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Abstract — This paper presents a stand-alone wind power system supplying a three- phase induction motor for
pumping applications. The nonlinear dynamical mathematical model for the system components is presented
and used for the numerical simulations. The system comprises a wind turbine driving a self-excited induction
generator (SEIG) terminated by capacitor bank. This energy source feeds (IM) driving a centrifugal pump. The
voltage regulation is established through a voltage controller by changing the excitation capacitance that
provides the reactive power needed for self-excited induction generator in response to any voltage fluctuations
that might occur during the system normal operation or the load variations. The system performance is tested by
changing the load torque coupled to the motor. It is shown that the system has an excellent ability to run
smoothly at a wide range of motor loading conditions by changing the excitation levels as a result of changing
capacitor bank which indicates the robustness and proves the reliability of the integration between different
system components. Numerical simulations are executed using MATLAB software.

Keywords — Self-excited induction generator; SEIG; Wind system; Induction motor; IM; Dynamical analysis;
voltage controller.
I. INTRODUCTION

As the world population is increasing in alarming rates [1], the demand for renewable energy resources became
one of the world’s crucial concerns. So many researches are conducted recently in this field. Furthermore, the
environment concerns and other related issues have triggered the attention for the use of renewable energy
resources for example wind, solar, fuel cells, water power etc., as solutions for the anticipated serious problem
in many countries. The signs of the global energy crisis motivate scientists and researchers from all over the
world to increase their interest in the SEIG for huge potentials for renewable energy resource. The SEIGs are
increasingly considered for remote applications. SEIG are appropriate for rural areas applications because of
their economic cost, operational simplicity, low maintenance burden, and no extra excitation supply are the
chief benefits of utilizing the SEIG for power generation [2].The stand-alone self-excited induction generator is
primarily IM that is driven by a prime mover, while using an external capacitor bank connected to its stator
terminals for building the air-gap flux, and supplying reactive power to the load. The SEIG loads might be static
and dynamic loads. Lots of research concentrated upon the static loads coupled to SEIG [3].The research on
dynamic IM load is limited to steady-state analysis. For instance, an effort to study the behavior of the SEIG
with the IM load is firstly presented in [4] and later is presented in [5]. The transient analysis of the stand-alone
SEIG with the IM load is lately addressed in [6], [7]. This refers to study scarcity in this aspect so the transient
and steady state performance of the SEIG and IM load have to be further investigated even with voltage
regulators and variable loading. In this paper, dynamical and steady state simulations of a wind turbine using
SEIG feeding IM load for pumping application is investigated with voltage controller using variable capacitance
to supply the needed reactive power. Transient and steady state performance are presented when a load coupled
to IM shaft is changed and the capacitance value is automatically changed in accordance with any voltage
variation to supply the reactive power for SEIG and keeping the IM terminal voltage constant. The
implementation of the system components dynamical nonlinear models are presented in MATLAB environment.
Perturbation and Observation examined as MPPT excellent technique for PV generator electrically integrated to
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the grid is examined by carrying out Large-signal stability analysis through three-phase to ground symmetrical
fault imposed in the middle length of one phase from transmission power phases as the PV system is exposed to
different insolation levels, the related simulated numerical results reveals that the highly PV penetrated grid
sustains stability and also determined that the overshoot and the settling time are extremely influenced by the
fault clearing time and insolation, as the insolation level gets higher, the critical clearing time and the overshoot
get higher and the settling gets lower accordingly [8]. The model demonstrating the transient and the steady
state conditions for permanent magnet, shunt and series motors powered by PV system is presented and tested
for different insolation levels. The outcomes are compared to results obtained by using fixed voltage source for
powering the motors which reveals a good matching and a wide range of stable operating points [9]. FOCV
technique as MPPT scheme for the dynamical and transient study of DC series motor and AC three phase
induction motor supplied by a PV system at different insolation levels and various motor loading is examined
[10]. The transient behavior of a shunt Grouping of DC Shunt Motor and an induction motor supplied by
standalone PV power plant at different insolation levels is inspected, the MPPT for the PV system was achieved
for different insolation levels, the intended study investigated firstly the system reaction at different insolation
levels and changing the loading torque for both motors and secondly subsequent step alteration in insolation
levels with unchanging loading torques for both motors [11]. a DC shunt motor electrically powered and excited
by PV system for feeding the armature and the field circuits. FOCV method is employed for tracking the MPP
by synchronously varying the duty cycle of the DC-DC buck-boost power converter and thus keeping the
terminal voltage of DC-DC converters equals to the instantaneous one at the maximum power point drawn from
the PV power system [12]. Perturbation and Observation technique as maximum power point tracking method
for the dynamical analysis of DC shunt motor and DC series motor fed by a photovoltaic generator at different
solar irradiance levels and various motor loading conditions is investigated [13,14].

In this paper a stand-alone wind power system supplying a three- phase induction motor for pumping
applications is proposed. The nonlinear dynamical mathematical model for the proposed system components is
presented and used for the numerical simulations. The system comprises a wind turbine driving a self-excited
induction generator (SEIG) terminated by capacitor bank. The induction motor driving a centrifugal pump is
supplied by the wind turbine. The voltage regulation strategy is made through a voltage controller the common
coupling point by varying the excitation capacitance that furnishes the reactive power needed for self-excited
induction generator in response to any voltage fluctuations that might occur during the system normal operation
or the load variations. The system performance is tested after a successive step changes in the load torque
coupled to the motor which indicate reliability of the integration between different parts of the system under
study .This paper is structured in the following manner: Section 2 describes the configuration of the system
under study. The dynamical mathematical model of all power system components are outlined in Section 3. The
numerical simulations and discussions are addressed in Section 4 and finally conclusions are presented in
Section 5.

Il. SYSTEM CONFIGURATION AND DESCRIPTION

Figure 1 shows the schematic diagram for the stand-alone power system. It is an energy system which
comprises a wind-driven self-excited squirrel-cage induction generator at the coupling point the mandatory
lumped capacitance for the three-phase induction generator connected to its stator which is used to provide the
induction generator with its reactive power requirements. This energy system is used to feed a three-phase
squirrel-cage induction motor that is driving mechanically a coupled pump to its shaft.
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Figure 1. Schematic diagram for the power system under study

111.WIND TURBINE GENERATOR DESIGN AND THE SYSTEM DYNAMICAL MODEL

This section presents the mathematical equations representing the dynamics of the system and is also
summarized for all system components in their nonlinear form as projected on the synchronously rotating d-q
reference frame.

A. Three-phase induction motor

The nonlinear dynamical mathematical model of squirrel cage Three-phase induction motor in synchronously
rotating d-q reference frame can be summarized as [15]:

Lssm dl;(:m + Linm dl;% = Vgstws Lssmisqm+msmeirqm — Rgmisdm €9)
Lssm d;:ctlm + Linm dﬂ;ﬂ V —WsLssmisam-Wsbmmirdm — Rsmisqm (2
Lmm di;(:m + Lyrm di;ctlm = Var + (s — mrm)ermirqm +(ws — mrm)meisqm — Rimirdm 3)
Lmm d;j!m + ermﬁ‘;;m =Vq r—(Ws — Wrm) Lprmirdm— (Ws — Wpm)Lmmisdm — Rrmirgm “)
Jm di:i‘m = 3Pm (melrdmlsqm - meirqmisdm) —Tim 5)

B. Three-phase induction generator and wind turbine)

The nonlinear dynamical mathematical model of squirrel cage three-phase induction generator in synchronously
rotating d-q reference frame can be summarized as [15]:

dlsdn dll rde

Lssg dt + ngTn = _Vds +w Lssglsqg‘l_msngirqg - ngisdg (6)
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Lssgﬂggg + L %{g = —Vgs—WwsLssgisa — Wslmgirdg — Reglsqg @)
ngdl_t:ttjg + L”g%g = Var + (ws — @rg)Lurgirgg + (ws - wr‘g)ngisqg — Rygirag — Kd ®
ngd%:?g T ergd%‘?g = Vqr - ((‘US - U—‘rg)ergirdg - ((‘US - wr‘g)ngisdg - Rrgirqg —Kq (9)
]g%g = Tig = % (Ligirqglisdg-Lmglrdgisas) (10)

The magnetization characteristic of the SEIG is nonlinear. The relationship between magnetizing inductance L,,
and magnetizing current i,, is obtained from synchronous speed tests. A fifth degree polynomial is used for
representing the magnetizing inductances against magnetizing current [16, 17]. This is given by the following
polynomial:

Lm = agim® + a,im* + azim3 + a,im? + a;im + a, (11)

Whereas,ay,a3,a;5,a1, and ag are constants obtained via curve fitting for the characteristic curve of Figure 2.
The values of these constants are given in the Appendix B [17].
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Figure 2. Magnetizing inductances against the magnetizing current

The variable T; ;appearing in equation (10) is the deriving torque of the induction generator developed by the
wind turbine as shown in Figure 1. Wind turbine is a mechanical device which converts the Kkinetic energy
associated in air into mechanical power. The rotating motion of the turbine blades coupled to the gear box forces
the shaft of the electric generator to rotate higher than the synchronous speed. Power captured by wind turbine
blade is related to the blade shape, the pitch angle, speed of rotation and the radius of the rotor [18].

The power developed by a wind turbine is :

Pr- > mpCp(d, HRZV? (12)

Where p is the air density (kg/m3),Cris the power coefficient with a maximum value equal to 0.48 at particular
wind speed, R is the radius of the wind blades (m) and V is the speed of wind (m/s). It normally employs an
induction generator. Capacitor bank is necessary to supply the induction generator with reactive power. Rotor
blades pitch angle control is one possible technique widely used to regulate the speed of the turbine [19]. The
rated rotational speed of electrical generators is normally much higher than that of wind turbines and therefore a
speed step-up gear system is employed as intermediate stage between the turbine and the generator as shown in
Figure 1.
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C. Design of Excitation Capacitance for Self-Excited Induction Generator

The excitation capacitance value was determined in reference to [20] this method based on the steady state
equivalent circuit for computing the minimum value of capacitance to initiate self-excitation in the
SEIG for maintaining the terminal voltage constant when the SEIG is loaded.

D. Centrifugal Pump Model

Centrifugal pump is used for low head applications. This pump is has rotary impeller. It throws the water
radially so that the water momentum is transformed into useful pressure for lifting. The centrifugal pump has
high efficiency, with lower speeds. The pump is assisted by its mechanical power on its shaft coupled to the
pump, which is given by [21].

Bn = % Watts (13)

The useful power is given by,

P, = pgRD Watts (14)
p: Density of water (Kg/m3),g: Gravitational acceleration (m/sec?), R: Total head height (m), D: Discharge flow
rate (m*/sec), n; Efficiency of pump.
E. Voltage Controller Model

The voltage of coupling bus is measured as follows [22]

Ve= [Vea" +Veg" (15)
This voltage is compared with some reference V,qsvalue the resulting component is Vge;
dv
Ty <t — (Vref - Vt) — Vet (16)

dt

Then the Capacitor reactive power is measured by
Qc = (chz * Idcz_ Vclcz * chz ) (7)

The capacitance value is found by the following equation
ac _ _ Qc
Ddt — We+Vget? (18)
1V.NUMERICAL SIMULATIONS AND DISCUSSIONS FOR THE SYSTEM RESPONSE AT DIFFERENT INDUCTION
MOTOR LOADING CONDITIONS

This section presents the numerical simulations of the nonlinear dynamical model of the system after step
changes in the mechanical load coupled to the motor. Figures 3 presents the response of the system as the load
torque (TL) has step change from 22.5 Nm to 17.5 Nm to 12.5 Nm. The induction motor operating points as
follows: At 22.5 Nm the phase voltage is 127V, the capacitance value is 1.903mF the IM current is 11.3A the IG
current is 15.5A the excitation capacitance current is 4.323A. At 17.5 Nm the phase voltage is 127V, the
capacitance value is 1.819mF the IM current is 10.36A the IG current is 14.92A the excitation capacitance
current is 4.307A. At 12.5 Nm the phase voltage is 127V, the capacitance value is 1.708mF the IM current is
10.45A the 1G current is 14.45A the excitation capacitance current is 4.282A.
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Fig.3.(a) Induction motor induced torque, (b) IM Phase voltage, (c) Capacitance Value (d) IM current (e) IG current (f)
Capacitor current after step change of the load coupled to the motor from 22.5 nmto 17.5 nmto 12.5 nm

Figures 4 also presents the response of the system as the load torque (TL) has step changed from 22.5 Nm to
17.5 Nm to 12.5 Nm. During these numerical simulations, it is found that at 22.5 Nm the 1G active power is
6.15KW, the IM active power is6.15KW,the IG reactive power is 4.958KVAr, the IM reactive power is
4.109KVAI, the excitation capacitance reactive power is 11.48 KVAr and the IM rotational speed is 1783rpm.
In the same fashion at 17.5.5 Nm the IG active power is 4.869KW, the IM active power is 4.869KW, the 1G
reactive power is 4.92KVAr, the IM reactive power is 4.083KVAr, the excitation capacitance reactive power is
11.41 KVAr, and the IM rotational speed is 1786rpm. Similarly at 12.5 Nm the IG active power is 3.592KW,
the IM active power is 3.592KW, the IG reactive power is 4.862KVAr, the IM reactive power is 4.043KVAr,
the excitation capacitance reactive power is 11.31 KVAr, and the IM rotational speed is 1790rpm.
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For the steady-state output characteristics the operating points of the systems are obtained by dropping out all
the time derivative terms of the dynamical differential equations that describe the whole system and solving the
resulting nonlinear algebraic equations using the MATLAB software.Figure5shows the steady-state output
characteristics (torque-speed characteristics) for the induction motor which complies strongly as it is compared
with the well-known characteristics of the electrical machines operation in general (The higher the load torque
the lower the speed).

1800

1750 —

-~
£
o
)
o
@
[
o
7]
1700 —
1650 | | | | | | |
0 5 10 15 20 25 30 35 40
Torque (N.m)

Fig. 5. The torque speed characteristics of Induction motor
As a summery for the steady-state system parameters for all running conditions, Table | shows the values for the
stand-alone power system after step change of the load coupled to the motor from 22.5 nm to 17.5 nm to 12.5
nm.
Table 1. Steady-state parameters of the power system at three different motor loading conditions

Loading Conditions (N.m)

Different Electrical Quantities
225 17.5 125
Induction motor current (A) 11.36 10.36 10.45
Induction generator current (A) 15.3 14.92 14.59
Capacitor current (A) 4.323 4.307 4.282
Induction motor active power (kW) 6.15 4.869 3.592
Induction generator active power (kW) 6.15 4.869 3.592
Induction generator reactive power (kVAr) 4.958 4.92 4.862
Induction motor reactive power (KVAr) 4.109 4.083 4.043
Capacitor reactive power(kVAr) 11.48 11.41 11.31
Phase voltage (V) 127 127 127
Induction motor speed (rpm) 1783 1786 1790
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Capacitance Value(mf) 1.903 1.819 1.708
Mechanical power (kW) 4.198 3.271 2.342

V. CONCLUSIONS

The automatic reactive power compensation for the Wind Turbine employing SEIG for feeding IM for Driving a
Pump utilizing a Variable Excitation Capacitance is investigated. The Energy system comprises a wind turbine
driving a self-excited squirrel-cage induction generator feeds a three-phase squirrel-cage induction motor for
driving centrifugal pump. The main purpose of implementing the capacitance with the stator of the induction
generator is to feed it with its reactive power need. The study comprises the response of the power system after
step change in the load coupled to the motor. It is concluded that the proposed power system can run steadily at
wide range of the motor loading conditions. It is found that the power consumed by the motor is equal to the
power generated by SEIG generator. Basically, as the mechanical load coupled to the motor increases, the
rotational speed of the motor decreases. The excitation capacitance changes for keeping the IM voltage constant
by injecting more reactive power into the SEIG. As a general conclusion, the proposed stand-alone power
system can withstand step changes in the load and excitation variations and the system has an excellent ability to
run smoothly at a wide range of motor loading conditions by changing the excitation levels as a result of
changing capacitor bank which indicates the robustness and proves the reliability of the integration between
different system components.
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Appendix A
Table A1. Nomenclature
[ Excitation Capacitance

V&V,  D&Q axis components of the voltage across the capacitors, respectively

Iy, D&Q axis components of the capacitors current, respectively
u, Synchronous radian frequency
Visg D-axis component of induction generator stator voltage
Visg Q-axis component of induction generator stator voltage
Vitrg D-axis component of induction generator rotor voltage
Virg Q-axis component of induction generator rotor voltage
R, Induction generator stator resistance
Ly Induction generator stator inductance
Lo Induction generator mutual inductance between its stator and rotor
Wy Induction generator rotor speed
rom Induction motor rotor speed
R, Induction generator rotor resistance
L, Induction generator rotor inductance
Loy D-axis component of induction generator stator current
iogg Q-axis component of induction generator stator current
irdrg D-axis component of induction generator rotor current
irgg Q-axis component of induction generator rotor current
Ty, Induction generator prime mover torque
Is Moment of inertia of induction generator rotor and its prime mover
P, Number of poles for induction generator
Ky K, D&Q-axis components of remnant flux at 1G rotor, respectively
Tim Load torque
Viem D-axis component of induction motor stator voltage
Viem Q-axis component of induction motor stator voltage
Virm D-axis component of induction motor rotor voltage
Virm Q-axis component of induction motor rotor voltage
R, Induction motor stator resistance
Lo Induction motor stator inductance
Lom Induction motor mutual inductance between its stator and rotor windings
R Induction motor rotor resistance
Lim Induction motor rotor inductance
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igm D-axis component of induction motor stator current
iogm Q-axis component of induction motor stator current
irgm D-axis component of induction motor rotor current
irgm Q-axis component of induction motor rotor current
P, Number of poles for induction motor
B Rotor mechanical friction for induction motor
T Moment of inertia of induction motor rotor and the load
Vier Reference voltage at the controller
v, Phase voltage of common coupling bus (CCB)
Vg Voltage difference between reference voltage and phase voltage
Ty&T Controller time constants
M Induction motor
IG Induction generator
SG Synchronous generator

Appendix B

The following are the technical specifications and numerical values for the constants of the power system.

Wind turbine

Number of blades = 3, radius of blade = 4 m, rated wind speed = 9 m/s, gear box ratio = 5.

Self-excited induction generator

7 kW, 127/220V, 40/20A, 60 Hz, 1,800 rpm, four poles, Rgg = 0.699 Q, Ry = 0.799 Q, Lgy = 42.6mH, Jg =
0.16kg/m2, Kd = 80V, Kq = 80V,

Lmg = 0.205im® + 0.0053im? — 0.0023im + 0.0001

Where

imis the magnetizing current,

iy = J (isag + irag)2 + (sqg + irqg)2
Induction motor

10 kKW, 127/220V, 27/15, 60 Hz, 1800 rpm, 4 poles, Rgn = 6.5, Ry = 6, Ly = 375uH,
Ly = 250mH, Ly = 250mH, J,, = 0.9 kg/m2.
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