torque of SERG under unbalanced
conditions. The calculated results are validated using experimental results obtained from laboratory SRG of a
rotor with flux barriers. This paper is organized into three sections. The modeling of the stand-alone SERG
system, the computational procedure of the excitation capacitance, and performance analysis under unbalanced
conditions are derived and demonstrated in section 2. Then, the simulation and experimental results for the
performance of the proposed system under balanced and unbalanced operations are presented and investigated
in section 3. Finally, the conclusion is presented in section 4.

2. PROPOSED SERG STAND-ALONE SYSTEM

This paper proposes and analyses a synchronous reluctance generator with no damper winding and
flux barriers rotor. SERG is connected to a three-phase load and excitation capacitances to operate in a stand-
alone system. The schematic diagram and experimental setup of proposed system are shown in Figure 1.

2.1. SERG mathematical model

Dynamic modeling equations of SERG are derived using Park's d-q axes transformation. The machine
reluctance can be obtained from those of the wound field synchronous machine with the field winding terms
omitted [2], [5]. To simplify the dynamic modeling of SERG, the following assumptions are considered [2],
[10], [16].
—  The core losses of the machine are neglected
—  The effect of saturation is considerable in d-axis only
— Neglect harmonics in the MMF and air-gap flux

The steady-state model equations of SERG are obtained by considering the rate change of flux linkage
rate is zero. Hence, the steady-state model of SERG in the d-q rotor reference frame is expressed using (1) and
(2) listed by [2], [10], [16].
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_ . _ . Wr v,
Vqs = Tl — wrhgs = —Tslq + w_bXdld (1)
Vis = —Tylig + 0 Ags = —Tyiq — —ZX,i 2
ds = ~Tslg Wy qs — Tslg wp qlq ( )

Where (V;,,V,) are the stator voltages in the g-d axes frame, (iy, i) are stator currents in d-g axes, (Aqs,Aqs)
are the stator linkage flux in g-d axes, r; represents the stator resistance, (X4, X,) are the stator direct and
quadrature axis reactance respectively at base frequency, whiles (w,, , w,) are the synchronous and rotor speeds
in rad/s, respectively.
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Figure 1. Representation of the proposed system: (a) schematic diagram and (b) experimental setup

The flux linkages in d-q axis coordinators can be obtained by (3) and (4), where Lq and Lq are the
stator inductors in the direct and quadrature axis, respectively.

Ay = —Lyig ©)
}\d = _Ldid (4)

Regarding the generator electromagnetic torque developed, Te is obtained by (5). T,is expressed as a function
of inductance in (6) by substituting (3) and (4) in (5), where k = %p ,and p is the number of poles of the
SERG.

T, = kQaly — A41) ®)
T, = k(Lg — Ly)141, (6)

Figure 2(a) and Figure 2(b) represent the steady-state equivalent circuit of SERG in d-q axis,
respectively, with excitation capacitor (C) and loads (R, Xi, Z.). Figure 3 illustrates the phasor diagram of the
equivalent circuit of SERG. Refereeing to the phasor diagram of SERG in Figure 3, the equations of stator
voltage and currents in the d-q axis frame can be determined as described in (7)-(10), where Il are the
capacitance and load currents respectively, 6 represents the load angle, @ is the power angle and
Ve =X/, =71,

Vs = =V, sind = —X_I, sind ©)
Vos = —Vpcosdé = X I. cos & (8)
I; = —I, sin(§ + @) + I. cosd 9)
Iy =1,cos(8 + @) +1.sind (10)
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Figure 2. The equivalent circuit of SERG in steady-state, (a) d-axis, and (b) g-axis
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Figure 3. Steady-state SERG phasor diagram

To obtain the terminal voltageV;, the load angle § and X,; will be calculated. In [2], the mathematical
procedures to obtain these parameters are discussed in detail. Hence, V; is given by (11).

Z1*X
V,=1, — fLPe
Z1¥cos8—X*sind

(1)

Where I, is calculated as a function of X, using (12). It is obtained experimentally at the base frequency based
on the magnetization curve of a 5.5 kW SRG. Curve fitting is used to model a 4"-order polynomial function.

I, = 3.723 * 1078X,* — 0.001271X,% + 0.1534X,” — 6.393X, + 97.03 (12)

The excitation capacitor value necessary to operate the SERG at any load conditions or speed profile is
calculated using the steady-state in (2) to (8).

2.2. The SERG analysis under abnormal conditions

Normally, SERG operates appropriately in a balanced operation under balanced excitation capacitors
and loads. However, the unbalanced conditions could occur by loads or excitation capacitances, so the effects
of unbalancing conditions on the generator's terminal voltage and currents are investigated by obtaining the
positive, negative, and zero components. According to that, the produced voltage can be obtained using (13)
and (15) by assuming the load/or the excitation capacitor of both phases (b) and (c) are kept the same resistance
value, and the load/or the excitation capacitor connected to phase (a) is varied.

v, cos(wt + ©F) cos(—wt + ®7) cos(wt + 09)
Vy| = v, |cos(wt + O+ = 120°)| + 1~ |cos(—wt + &~ — 120°) [ + 1,2 | cos(wt + D) (13)
Ve cos(wt+ O+ +120) cos(—wt + ®~ +120°) cos(wt + ©°)

Where (V,*.V,7.1,%) are the amplitude voltage of the positive, negative and zero sequence components
respectively,wis the angular frequency of fundamental voltage, and (O *. ©~. ®°) represents the phase angles
of voltage sequence components as described in [20], [25]-[27].
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Applying Concordia transformation (14) to (13), the variables Xan are hence transformed to afy
coordinates, where Xz, = CTX,pc, Whereas the component of zero-sequence has no effect on the performance
of SERG. Thus, the voltage can be represented in a8 frame and obtained from (15).

1 —-0.5 —-0.5
c=|0 0866 —0866 (14)
0.5 0.5 0.5
Y] + - o [cos(wt + 01 _ [cos(—wt + CD_)]
Vsap) = [Vﬁ] = Vsap)” + Vsap)” = Vs sin(wt + ® %) S [sin(—wt + ®7) (15)

Then, Vyqq)can be further obtained using Park transformation from X, = DgqXqpz. Whereas Dy, represents

the matrix transformation (Dq)*. Deaq)~ ), and calculated using the following equations, where 6 is the
rotation angle of the reference d-q frame.

cosO sinO

—sinB cosb (16)

cos® —sinB
Duag " = ]

]’ and Deag)~ = [sine cos@

By applying Park transformation (16) to (15), the terminal voltage V; in d-q frame can be expressed as:

v Vs(d)_] _p, - [Va] . [cos((ut + Ot +0) - [cos(—a)t + 0"+ 0)] 17)
s@D - = V"I T 7@ V] TS sin(wt + O +60)] T [sin(—wt + O™+ 6)

Voo Vsay " D [Va] _ oy [cos((ut + 0t —0) _ [cos(—wt + O — 9)](18)
s(@a) Vs o Vg S Isin(wt+ ®*—0)1 " Isin(—wt + ®~ —0)

The phase lock is achieved by setting the phase angle 6 = wt. Thus, the positive terminal voltages
V%, can be expressed in d-q frame by (19).

Vsay 4 [cos(®F) _ _. [ cosRwt) ~ . . _[sinQRwt)

[Vs(q)+] =k [sin(®+) + Ve cos(® )[—sin(Zwt) + Vs sin(® )[cos(Zwt) (19)
And the negative terminal voltage in d-g frame by (20).

Vs@y 1 _ ., —[cos(d7) + + [cosQRwt) . + [~ sinQRwt)

[Vs(q)_ =V [sin(d)')]-l_vs cos(® )[sin(Zwt)]-l_Vs sin(® )[ Cos(Zwt)] (20)

From (19) and (20), it can be observed that the DC component is the positive-sequence component of
the positive component V44yand the AC component with frequency 2w is the negative-sequence component
of Vs(dq)+ in contrast to the negative component of Vsqqy”.The AC component with frequency 2w is the
positive-sequence component, and the DC component is the negative-sequence component.

Accordingly, the positive and negative sequence components of current can be obtained by (21).

(o =t cos(®;”) - - [ coswt) - . —, [sinRwt)

[I(q)+] =1 Sil’l(®i+) + I COS((Di ) [—sin(Zwt)] + I sm(@i ) [COS(Za)t)] (2]_)
And the negative current in d-q frame by (22).
Iy 7 _  —Jcos(®;7) + + [cosRwt) + a4+ [~ sinQRwt)
I(q)_] =1 [sin(@i_) +15" cos( O )[sin(Zwt) +1s7sin(0, )[ cos(2wt) ] (22)

Regarding the real and reactive powers developed by the generator for a balanced system, these are
given by (23) [28].

{qu = k(Vsqia + Vagiq) 23)

Qg =k (Vsdiq - Vsqid)
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Consequently, for unbalanced operation, the F; and @, can be obtained from the voltages and currents'
positive and negative sequence components. Thus, the active and reactive power can be expressed as (24).

{ Py = Pyac + Pycos cos(2wt) + Pyginsin (2wt) (24)

Qg = dic + Qgcos COS(ZWt) + QgsinSin (2wt)

where (Pgqc, Qgac) represent the average values of the generator instantaneous active and reactive power
respectively, and (Fcos, Pysins @gcos: Qgsin) are the second-order oscillations in terms of the instantaneous

powers.
Thus, the active power for unbalanced operation is given by (25).

Pgdc =k (Vsd+1d+ + Vsq_*‘lq+ +Vea I + Vsq_lq_)
chos = k(Vsd_Id+ + Vsq_1q+ + Vsd+[d_ + V.;q+[q_) (25)
Pgsin =k (Vsq_[d+ - Vsd_1q+ - V;q+1d_ + Vsd+1q_)

And the reactive power for unbalanced operation is given by (26).

dic =k (Vsq+1d+ - Vsd+[q+ + Vsq_ld_ + Vsd_lq_)
Qgcos = k(Vsq_Id+ - sd_1q+ + V;q+ld_ - sd+1q_) (26)
Qgsin = k(_Vsd_Id+ - V;q_[q-'- + Vsd+1d_ + Vsq+1q_)

As aresult, the electric torque of the SERG T, can be expressed as a function of active power as (27).
T, = :—g = Tyqe + Tyeos C0S(2wt) + Tygnsin (2wt) @7)
The second-order oscillations terms of the electric torque are given by (28), and Ty, = 0.

Tyac = k(Lo — Lg)[1, 1" +1,71,7]
Tysin = k(Lg — L)1 1" + 1,7 157 (28)
Tyeos = k[—Lala Ia" — Lgly 1" + Loy 1" + Lol "1, "]

2.3. Unbalanced voltage definitions
The unbalanced voltage can be measured using three definitions based on standards [21], [27] as
described below:
—  The phase voltage unbalance rate (PVUR) definition is given by IEEE Std 141and obtained by (29), where
the SERG phase voltages (V,. Vy,. V..) are used for calculation.

PVUR = max(|Val=|Vmean||Vp|=|Vmean||Vcl=Vmean ) %100 (29)

Vmean

— The line voltage unbalance rate (LVUR) definition is introduced by the National Electrical Manufacturers
Association (NEMA). Whereas the maximum voltage variation from the average line voltage magnitude
to the average line voltage magnitude is calculated as a percentage of the average line voltage magnitude
as (30).

LVUR = max(|Vap|=|Vmeanl|Vbcl=1Vmeanl,|Vcal=|Vmean|) %100 (30)

Vmean

—  The voltage unbalanced factor (VUF) is defined by the international electrotechnical commission (IEC) as
follows, where (V,*,V,7) are the voltage amplitude of the positive sequence and negative sequence
component of the SERG terminal voltages.

VUF = X—+ +100 (31)
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3. RESULTS AND DISCUSSION

This section presents the validation of SRG with cageless and flux barriers rotor rated (340 V,
5.5 kW, 50 Hz, four poles) as listed in Table 1. It is modeled using MATLAB/Simulink environment and the
experimental set-up in the laboratory. The obtained results are validated and studied under balanced and
unbalanced operations. The machine parameters of SRG are predetermined using simple standard off-line tests
such as DC, locked rotor, and no-load tests discussed in [11], [22]; after that, the analytical performance of
SRG magnetizing characteristics (1;-X,) is obtained by the no-load test as shown in Figure 4.

Table 1. Machine parameters at 50 Hz
Machine rating (kW)  Terminal voltage (V) Rs() Unsaturated Ly(H)  Unsaturated L, (H)  Rated speed (r.p.m)
55 340 0.6 0.1331 0.05195 1500

d-axis current (A)

13 18 23 28 33 38 43 48 53 58
d-axis reactance Xd( Ohm)

Curve fitting ™ Experimental

Figure 4. The magnetizing characteristics of the SERG machine at the base frequency

3.1. Balanced operation

In this case, SERG driven by a variable speed dc motor is studied under variable load impedance,
generator speed and load power factor. The SERG operates with symmetrical excitation capacitance and
symmetrical load impedance. Figure 5 and Figure 6 show the calculated and experimental results of the load
characteristics (V-I) of SERG at unity power factor, speed 1450 rpm and excitation capacitance = 100 pF. It is
observed that the terminal voltage and the excitation capacitance current decrease at the load current increases,
as listed in Table 2 as well.

The proposed system is tested at different values of the excitation capacitance, as listed in Table 3,
and it can be observed that the capacitance is varied inversely with the SERG speed. Experimental and
calculated results are depicted in Figure 7. Figure 8 and Figure 9 show the terminal voltage characteristics with
load current variation under various load impedance at different values of excitation capacitance and generator
speed (Nr) is 1500 rpm. It can be noticed that the terminal voltage falls as the load current increases with
lagging power decreases. The output power increases when the load current increases for higher speeds and
slightly decreases with load current increases at each speed as shown in Figure 10.

200 po--eeee i s e o i e Sy !

g m Z6
I ARt SECL ----- -.-,--5- r gﬁ
S : ! : g4
L T R AU Femmeee ------- : <3
— H ' o 1
g 0+ = 0+ v T v v o v v J
2 05 075 1 125 15 175 2 225 25 05 075 1 125 LS L7 2 225 25
a Load current (A) Load current (A)
® Experimental ===Calculated ® Experimental ——Calculated
Figure 5. Terminal voltage variation against load Figure 6. Capacitor current variation against
current at unity power factor at constant capacitance load current variation at constant capacitance
and constant speed and constant speed
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Table 2. Experimental results for steady-state operation at unity power factor, C=100 pf and speed

1450 r.p.m
Load current (A)  Terminal voltage(V)  Capacitor current (A)

2.2111 1315 3.75
2.467 147.8 4.52

2.35 169.85 5.3

2.02 176.957 55

1.53 183.6 5.71

1 190.525 5.9

Table 3. Experimental results of the excitation capacitance variation with the generator speed
Generator speed (r.p.m.) 1818 1668 1550 1481 1397 1372 1274
Excitation capacitance (uf)  51.5 60 70 80 915 100 1315

2200

2000
1800

1600

1400

Generator speed (r.p.m)
Terminal voltage (V)

1200

1000

40 50 60 70 S0 90 100 110 120 130 140 150 160 0

0 0.5 1 15 2 25 3 35 4
Load current (A)
—pf=l = = pf=0.9 ===pf=08

Excitation capacitance (uF)
B Experi I ——Calculated

Figure 7. Excitation capacitance with the generator ~ Figure 8. Terminal voltage variation against load
speed variation at no load at rated voltage current at different power factor, C=120uF and
constant speed

Ternunal voltage (V)
Qutput power (W)

0 0.5 1 15 2 15 3 15 4
Load current (A)

Load current (A)

===pf=l, C=100uF = = pf=l, C=110pF ——pi=], C=120uF =——pf=1, Nr=1500 rpm — -pf=1,Nr=1200 rpm === pf=1, Nr=1000 rpm
Figure 9. Terminal voltage variation against load Figure 10. Output power variation against load
current at different excitation capacitance and current at a different speed, and constant excitation
constant speed capacitance

3.2. Unbalanced operation

This case presents the experimental and calculated results of SERG under unbalanced operation
studied at unsymmetrical load and unsymmetrical excitation capacitance. Symmetrical components are used to
calculate the positive and negative sequence components for voltages and currents that are generated during
unbalance operation. In addition, the voltage unbalanced factor VUF is calculated as well.

3.2.1. Case study |

The terminals of generator SRG are connected to unsymmetrical capacitances in this case. This means
the phase terminal (b) is connected to varying capacitances different from the capacitance connected at the
other terminals of phases (a) and (c). Consider the excitation capacitance base value is C=161.5 pF at normal
operation to ensure the terminal phase voltage V1=164 V at resistive load base value R.=113.8 Q and Nr=1200
rpm. Hence, the experimental results are obtained at a constant value of capacitance connected for phases (a)
and (c) at C=1 pu while the capacitance connected to phase (b) varies from 1 pu to 1.3715 pu of base
capacitance value as tabulated in Table 4. Figure 11 shows the percentage value of UVF is varied by varying

Performance analysis of a stand-alone synchronous reluctance generator under ... (Mostafa Rida)
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the capacitance connected to phase (b) below 0.8pu to above 1.3715 pu with keeping the capacitance connected
to other constant. It can be seen that the zero value of UVF is the balanced point when the connected excitation
capacitance for phase (b) is 1 pu or symmetrical excitation capacitance.

Figure12 shows the variation of positive and negative sequence components of voltages against the
unbalance voltage factor UVF, whereas the negative-sequence voltage varies experimentally from 0% to
24.94% and the positive-sequence voltage from 100% to 97.43%at capacitor changes from C=1 pu to
C=1.3715 pu. Regarding the calculated results, the negative-sequence voltage varies from -27.92% to 32.9%
and the positive-sequence voltage varies from 96.96% to 103.24% at C=0.8 pu and increases to 1.3715 pu. The
positive sequence voltage varies from 94.65% to 97.4% of the operating phase voltage. Figurel3 shows the
effect of negative-sequence voltage on the negative sequence current produced by SERG. The resulting
negative sequence currents vary with the degree of unbalanced voltage factor almost linearly varied from 0 to
25.4% experimentally and from -25.41% to 33.4% calculated.

Table 4. Experimental results at unsymmetrical excitation capacitance

Excitation capacitance connected to Phase (b) 1pu 1.062 pu 1.124 pu 1.186 pu 1.2476 pu 1.372 pu
V, 162.9 165.3 166.9 169.5 168 171.2
Vp 164.1 163.4 163.9 164.8 163 165
Ve 163.8 164.6 166 166 165.4 165.8
V, 163.59 164.12 164.58 164.68 161.97 159.8
Vi 0.248 7.425 13.46 20.356 26.02 39.86

UVF% 0.152 4524 8.179 12.361 16.07 24.94
la 7 7 7.4 7.5 7.8 7.9
Ip 7.1 7.1 7.1 7.3 7.2 7.2
I 6.8 6.9 6.9 6.9 7 7
Iy 6.9666 6.991 7.096 7.152 7.195 7.11
In 0.094 0.274 0.666 0.95 1.281 1.73

15

30

25 \\
20
E 15 \\ P

10 N ,{/ "

0 v
0.3 0.9 1 11 12 13 14 15

Excitation Capacitance in pu at phase terminal (b)

n Experimental =——Calculated

Figure 11. The UVF variation against unsymmetrical capacitance in pu

-3
=3

tn
=

=

-
i
o

w
=3

5
In(A)
- i

=
=4
Negative sequance voltage Vin (V)

4
n

ot i ;
30 25 20 15 10 5 0 S
UVF%

e

30 -25 220 15 <10 -5 0 5
UVF%

+ VpEsxperiemental = = Vp Calculated

Vo Calculated

10 15 20 25 30 35 40

10 15 20 25 30 35 40

® Expermientel =——Calculated

® VuoExperiementa

Figure 13. Variation of the negative current
sequence component against UVF

Figure 12. Variation of positive and negative sequence
components of phase voltage against UVF

3.2.2. Case study 11

This case studies the performance of SERG under unsymmetrical loads. By connecting the phase
terminal (b) of the generator to various load impedance with keeping the load impedance of the other phases
terminals (a) and (c) constant. For normal operation, the obtained results are validated at C=161.5 pF,
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V=170 V and Nr=1216 rpm. The experimental results tabulated in Table 5 are collected by varying the load
resistance connected to phase (b) from 1pu to 1.673pu and open phase case.

Table 5. Experimental results at unsymmetrical load impedance
Load at Phase (b) 1pu 1.065pu  1.097pu 1.1617pu 1.2162pu 1.397pu 1.673pu open phase

Va 169.2 169.2 170.3 171.3 170.6 172.8 174.2 187.7
Vb 170 170 171 172 171.2 173.9 175.5 190.8
Ve 169.7 169.8 170.6 171.2 170.2 171.7 174.2 178.8
Vo 169.632 169.653  170.606 171.434 170.553 172.431 173.74 176.2
Vi 0.269 1.530 2.228 3.580 4.697 8.64 12.911 45.63
UVF% 0.159 0.902 1.306 2.088 2.754 5.0102 7.431 259
la 7.3 7.4 7.2 7.2 7.1 75 74 8.3
Ib 7.4 7.6 7.3 7.5 7.4 7.8 7.7 9.4
Ie 7.2 73 7.2 7.1 7 7.1 74 7.2
Iy 7.3 7.433 7.232 7.2631 7.161 7.453 7.473 7.98
In 0.07 0.153 0.1355 0.280 0.322 0.517 0.554 2.32

The calculated and experimental results of UVF are obtained at the resistive load connected to phase
(b) varies from 0.5 pu to 1.673 pu and keeps the load at other phases constant, as shown in Figure 14. Whereas
the zero value of UVF is considered the balanced point at the connected load for phase (b) is 1 pu, or the three-
phase voltages are equal at symmetrical three-phase load.

Figure 15 shows the variation of positive and negative sequence components of voltages against the
unbalance voltage factor UVF. The negative sequence voltage varies experimentally from 0 to 7.6% and 26.8%
at open phase conditions, while the calculated results change from 21.59% to 34.87% in the case of the open
phase. In addition, the positive sequence voltage varies experimentally from 100% to 103.65% and from
97.722% to 98.42% in the case of the open phase for the calculated results. Figurel6 shows the effect of
negative-sequence voltage on the negative sequence current generated by SERG. The resulting negative
sequence current varies with the degree of unbalanced voltage factor linearly from 0 % to 31.735% for
experimental results and from -19.9% to 36% for calculated results.
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Figure 14. The UVF variation against unsymmetrical resistive load (pu) at phase (b)
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Figure 15. Variation of positive and negative sequence components of phase voltage against UVF at
unsymmetrical load
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Figure 16. Variation of current negative sequence component against UVF at unsymmetrical load

CONCLUSION
This paper modeled and analyzed the stand-alone SERG under balanced and unbalanced operations.

The mathematical analysis of symmetrical components is derived and studied in detail. The calculated results
validated the proposed model and verified with experimental results of the laboratory SERG driven by a DC
motor. In addition, the performance analysis of the generator is presented and analyzed under normal and
unbalanced operations. The unsymmetrical loads and unsymmetrical excitation capacitances cases are studied
and validated to represent the performance of SERG at unbalanced operation. The voltage and current sequence
components are calculated by the symmetrical components method. The effects of both positive and negative
sequence components on the UVF machine voltages, currents, electric torque, and electric power are studied.
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