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Abstract

This paper covers the analysis, dynamic modelling and control of an isolated self-excited induction generator
(SEIG) driven by a wind turbine. The proposed dynamic model consists of induction generator, self-excitation
capacitance and load model which are expressed in stationary d-q reference frame. The dynamic performance of
SEIG is investigated under no load and on load. To predict the performance of the system, a MATLAB based
simulation study using matlab embedded function block was carried out. Simulations from the variations of the
speed and load display the dynamic behavior of the generator. A constant capacitor value of 100 micro-farads was
used in this work. The simulation results obtained illustrate the changes in the voltage, currents, torque and
magnetizing inductance of the generator. The wind velocity increase led to the increase in mechanical input from
the wind turbine. This results in the increased rotor speed leading also to increased stator phase voltage. The
obtained simulations also show that the output voltage of the induction generator depends greatly on its shaft speed
and load; this poses a potential threat as it is capable of causing a significant variation in the power consumption
in the load of the machine.
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1. Introduction

Apart from the common use as motors, three-phase induction machines are also used extensively as generators in
electric power systems. Induction generators offer advantages for hydro and wind applications in terms of cost and
simplicity. They also play an important role in the renewable energy industry today. Among the renewable energy
sources wind energy has proven to be one of the most economical one (Ma, 2012). However, the need for an
external power source to provide its excitation is a big limitation of induction generators. The possibility of using
a Self-Excited Induction Generator (SEIG) where a three-phase capacitor bank is connected across the stator
terminals to supply the reactive power requirement of a load and generator was discovered by Basset and Potter in
the 1930s (Basset & Potter, 2009). An external mechanical power source drives the induction machine giving rise
to residual magnetism which produces emf in the stator that is applied to the capacitor bank which causes current
flow in the stator and creating a magnetizing flux in the machine (Ma, 2012). An induction machine connected
and excited in this manner is capable of acting as a standalone generator supplying power (real and reactive) to a
load. In this mode of operation, the capacitor bank supplies the reactive power requirement of the load and
generator while the real power demand of the terminal load is supplied by the prime mover. These machines are
very economical, reliable and are available in the ranges of fractional horse power (FHP) to multi —-megawatt
capacity (Ofualagba & Ubeku, 2011). Also, unlike synchronous machines, induction machines can operate at
variable speeds. There is need for gearbox since there should exist a downward to upward conversion at the side
of wind turbine in favour of the speed or rotor, which is consequent of the induction machine type; that is whether
it squirrel caged or wound rotor type. Ruggedness, simplicity and cheap characterized the choice of squire cage
rotors’ use in stand-alone schemes as against wound rotor type which is capable of high starting torque yield with
the attendant rotor power extraction at the expense of power electronics cost at the rotor (Ofualagba & Ubeku,
2011). An induction motor can operate as a generator in super synchronous speed raised by an overhauling type
of load, or by lowering the inverter frequency below the machine speed, when there is a converter-fed machine
drive (Tamas & Szekely, 2013). An induction generator with a squirrel cage rotor can be specifically designed to
work with wind turbines, with a larger slip factor, convenient deformation in the torque curve, winding sized to
support higher saturation current and increased number of poles. In application to wind energy conversion systems,
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the induction generator produces electricity through various energy conversions. The kinetic energy from the wind
is converted into mechanical energy which is then converted into electricity that is sent to a power grid. The turbine
components responsible for these energy conversions are the rotor and the generator (ni.com, 2017). Varying speed
operation will result to varying rotor speed which will affect the behavior of the generator. For an induction
generator, there is a load current limit which if exceeded, the residual magnetism falls to zero and the machine is
de-excited. When this happens, there are four methods available for its re magnetization (Simoes & Farret, 2015):
(1) maintain a spare capacitor always charged and, when necessary, discharge it across one of the generator’s
phases, (ii) use a charged battery, (iii) use a rectifier fed by the distribution network, or (iv) keep the induction
generator running for about ten minutes so the reduced presence of the residual magnetism in the iron can be fully
recovered. This study is to be demonstrated using the model of a SEIG for wind power generation. Matlab program
is used in modelling the equations, the analysis and simulation will be so useful since hither to, the dynamic
response behavior of the system can be predicted.

1.1 The Wind Energy System
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Figure 1. Wind energy conversion system

The wind power generation system is shown in Figure 1. The wind turbine consists of gearbox, generator, hub,
rotor, low-speed shaft, high-speed shaft. The wind turbine is coupled to the shaft of an induction generator (SEIG)
through a gear box. The IG is connected to capacitor banks for self-excitation. Wind energy turbines could be
classified as horizontal-axis or vertical-axis (Martinez, 2007) that is, in terms of the axis around which the turbine
blades rotate. Most are horizontal axis wind turbines (HAWT), but there are some with blades that spin around a
vertical axis (VAWT). The only vertical-axis turbine which has been manufactured commercially at any volume
is the Darrieus machine, named after the French Engineer Georges Darrieus who patented the design in 1931
(Masters, 2004). The shape of the blades is that which would result from holding a rope at both ends and spinning
it around a vertical axis, giving it a look that is like a giant “egg whisk”.

Another wind turbine classification is whether the rotor is allowed to run at variable speed or constrained to operate
at constant speed. Fixed-speed wind turbines (popularly known as the “Danish concept™) (Singh, 2014) are the
most basic utility-scale wind turbines in operation. They operate with very little variation in turbine rotor speed
and employ squirrel-cage induction machines directly connected to the grid. Because of the limited speed range in
which these turbines operate, they are prone to torque spikes that may damage the mechanical subsystems within
a turbine and cause transients in the electrical circuitry. Variable-speed wind turbines are designed to operate at a
wide range of rotor speeds. According to (Al-Nuaim, 2005) wind turbine and induction generator models are
respectively classified as shown below.

a) Constant speed, constant frequency systems are grouped as Variable Pitch Ratio gear, Variable pitch two-
stage (or multi-stage) ratio gear and Fixed Pitch Variable Ratio gear.

b) Variable speed, constant frequency with series connected circuit. For the induction generator model;(i) Non-
isolated-where excitation required are provided by an external A.C source and (ii) Isolated type (self-excited),
in which excitation is provided by a terminal capacitor.

2. Methodology

2.1 Modelling of the Turbine and Drive Train
The kinetic energy in air of the blade of mass m moving with a certain speed V'w is given by
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= ~mVw? (1)

The tip speed ratio, A is the ratio between the speed of the tips of the blades of a wind turbine and the speed of the
wind and is defined as

wwR
Yw

A= 2

where o is the blades angular velocity (rad/s), R is the wind blade radius (m) and v is the wind speed (m/s).
Based on the Betz theory, the mechanical power Pm extracted from wind energy can be written as
Pm = 0.5C,(A, B)pV,3 R? 3)

Where C,(4,B) is the wind speed power coefficient, p is the air density (kg/m?) and V, is the wind speed
(m/s).

The aerodynamic efficiency of a wind turbine is described by the power coefficient C,(4,8) which is
dimensionless and nonlinear.

The mechanical torque is given as

T=C,w €)]
The equation of motion of the induction generator is given by
dwg ™m
H g 7 =Te+ n (5)

The mechanical torque m T can be modelled with the following equation

Wg— Wy

Tm=K.2+D (6)
dae
E= Wg — Wy @)

where 7 is the gear ratio, 0 is the angle between the turbine rotor and the generator rotor, w,,, w,, Hg are the
turbine and generator rotor speed and inertia constant, respectively, K and D, are the drive train stiffness and
damping constants, 7' w is the torque provided by the wind and 7e is the electromagnetic torque.

2.2 Modelling and Analysis of Self-Excited Induction Generator

For the modelling of SEIG, the iron and the rotational losses are neglected, while the magnetizing inductance is
used instead of the magnetizing reactance since it varies with the frequency. The Self-Excited Induction Generator
model in the D-Q stationary reference frame (Simoes & Farret, 2015) is shown in the figure 2 below.

b

Figure 2. Representation of SEIG in d—g axis
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2.2.1 Unloaded SEIG Model
The D-Q models of SEIG in the stationary reference frame (Umoh, 2010) is shown in figures 3 and 4.
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Figure 3. D-Q model of SEIG in Stationary reference frame (d-axis)
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Figure 4. D-Q model of SEIG in Stationary reference frame (g-axis)

A self-excited induction generator (SEIG) with a capacitor is initially considered to be operating at no load. The
reference position is put on the stator under every normal operating condition including transient ones. The
subscript s refers to the stator, while r refers to the rotor. The voltage drops across the capacitor (direct axis, ved
and quadrature axis, vcq) is included in the matrix.

The capacitor voltages are represented

1 .
ch = Eflqsdt + chO (®)

1,
Vea = Ef lgsdt + Veao ©)
Where Vg0 = Vg, att=0and Vego = Vg4, at t =0 are the initial voltage along the g-axis and d-axis capacitors,
respectively (Sen, 1996). The rotor flux linkage is given by
Aqr = Lmiqs + Lriqr + Aqro (10)

Aar = Lnias + Lrigr + Aaro (11)

Where Ly = Lig+ Ly and Ly = Ly + Ly; Agro = Agr at =0, and Ay = Ag, at t = 0 are the remnant or
residual rotor flux linkages along the g-axis and d-axis, respectively.

Let w, be the electrical angular speed of rotor, Ko = wyAgro and Kgrg = wyAgre represent the initial d-
axis and g-axis induced voltages respectively. The constant Ko and Ky are due to the remnant or residual
magnetic flux in the core. w, is the equivalent electrical rotor speed in radians/second. That is, FElectrical speed

= number of pole pairs x mechanical speed (Induction generator, 2017).

The d-q model of a self-excited induction generator, in the stationary stator reference frame has its matrix equation
given as:
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Rs+pLs+1 0 L 0 7.
s pLg /pC . PLlm lqs cho 0
0 Rs +pLs + /pC 0 PLy ;ds + _Vli'do — 8 (12)
pLm —wyLy, R, +pL; =Ly [ |97 aro
idr Kdro 0
WLy pLy, Wy Ly R, +pL,
[Z1[1,] + [] = [0] (13)

Where Z is the impedance matrix, I, is the stator and rotor currents vector and V, is the voltage vector due to
initial condition (Oti, Nwosu &Agu, 2013).
2.2.2 Modelling of SEIG under Different Loading

A load represented by ZL is connected across the excitation capacitor to represent the loaded condition of the
SEIG. The nature of the load can be resistive and an inductive.
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Figure 5. Circuit model of loaded SEIG in dq stationary reference frame (q-axis circuit)
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Figure 6. Circuit model of loaded SEIG in dq stationary reference frame (d-axis circuit)
From above circuit by applying KVL we can get the voltage equations as follows
A
Vis = Rylgs + 2L+ wlgs (14)
; da
VdS = RSLdS + d—gs - quS (15)
dAgr
Vqr - erqr + dt + ((U - wr)ldr (16)
Vi = R.i Aldgr _ 1 17
ar — rlar + dt (w wr) qr ( )
Where Vg, =V, = 0 (short circuited rotor)
The following differential equations can be derived from the equations
Los = M[—LgRyigs — wplhigs + LuRriqr — @pLogLpigy + Ly V] (18)
dt sfistgs rtmtds mirigr rtm&rtdr r¥qs
di . . . .
= = M[~L,Rsigs — @rLinigs + LmRylar — rLmLyigr + LyVag] (19)
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digy , . . ,
—LI = M([LyRsigs + @rLmLsias = LsRsiqr + wrLgLyiar + LiVis] (20)
digr . . . .
% = M[LmRslds - ermleqs — LsRyigr — ererlqr + Ldes] 21)
1
Where M = ———
LmLs— Lim

The electromagnetic torque expression is given as

Te = (S) (2) L [idsiqr - iqsidr] (22)

Where P is the number of poles, L, is the magnetizing inductance; R; and R, are the stator and rotor
resistances respectively.

The expression for magnetizing current is given as

. , , , . \2
lm = \/(lds + ldr)z + (lqs + lqr) (23)
2.2.3 Modelling of Excitation Capacitor

The capacitor model equations are as follows using d-q components of stator voltage as state variables.

ige = lgs — lar > iqc = iqs - iqL (24)
A% igs— 1
qs — qs— lqL _ 2
dt C erds ( 5)
And
AVas _ lgs—lan
e = el g, 26)

Thus, the load equation is given in the following equations

dig, _ Vgs — Rplqr — wrLpigy
dt L,

And

M _ Vas— RLigL— wrliiqL (27)
dt Ly

2.3 Magnetizing Inductance

The magnetizing inductance follows a relationship pattern given in (Obe, Umoh & Anih, 2011; Oti, Nwosu &Agu,
2013) as shown below

Ly = —1.56 X 101V, + 2.44 x 1078V, — 1.19 X 1075V;3, +1.42 x 1073V, + 0.245 (28)
Where, Lm the magnetizing inductance depends on the phase voltage Vph. This relationship between Lm and Vph
takes into account the effect of the magnetizing inductance on self-excitation.

3. Machine and Turbine Parameters
The parameters of the machine and the wind turbine are as given in tables below.

Table 1. Parameters of Induction machine

Machine Parameters
Parameters Values
Rated Power 3.6kW
Rated Voltage 415V
Rated Current 7.8A
Rated Frequency 50Hz
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Number of Poles 4

Stator Resistance 1.66 Ohms
Rotor Resistance  2.74 Ohms
Stator Inductance 11.4mH
Rotor Inductance 11.4mH

Table 2. Parameters of Wind turbine

Wind turbine Parameters

Parameters Values
Blade Radius 35m
Pitch angle 0°
Gear ratio 65

Rated wind speed  13m/s
Tip speed ratio 7.1

4. Results

4.1 Saturation Curve

The magnetizing inductance is the main factor for voltage build up and stabilization of generated voltage for the
unloaded and loaded conditions of the induction generator.

The SEIG model for simulated for 10 seconds on no load with excitation capacitance selected as 100uf. The SEIG
driven by constant speed prime mover with 1600rpm at no load and simulation result are shown in figures 7 and 8
below.
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Figure 7. Voltage build up in a self-excited induction generator

magnetizing inductance against time
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Figure 8. Variation of magnetizing inductance with voltage buildup.

The voltage and current waveforms of SEIG reach steady state within 3.8 sec. The steady state peak value of SEIG
terminal voltage is 240 volts. Figure 7 shows the voltage buildup process, which demonstrates the variation of the
terminal voltage within 10 seconds of the startup of the generator. From Figures 7 and 8, the phase voltage slowly
starts building up and reaches a steady-state value while the magnetization inductance starts from a value 0.245.
Magnetizing inductance increased rapidly to a value 0.294 at t = 3.13 sec. It also decreased to get a steady value
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of 0.188 at t = 3.8 seconds, therefore, the self-excitation traces the process of magnetic saturation of the core, and
a stable output results with the machine core saturated.

4.2 Loading Condition
(1) Considering simulation results the WECS made up of the SEIG and the wind turbine

being driven by at no-load and then loaded at 5seconds

phase voltage against time on loading
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Figure 9. Phase voltage variations showing the effect of loading

The phase voltage decreased to a value 184V and removing the load increased to a constant voltage of 240V. The
generator’s voltage drops when the load impedance is increased resulting in poor voltage regulation.

(i) Loading with speed variations
The speed was increased to 1800rpm with a loading at t = Sseconds. The simulation results are shown in figure 10.

phase voltage against time (speed = 1800rpm)
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Figure 10. Phase voltage variations on increased speed

4.3 Loss of Excitation due to Overloading

The system was overloaded after actualizing excitation at t = 5sec and the following simulations show the behavior
of the generator.
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Figure 11. Botched excitation due to heavy load
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Figure 11 shows the effect of overloading leading to excitation loss. Increase in rotor speed or drive torque that is,
increasing the capacitor value are different ways by which increased load current could be compensated.
Eventually for this case these requirements were not met giving rise to excitation loss.

In a SEIG when load resistance is too small (drawing high load currents), the self-excitation capacitor discharges
more quickly, taking the generator to the de-excitation process hence, the rotor speed deviation is proportional to
the voltage deviation.

4.4 Reduced Speed and Loading Effect on Excitation

Here, the rotor speed was varied to 1485rpm at t= Sseconds. Consequentially, load was applied at t = 8seconds at
that same speed of 1485rpm. This resulted to loss of excitation.

The following simulation results were obtained at reduced speed of t= 5seconds and loading at t = 8seconds
i. C=130ufatt=12sec
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Figure 12. Phase voltage against time at ¢ = 130uf

il. C=140ufatt=12sec
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Figure 13. Phase voltage against time at C = 140uf

In figure 12, the capacitor value was changed to 130uf at t = 12sec. Due to the capacitor value was not sufficient
enough for excitation, there was no voltage value. It shows that for a particular capacitor value, there exist a range
for speed and loading to avoid de-excitation.

In figure 13, the capacitor value was changed to 140uf at t = 12sec. There was voltage build up for this value of
capacitance. The process of excitation requires capacitor banks and is limited to certain speeds and loading of the
generator size.
5. Conclusion

In this paper, an analysis in respect of wind energy dynamics using electrical generator suitable for wind energy
conversion system has been presented. As the wind speed varies for any type of turbine, the rotor speed of the
generator varies and it has effect on the voltage generated. A change in the load impedance directly affects the
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machine excitation. The effects of Rotor speed variation and stand-alone generator mode of magnetization
inductance on the induction generator were discussed in detail. Going by simulation results as showcased, it can
be inferred that the self-excited induction generator (SEIG) is characteristically capable of delivering at adjustable
speeds as long as the reactive power is enough. This is because the reactive power of the excitation capacitors is
shared by both the induction machine and the load impedance.

Therefore, performance wise, an induction generator can start either loaded or without load, accepts constant and
variable loads, and is capable of continuous or intermittent operation and has natural protection against short circuit
and over currents through its terminals. That is, if the load current limit is exceeded, de-excitation results because
the residual magnetism would have fallen to zero.
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