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1. INTRODUCTION

Due to their stable performance, synchronous machines are frequently exploited as generators in
electrical energy production, especially in high-power systems. These generators are subject to different
asymmetries. The most encountered are the stator asymmetries which are mainly due to the short-circuit faults
and unbalanced load conditions. The modeling of unbalanced synchronous generators (USG) makes it possible
to predict the abnormal function under unbalanced conditions [1]-[5]. To validate this approach, the unbalanced
load conditions have been considered.

Modeling and detection of dysfunctions in electrical machines is an important area of research for
both industrial and scientific researchers. For this, the well-known approach consists of processing a
monitoring signal [6]-[15]. Regarding this approach, the main drawback is to choose the convenient signal that
makes it possible to discriminate asymmetries characterized by similar signatures. The second approach uses
the analysis of a residual signal [16]-[18]. This approach can generate false alarms due to the sensitivity to
model parameters. Recently, the advanced approach has been based on intelligent techniques. The serious
drawback of this approach is its complexity for implementation [19]-[22].

Systems monitoring research often requires a precise model. The most used approaches are the finite
elements and symmetrical components methods [23], [24]. In this work, a state model has been developed
considering neutral voltage. This approach is characterized by some advantages. Firstly, it can be generalized
for the modeling of severe defects like open-phase and short circuits. Furthermore, by comparison to classical
approaches based on the finite elements and symmetrical components methods, this approach gives a good
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compromise between precision and simulation time. The obtained results show the effectiveness of this
methodology for the behavioral analysis of USG.

2. USG STATE MODEL
For USG, the stator voltage equation is expressed by (1)-(6) [25].

d[¢sd

= [usd] + [Rsd][isd] @
With:
[usd] = [Td][vn] O]
[®sd] = [Td][®s] ©))
[Rsd] = [Td][Rs] (4)
+1 -1 0
[Td] = 1 -1 ®)
-1 0 +1
[vn] = [RI][isd] (6)

[®s],[isd], [vn]are respectively the vector of the stator flux, stator currents, and load voltages, [Rs], [R!] are
respectively the matrix of the stator and load resistances. The rotor voltage equation is expressed by (7).

doy
dt

= Vr — Rrir @)

To establish the state model of the USG, it’s important to express the machine currents in terms of the
machine fluxes. For this, we define a vector of two independent currents as illustrated by (8) [25].

[iabs] = [Las] 8

The stator and rotor fluxes are calculated using (9)-(13),

[®abs] = —[Lsd][iabs] — [Lsrd]ir 9
®r = —[Lrsd][iabs] — Lr.ir (10)
[®abs] = [Asd][®s] (11)

with (12) and (13).

s =y 3 4] (12
+1 0

[Bsd] = +1 (13)
-1 -1

[Lss] is the matrix of the stator inductances; [Lsr] is the matrix of the stator-rotor mutual inductances; ir is the
field current; and Lr, Rr are respectively the inductance and resistance of the rotor winding. Therefore, the
stator and rotor currents are expressed by (14)-(19).

[iabs] = — ([Lsd] — ﬁ [Lsrd] [Lrsd])_1 ([(pabs] — [Lsrd] %) (14)
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ir = —(Lr — [Lrsd][Lsd]~*[Lsrd])~*(®r — [Lrsd][Lsd]~*[pabs]) (15)
[Lsd] = [Asd][Ls][Bsd] (16)
[Lsrd] = [Asd][Lsr] 17)
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From (1), (8), (14), and (15), the USG state model will be expressed by (20) and (21).

dt

d;r = Vr + R, (Lr — [Lrsd][Lsd] [Lsrd])~*(®r — [Lrsd][Lsd] *[As][®sd]) (20)
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The electromagnetic torque is expressed by (21).

_ f . qr OlLst] .
Te = [is]"==ir (21)

Tm is the input torque; J is the inertia; fv is the viscose friction coefficient. The neutral voltage von is calculated
using (22) to (23) [25].

Yi=a,b,cvin—vio)
3

von = ,i=a,b,c (22)

Where the stator voltages are calculated by (23) [25].
vin = risiis + %,i =a,b,c (23)

Ts is the sampling time.

3. SIMULATIONS

Using MATLAB, the state model is simulated for a synchronous generator of 1.5 kVA, 4/2.3 A,
220/380 V — 50 Hz. Att =0, the field current is established with no load conditions (open stator). After that,
the balanced load of 110 Q is connected to the generator at t = 0.25 s. An unbalanced load of ry =220 Q, rp =
ra = 110 Q is selected at t = 0.5 s. The stator, currents, and their fast Fourier transform (FFT) are shown by
Figures 1(a)-1(d) (see Appendix), respectively. The field current and electromagnetic torque are shown in
Figures 1(e)-1(f) (see Appendix), respectively. Figures 1(g) and 1(h) (see Appendix) show the neutral voltage
and its spectrum analysis, respectively.

Simulation results show that distortion is produced through the temporary voltages and currents as
illustrated by Figures 1(a) and 1(c), respectively. As mentioned in Figures 1(b) and 1(d), the spectrum analysis
shows that some harmonics of impaired orders (150 Hz, 250 Hz, ...) are generated over the stator voltages and
currents. Due to the magnetic interaction between stator and rotor circuits, the field current is affected as
illustrated by Figure 1(e). Figure 1(f) shows that a pulsating torque is created causing undesirable effects such
as vibration, noise, and heating of the unbalanced generators. Regarding the neutral voltage, it is about 65 V
as shown in Figure 1(g). Figure 1(h) shows that specific harmonics of impaired orders are observed through
the spectrum analysis of the neutral voltage.

4., EXPERIMENTS

An experimental test has been conducted on a three-phase synchronous generator of 1.5 kVA, 4 /2.3
A, 220/380 V — 50 Hz. The rotor current is established with open stator. After that, a balanced load of 110 Q
is connected to the generator. Asymmetrical load of ra = 220 Q, o = rg = 110 Q is considered. The neutral
voltage and its spectrum analysis are illustrated in Figures 2(a) and 2(b) respectively. Figures 2(c) and 2(d)
illustrate the spectrum analysis of the stator voltages and currents respectively.
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For an unbalanced load, the neutral voltage reaches about 55 V as illustrated by Figure 2(a).
Figure 2(b) shows the FFT of the neutral voltage where specific harmonics of impaired orders are generated.
These harmonics are similar to the harmonics of the stator voltages and currents as illustrated by Figures 2(c)
and 2(d), respectively.
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Figure 2. USG experimental results: (a) neutral voltage, (b) FFT of neutral voltage,
(c) FFT of stator voltages, and (d) FFT of stator currents
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5. CONCLUSIONS

A new methodology has been investigated for the behavioral analysis of the USG. To test the validity
of this methodology, unbalanced load has been considered. Severe effects are mentioned like vibration, noise,
and excessive heating of the USG. For this reason, it’s mandatory to avoid all asymmetries before they lead to
a progressive destruction of the generators. The FFT of the neutral voltage, stator voltages, and currents have
been proposed for the detection of stator asymmetries. This work may be extended to several faults like open-

phase and short-circuits.

APPENDIX
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Figure 1. USG simulation results: (a) stator voltages, (b) FFT of stator voltages, (c) stator currents,
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and (d) FFT of stator currents
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Figure 1. USG simulation results: (e) field current, (f) electromagnetic torque, (g) neutral voltage,
and (h) FFT of neutral voltage (continued)
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