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Abstract

The paper is devoted to the study of the dynamic performance of a wind turbine in a remote site microgrid based
on a self-excited induction generator (SEIG) during sudden load connection. A dynamic model of the currents of
the SEIG in the stationary reference frame dq axis is introduced and the main effect of saturation flux in the SEIG
is explained. The case of self-excitation with different capacities and connected with purely resistive and inductive
loads are discussed in this paper.
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Nomenclature
Vass Var : Stator, rotor d-axis voltages
Lys, Loy : Stator, rotor d-axis currents
Vas: Var : Stator, rotor g-axis voltages
Ly, gy : Stator, rotor g-axis currents
Ly : Magnetizing Inductance
Lg, L, : Stator, Rotor Inductances
I : Magnetizing current
T, : Electromagnetic Torque
P : Number of poles
R, R, : Stator, Rotor resistance
Caq :Per phase terminal excitation capacitance
R, L : Load Resistance/ Inductance per phase
W, : Angular speeds of Rotor
Via: Vig : d-q axes load voltage per phase
Lia, liq : d-q axes load current per phase
Vear Veq : d-q axes capacitor voltage per phase
Lea, Ieq : d-q axes capacitor currents per phase
Tshaft : Shaft load torque.
X : Multiplier of speed
Per : The mechanical input power
V., : Wind velocity
B : Blade angle
Ry, : Radius of the wind turbine
p : Air density

1. Introduction

The gradual increase in oil prices combined with the hope to reduce oil consumption over the next 50 years have
forced researchers to focus their attention to the production of green electricity as an alternative power source [1].
The self-excited induction generators are good candidates for application in wind turbines in remote areas, because
they do not need an external power supply to produce their magnetic field [2]. These generators are very important
because of their convenience for various applications in the field of green electricity production [3]. The permanent
magnet generators can also be used for wind energy applications but suffer from an uncontrollable magnetic field,
which degrades over a period due to the weakening of magnets, and the voltage produced tends to fall steeply with
the load. FIG. 1 shows the principle of converting electric energy in a wind turbine. The SEIG has a self-protection
mechanism because the voltage collapses when there is a short circuit at its terminals. In addition, SEIGs have
other advantages such as low cost, reduced maintenance, brushless construction with the squirrel cage rotor and
simple, no DC power required for excitation. The cost of maintenance is low cost compared to the synchronous
generator [3, 4].
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Fig. 1. Principles of Wind Energy Conversion

2. Modeling of Wind Turbine

2.1 Aerodynamic Model

The aerodynamic model should produce aerodynamic torque from the wind speed and the rotational speed of the
turbine. This speed corresponds to the rotational speed of the low-speed shaft (£2b) [5, 6]. To perform modeling
of aerodynamics, the expression of mechanical power produced by a wind turbine is used. This quantity of power
Paer depends on the C,, power coefficient. It is given by the following equation:

1
Paer ZE,DT[RZVB‘Cp(/Lﬁ) (1)
The power coefficient is a function of the specific speed (A) and the pitch angle () of the blades of the wind turbine.

The expression of mechanical power can be modified to represent the mechanical torque of the power extracted
from the wind:

1 Cp(A.B)
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If B is fixed, we have:

Tuer = 5 PRV 22 )
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The power coefficient is generally modeled by the following analytical expression:
—cs

AR = (;_21_ cf — 54) et +ceh (5)
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With ¢; = 0.5176,c, = 116,c3 = 0.4,¢c, =5, ¢z = 21,¢, = 0.0068
A typical ratio of C}, and A is shown in Fig.2. It is clear from this figure that there is a A value for which the power
coefficient (C,) is maximized [6].
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Fig. 2. Power coefficient in function of the specific speed for a fixed pitch (p = 0)

2.2 Wind Speed Gearbox Model
The multiplier adjusts the speed (slow) of the turbine to the generator speed in Fig. 3. This multiplier is
mathematically modeled by the following equations

T, = TaerI{G (7N
Deurpine = Tgec (®
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Fig. 3. Simplified mechanical model of the turbine

3. Modeling of SEIG

The model used for the simulation of the operation of the asynchronous machine takes into account the effect of
saturation of the materials. Indeed, the gap of asynchronous machines is generally low and the nonlinearity of
magnetic materials has a significant effect [7, 8] This effect is difficult to understand in the case of conventional
phase models. Therefore, it usually adopts two-phase models to consider in a comprehensive manner. Of course,
this assumes that the induction is homogeneous in the whole structure. In our approach, we adopt the model of
Park d-q of the asynchronous machine. The effect of saturation is taken into account via a magnetizing inductance
(Lm). This is approximated by a polynomial function of the voltage V,;, [8, 9]. Using the relationships between
the components of flux and currents in the dq arbitrary reference benchmark yields the voltage equations and flow
expressed as:

3.1 Electrical Equation
To the stator

{Vqs = Rsiqs + wogs + p¢qs 9)
Vas = Rslgs — w¢qs + pdas
To the rotor
Vir = Rrigr + (0 — w)Pgr + pdgr (10)
Vér = R;“lt,ir - (w - wr)d)t,;r + pd)t’ir
3.2 Magnetic Equation
To the stator:
{¢qs = Lisigs + Lo (igs + i) (1
bas = Lisigs + Lm(ids + itli‘r)
To the rotor:
{¢¢Iq‘r = L,lritlrr + Ly, (iqs + i:p’) (12)
¢(,i7" = ,lritlir + Lm(ids + ltlir)
3.3 Equation of electromagnetic torque:
3 . .
T, = (E) (PLm)(ldslqr - lqsldr) (13)
3.4 Driving torque of the SEIG:
Tp = () P, + T, + fPaw, (14)
Dppec = P.w, (15)

Whereggs, @as, Par and ¢g, denotes the flux linkage, p = d/dt denotes Laplace transformation.

The self-excited induction generator (SEIG) works just like an induction machine in the saturation region, except
for the fact that there are excitation capacitors connected across the terminals of the stator. In our work, the
benchmark reference related to the stator (o = 0) is used to simulate the model of SEIG Fig. 4
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Fig. 4. Circuit diagrams of the SEIG in the Park reference d-axis and g-axis connected to the stator
State-space dynamic model of SEIG

[=AI+B (16)
_iqs_ _Lqur - Lerq_
icls 1 LmKd‘r - L‘erd
I= B = -
iqr Lchq - Lqur
L gy L Veq — LsKy
J d_r mzcd shdr ) (17)
—L,R; — L3 w, LyuR, — Lyw.L,
12, w, —L¢R; Lyw.L, LR,
A=2
“I'' LR,  LiwlL, -L{R, Lyw.lL,
| -L,w.L,, LyRs —Liw,.L, —LsR, |
Ly=Ls+Lyetl, =L, +Ly, (18)
The capacitor voltages in Fig. 4 can be represented:
1 .
Veg = Ef igs dt + Veqo (19)
1 .
Vea = Ef igs dt + Veao (20)

3.5 Determination of the initial conditions

The induction machine requires the residual magnetism for the self-energizing process. Residual magnetism cannot
be zero. The initial conditions required in the equation for the simulation of self-excited induction generator can
be determined from measurements of the induction machine and capacitors. The initial voltage on the capacitor
decreases with time due to leaks. V40, Vcqo are the initial capacitor voltages.

Veqo = ch|t=0 et Veao = Veale=o (21)
The constants K- and K, are due to the remanent flux in the machine.
Ky = wr¢qr0 et Kq‘r = WrParo- (22)

3.6 Modeling of an Autonomous Induction Generator Taking Into Account the Saturation

In most cases, the linear model of the asynchronous machine is sufficient to achieve good results in the analysis
of transients (start ...). This model assumes that the magnetizing inductance is constant, which is not entirely true,
since the magnetic material used for manufacturing is not perfectly linear. However, in certain uses of the
asynchronous machine (self-excited generator, wind), it is essential to take account of the effect of saturation of
the magnetic circuit and thus the variation of the magnetizing inductance [10, 11]. When the capacitors are
connected across the terminals of the stator of an induction machine, driven by an external motor or a wind turbine,
a voltage will be induced on its terminals. The electromotive force (EMF) and the current induced in the stator
windings will continue to rise until the balanced state is reached, influenced by the magnetic saturation of the
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machine. Therefore, the magnetizing current should be calculated for each stage of integration in terms of dq
currents of the stator and rotor as:

Im = \/(Ids + Idr)z + (Iqs + Iqr)2 (23)
n = | as)? + (%)’ (24)

The magnetizing inductance is calculated from the magnetization characteristic expressed using the curve between
Lm and V,,. The relationship between Lm and Vp,, is achieved by a synchronous speed test for SEIG testing and

can be written as:
L, =-157x% 10‘11szh + 2.44 x 10‘8Vp3h —1.19 x 10‘5szh +1.42 x 10‘3Vph + 0.245 (25)

TABLE.l. PARAMETERS OF THE TURBINE.

Parameters name Values
Wind radius R=35.25m
Multiplier Gain G=6
Inertia of the shaft J=100 kg.m?
Air density p =1.225 kg/m’

TABLE.2. PARAMETERS OF THE SEIG.

Parameters name Values
Nominal power Pm=3.6 KW
Nominal voltage V=250V (A)
Nominal current I,=78 A
Stator resistance Rs =1.66 Q
Rotor resistance Rr=2.74 Q
Stator inductance Ls =11.4 mH
Rotor inductance Lr =114 mH
Mutual inductance Ln,= 180 mH
Number of pole pairs P=2
Coefficient of friction fr=0.0024N.m.s™!
Frequency F=50Hz

4. Simulation Results

Simulation results were determined for the SEIG without load and different loads, with the conditions of balanced
and unbalanced excitation. The simulations were obtained with MATLAB / Simulink. Residual magnetism in the
machine is taken into account in the simulation process, since it is necessary for the self-excitation. The data of
this machine are given in Table no.1 and no.2 Table. The performance of this machine has been studied in different
conditions, being balanced and unbalanced. Two excitation capacitors are chosen for C; = €, = 60 uF.

—>
—> Gear box
Wind -
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1

Fig. 5. Schematic Diagram of the WECS
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Fig. 7. Current accumulation under different capacitors excitation
The passenger response to different excitation capacitors Fig.6 shows the voltage accumulation under different
capacitors excitement. It is clear that the process of accumulation is much faster with the larger capacitor (80 uF).
In addition, the importance of voltage is much higher in the case of larger capacitor. The effect of the excitation
capacitor on the generator current is illustrated in Fig.7. The excitation current is higher with the larger capacitor
excitation.
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4.1 Sudden loss of a portion of excitation capacitor in a phase
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Fig. 8. Voltage curve with a loss of part of the excitation capacitor
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Fig. 9. Current curve with a loss of a part of the excitation capacitor
Fig. 8 shows the response of the SEIG when there is a sudden loss of an excitation capacitor. It is assumed that the
phase excitation capacitor Vy, suddenly changed C,; from 60 to 50uF at t= 1.4 seconds while Cy is kept without
change. This case represents an imbalance upon excitation of the SEIG. It is clear that this disruption reduces the
phase voltages differently. The effect of the disturbance on the phase current is shown in Fig.9. The reduction of
the excitation capacitor could lead to voltage collapse as can be seen in Fig.8.

M

4.2 Simulation of self-priming in a resistive load.
The principle is the same as empty, except that the additional equations will change as follows:

i, =i, —1i
We _ 1,
at ¢ ¢ (26)
.V
i =-=
L™ R

icn: load current.
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Fig. 13. Voltage curve for resistive load R=20Q
The effect of the sudden change by a resistive load is shown in Fig.10. Fig.10. At t = 1.4 seconds the resistive
load of 5042 value is suddenly applied across each phase. It is clear that the voltage drop and current increases with

an increase against Fig.12 load current. But when applying a load R

= 204 is clearly seen on Fig.13 and Fig. 14,

the SEIG peaks and the excitation capacitor cannot have the means for balanced operation and the generator loses

its voltage.
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4.3 Simulation of self-priming with an inductive load.
The principle of self-priming charge remains the same as no load, except that the equations of excitement will take

another form. The equations in the generalized reference Park transform are:
d 1., .
EVds = E(lds — la)
A0 . @7)
el = E(Vds — Riiig)

atVas = ¢ (igs = 1)

g = 2 (Vas = Rilig)

i i

(28)
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Fig. 16. Current curve for RL load
The effect of the sudden change by RL load is shown in Fig.15. Fig.16. Att = 1.4 seconds where R = 502 and
= 5mH is suddenly applied across each phase. It is clear that the voltage drop and current increases with an
increase against Fig.17 load current.
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The effect of a pure inductive load on transient response is seen in Fig.18 and Fig.19, when a sudden pure inductive
load is applied att = 1.4 seconds. The inductor value applied through each phase is 250 mH. The response
indicates that the excitation capacitors are not in this case able to keep a stable operation.

Conclusion

This model is suitable for studying the generator operation in balanced and unbalanced conditions. Operating the
generator to different values of the excitation capacitors is studied in this paper, and the results indicate that the
high voltages correspond with high values of the excitation capacitors. Disconnecting a part of the excitation
capacitors in a phase may lead to voltage collapse as shown by the results. The application of the resistive load
can also lead to a complete loss of output voltage if it exceeds certain limits, which can have an indirect effect on
the excitation current. The increase in the inductive load reduces the output voltage. Therefore executing SEIG
under balanced resistive load and the balanced excitation, the voltage and the stator currents, load currents and the
currents of the capacitors are balanced. In this case, the voltage buildup is quite fast. Therefore, in a specific load
margin, a SEIG can be effective, and inexpensive as a system for feeding of isolated areas, even when loads are
unbalanced, regardless of whether static converters are used.
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