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= ABSTRACT- The dynamic performance of an isolated three-phase squirrel cage self-excited induction generator (SEIG)
in a Pico Hydro Power Plant (PHPP) is examined in this work. The investigation is carried out with the help of MATLAB/Simulink
for mathematical modeling and simulation of the proposed system under various operational situations. The SEIG model, which
was created using the steady-state equivalent circuit approach, included the electrical, magnetic, and mechanical components of the
SEIG and PHPP. The dynamic behavior of the SEIG is explored under a variety of operating situations. The effects of load
variations, speed fluctuations, and other disturbances on the voltage and frequency of the generator are examined. The experiment
results were used to validate the simulation results. This research has implications for the design and optimization of PHPP using

SEIGs.
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1. INTRODUCTION

Hydroelectricity is the most dependable and cost-effective
renewable energy source in remote mountainous areas [1].
Remote mountainous regions rely heavily on small
hydroelectric plants to satisfy their energy demands. Mini (less
than 1000 kW), micro (less than 100 kW), and Pico (less than 5
kW) hydro systems are categorized according to their power
generation capacity [2], [3].

Due to its ease of use, low cost, and self-excitation ability, a
squirrel cage rotor SEIG is an ideal generator for Pico hydro
power systems [4]- [7]. The system is made simpler and less
expensive [8]- [11]. Nevertheless, for the purpose to ensure the
steady and dependable operation of the PHPP system, the
dynamic behaviour of SEIGs needs to be thoroughly
investigated.

A three-phase squirrel-cage SEIG with balanced capacitors in
the stator winding will be simulated and tested in this paper. The
basic model technique uses the stator and rotor d-q axis
magnetic flux connections as the state space variable. In
deriving the mathematical model, the main magnetic flux
saturation may be separated magnetic flux leakage saturation.
State space solution of MATLAB package program will
examine dynamic performance. The dynamic performance of

the machine will be examined for initial self-excitation process,
sudden increases and decreases in load, rapid variation in
excitation capacitor value while under load and three phase
short circuit in the stator terminal. The simulation result and
experiment test result consist of the voltage and current
waveforms for each of the dynamic conditions.

#72. STRUCTURE OF PHPP

Figure 1 shows a typical PHPP. Hydroelectric power plants
convert the potential energy of water (represented by its mass)
and the kinetic energy of water (represented by its flow) into
mechanical energy that can be used to turn the rotor of an
electric generator [12]- [18].

Figure 1. Composition of a typical PHPP

The mathematical expression for the amount of hydraulic
energy existing in a given body of water, such as a river or
stream, is.

Ppyq = pgQH M

In the given context, the variables P,,q, p, 9, @, and H
represent the following electrical engineering parameters: Pp,,q,
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denotes the hydraulic power measured in Watts, p represents
the water density of 1000 kg/m3, g signifies the acceleration due
to gravity of 9.8 m/s2, @ represents the effective flow rate
measured in m3/s, and H denotes the effective head measured
in meters.

Electricity production increases with flow or head. Due to
system inefficiencies, electrical power will remain lower than
hydraulic power. The system's final electrical power is
calculated as:

Pp =nPy 2

The final electrical power (PF) is determined by the
overall efficiency (n) of the system's components and the
hydraulic power (PH or Phyd) in kilowatts (KW).

3. INDUCTION GENERATOR

Leading reactive power supplies excitation or magnetizing
current to induction generators. AC sources attached to
machines or capacitive reactance produce the most reactive
power. The stator induction machine's real power, P, is negative
when driven by an asynchronous motor faster than its
synchronous speed from an alternating current voltage source.
A magnetic field is created as reactive power, Q, passes from
source to stator windings.

The magnetic field of the stator rotated at synchronous speed.
This mode of operation is known as AC regenerative mode of
induction machine. The prime mover's mechanical input power,
P_m, is transformed into electricity and given to the source.
Reactive power, however, continues to be used from the mains.
Figure 2 depicts the squirrel-cage setup with the excitation
capacitor for the SEIG.

The mechanism of self-excitation involves the building up of
magnetization flux form the interaction of induction machine
with a bank of capacitor. Residual magnetism in the rotor causes
the generator to act like a weak synchronous generator. When
the shaft is rotated with the terminals open circuited, a small
voltage is produced. If a large enough capacitance is connected
to the terminals a current will be induced in the stator producing
a flux that assists the residual lux this increased flux produces
more voltage. The flux continues to build up to level that causes
iron in the machine to saturate. The excitation will stabilize
when the reactive power absorbed by the machine and the load
equals the reactive power delivered by the capacitors. The
saturation of the machine ensures that if the system self-excites
there will be a point of stabilization.

Variable
Frequency
Drive

Load

I
Prime mover SEIG L Q

Figure 2. The Configuration of Squirrel-cage SEIG
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4. MODELING OF SELF-EXCITED
INDUCTION GENERATOR

The induction generator model may be used to investigate its
many features. In order to simulate an induction generator, its
parameters must be known. Traditionally, the parameters of the
equivalent circuit model have been determined by
approximation-free open-circuit (no load) and short-circuit
(locked rotor) tests [19].

Typically, an orthogonal (d-q) coordinate system is used to
depict the equations used to define the transitory performance
of an induction machine. The mathematical model in terms of
the d-q coordinate of a self-excited squirrel cage rotor induction
generator with capacitor in the stator winding can be derived
from the mathematical model of the induction machine
presented in the references [20]- [23]. In this situation, the
voltage and current equation are required to define the transient
performance of a squirrel cage rotor SEIG.

The voltage equations of the stator and rotor windings in terms
of the d-q axis are given by the following matrix equation.

'vsq Rs 0 0 0 _isq

Usd“ _ IO RS 0 0 _isd +
0 0 0 R O0f[iyg
0 0 0 0 Rrlliyg
0 w 0 0 Asq Asq

—w 0 0 0 A ala
000 0 —(w-w)||i| Ta|ny ©
0 0 —(w— w) 0 Ara Ara

Where w the arbitrary reference frame frequency and o _r is is
the rotor frequency. Since the rotor windings are short circuited,
vyq and v, can be connected as zero.

For a magnetically linear system, the flux linkages equation of
the stator and rotor winding sin term of the d-q axis may be
expressed as:

Asq L, 0 M O —lsq
Asa _|0 Ly 0 M||7la )
A’rq 0 M Llr 0 i;”q

rd M 0 0 Lg ira

. ’ ’ 1 — (Ng 2 3
Where: Ly = LM, Ly = Ly +M, L= () Los, M= 3 L,

Positive stator current is often thought to flow out the terminal
when an induction machine is being used as a generator.
Following this notation, the flow linkage equation becomes (5).
The current equation of the stator in term of the d-q axis may be

expressed as:
isq] — [ilq] + 0 w qu]_}_i qu] 5
[isd i1 —w 0] Qsa dt | Qsq ®)

The electric charge on the stator capacitor in terms of the d-q
axis is given by following equation.

Website: www.ijeer.forexjournal.co.in

Performance Evaluation and Dynamic Characteristics of a Self-

204


https://www.ijeer.forexjournal.co.in/

FOREX

Publication
Open Access | Rapid and quality publishing

Qsq] _ [C 07[Vsq
ol =15 cllz] ®)
Whereby, the mutual capacitor is neglected.

Equation (3)-(6) suggest the equivalent circuit of a wound-rotor
SEIG with capacitor in the stator winding as shown in figure 3.
The electromagnetic torque which is generated by the machine,
is given by the following equation.

3

P
T = — =k
€ 2

;Lm(iqs * iqr - ids * idr) (7)

The mechanical equation use
accordingly written as:

in the computation was

2 dwy
P dt

T,= —J + T )

Where the input torque of shaft and J is the inertia of the system.

In equations (3)-(8) all the parameters except the magnetizing
inductance is assumed to be affected by saturation. The
saturation curve was determined when the machine driven by a
DC motor at synchronous speed and the slip ring open circuited.

R @A L L.

(@-0)2, R

q—axis

d—axis

Figure 3. The equivalent circuit of a squirrel cage rotor SEIG with
capacitor on the stator winding in terms of the d-q axis component

The curves were used to compute the saturated magnetizing
current (L,,,), and can be expressed as:

©)

The magnetizing current (i,,,) can be expressed in the terms of
the of the d-q axis as:

. . . .32

lrzn = (Lds + Ldr)z + (qu + lqr) (10)

For the machine data in table 1, figure 4 illustrates the
magnetizing curve as a function of magnetizing current.
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Figure 4. Magnetizing curve for the machine given in Table 1.

The analysis method adopted in saturated induction machines
follows two main-stream approaches with respect to selection
of state space variables. The first approach is modelling in terms
of the stator and rotor d-q axis flux linkage component, while
the second approach relies on stator and rotor d-q axis Currents
as the state-space variable. The main feature of flux state-space
model is that it is simpler than the current state-space model is
used. The flux linkage equation (4) can be written as:

lsq L. 0 —-M O [Asq]
lal 1o L, 0 —M||Axq (11)
gl o[-M 0 Ly 0 lxl’qu
iya 0 -M 0 Ls Ara

Where D = L,.L, —M? , Substituting equation (11) to
equation (3) and rearrangement of equation (3) will give the
derivatives of the flux linkage equation as:

dal RsLy

diq = —-2 /lsq wlgq + & /qu + Vsq (12)
% = RSLrl d+0)lsq + l?"d + de
dA' g R’ M R, Ly
ar - _T/lsq — (0 - wr)ﬂra — ——1rq
dA’ R' .M R',.L

dtTd = - D Asd + (w wr)/qu #’L’d
Equation (10) can be expressed in state space terms as,

[4] = [A41[A] + [B1[V] (13)

Where [A] and [B] are the coefficient matrix.

-rl, @ M 0
D —1:L, D s—M
Q= @ D 0 D
| M 0 —1y L —(0 - w,)
D rT’M D _rrlLs
0 D (0) - wr) D
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1 0 0 O
10 1 0 0
B_OOIO

0 0 0 1

Equation (12) or (13) represents the transient performance of a
squirrel cage rotor SEIG. During the initial self-excited process,
the load RL is infinite, while during the three- phase short-
circuit the stator voltage is to zero. The initial condition of the
equation is used as the residual voltage across the stator
terminal.

5. RESULTS AND DISCUSSION
Simulations with SIMULINK/MATLAB software determine
the dynamic performance of a squirrel cage rotor SEIG with a
capacitor in the stator winding. Table 1 lists this investigation's
SEIG induction machine specifications. SEIG is excited to
220V no-load voltage using a 20-pF per phase shunt excitation
capacitor bank in delta connection.

“# Table 1. The parameter machine for SEIG

3 HP three phase squirrel cage rotor

Induction Machine Parameters Value Value
Rated Current (1s) 8.7/5.0 A
Rated Voltage (Vs) 380/220 V
Stator Resistance (Rs) 29Q
Rotor Resistance (Rr) 8.28 Q
Rotor Leakage Inductance (LIr) 26.456 mH
Stator Leakage Inductance (LIs) 26.456 mH
Magnetizing Inductance (Lm) 167 mH
Frequency (f) 50.0 Hz
Number of poles (N) 4
Rotation 1430 rpm
Connection AlY

L 0 ]

Figure 5. Experiment setup for SEIG for various operating conditions

The investigation of the dynamic performance of a squirrel cage
rotor three-phase SEIG is conducted by means of modelling,
simulation, and experimentation under the specified operational
Conditions:
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» No-load voltage rise in an SEIG;

« Starting transients of the SEIG with various speed of prime
mover at no-load;

+ Transients of the SEIG with various excitation capacitors at
no-load;

e Transients of the SEIG with various load;

e Transients of the SEIG with over load;

+ Transients of the SEIG with various excitation capacitors at
loaded.

Figure 5 shows the experimental setup. It is composed by
induction machines. An electromechanical component
associated with an induction motor with variable speed drives
is used as prime mover and the one is employed to SEIG.
Variable speed drive is used as a regulator of the rotor rotation
rate.

5.1. No-load voltage rise in a SEIG

The process of generating the voltage at no-load that appears in
the induction generator is done by rotating the induction
generator rotor. Figure 6 shows the magnetic remanence
process that generates induced voltage on the stator side. The
left side figure is simulation result and the right-side figure is
experimenting result. This induced voltage is applied to the
capacitor to produce a current that induces a voltage in the rotor
coil. In the rotor coil, an induced emf will arise which is getting
bigger so that it induces a voltage in the stator coil.

Gen erated Voltag e

400

200r

Voltage (V)
(=]
T

-200 -
-400 I
] 05 1 15 2 2.5 3
Time (seconds)
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uuuuu .,,,M\,MHH‘H"_H"‘.":".“.H._.H!H.“.H.
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(b) Experiment

Figure 6. The voltage generation process

At this early stage, the field fluctuation is getting bigger,
because the capacitor is always charging and discharging along
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with sinusoidal voltage fluctuations in the stator and rotor. The
generation of induced voltage in the stator coil will be greater
so that the nominal voltage will be achieved. Once the nominal
voltage is reached, the induction generator is ready to supply
power to the load.

5.2. Transients of the SEIG with Various Speed of
Prime Mover at No-Load

In a SEIG, the rotor speed affects the amount of voltage
produced by the generator. Figure 7 shows that when the rotor
speed is increased, there is an increase in the voltage generated
on the stator side. Meanwhile, figure 8 shows the transient
process when the voltage generated on the stator decreases
when the rotor speed decreases.
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(b) Experiment
Figure 7. Speed increment at no load

Reduced rotor speed will cause a decrease in the frequency of
the generated voltage. A decrease in voltage at the generator can
affect the performance of the electrical system that uses the
generator as a power source. Therefore, the rotor speed must be
controlled and maintained at the right level so that the voltage
produced remains stable and in accordance with the needs.
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(b) Experiment
Figure 8. Capacitance value reduction at no Load

5.3. Transients of the SEIG with various

excitation capacitors at No-Load

Excitation capacitors are used to meet reactive power needs in
generating and maintaining a magnetic field when generating
voltage. Increasing the value of the excitation capacitor will
accelerate the generation of current and voltage and then
strengthen the output signal. Figure 9 shows the increase in
voltage generated when the excitation capacitance is increased
under these conditions the generator is in no load condition.

Generated Voltage
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Figure 9. Increasing excitation capacitor value at no load

Figure 10 shows the decrease in voltage generated at no load
condition SEIG when the excitation capacitance value is
minimized. The voltage of SEIG increases and frequency
decreases when the excitation capacitor value is increased due
to changes in the RLC resonant circuit. The excitation capacitor
forms a resonant circuit with the rotor induction and generator
load. Increasing the value of the excitation capacitor will
accelerate the resonant frequency of the circuit, thereby
reducing the output frequency of the generator. However, an
increase in the resonant frequency will also increase the
amplitude of the resonant voltage, thereby increasing the output
voltage of the generator.
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(b) Experiment
Figure 10. Capacitance value reduction at no Load
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The reduction of the excitation capacitor value will minimize
the resonant frequency of the circuit, thereby increasing the
output frequency of the generator. However, reducing the
resonant frequency will also reduce the amplitude of the
resonant voltage, thereby reducing the output voltage of the
generator.

5.4. Transients of the SEIG with various load

A number of incandescent lamps installed per-phase are
employed as loads for the voltage output of the induction
generator. The output voltage will decrease as the load
increases. The dynamic condition of the SEIG can be seen in
figure 11, which was created when the load was increased. The
change in load is shown by the increase in load current and the
decrease in voltage generated.

Consumer Load Current

II-|-|..|5|-| A A

Current (A)
=

(A AR

-0.51
0 0.5 1 1.5 2 2.5 3
(a) Simulation
GRINSTEK |_ ,I_J (Stop 14 ll:ousszagf
D> -
- ) @z )
( O (i @ 6.6e8s | ¢ b ’]

(b) Experiment

Figure 11. Increased Load

5.5. Transients of the SEIG with over load

In figure 12, it shows the induction generator is overloaded. The
output voltage of the induction generator drops and even
disappears when the generator load exceeds its limit. This is due
to the inability of the induction generator to maintain the flux it
generates.
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Figure 12. The voltage loss under overload

5.6. Transients of the SEIG with various

excitation capacitors at load

If the excitation capacitor value is increased when the generator
is loaded, the output voltage and load current will increase, and
the load power factor will improve. If the excitation capacitor
value is increased when the generator is resiliently loaded, the
load current will increase. This is due to the increase in output
voltage leading to an increase in load current. (See figure 13).
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Figure 13. Increase in Excitation Capacitor Value under Load

Conversely, if the excitation capacitor value is reduced when
the generator is loaded, the output voltage and load current will
decrease. If the excitation capacitor value is reduced when the
generator is resiliently loaded, the load current will decrease.
This is due to the decrease in output voltage leading to a

decrease in load current.

6. CONCLUSIONS

Analysis of a SEIG pico hydro power plant was done.
Remainder magnetism in the stator core self-excited the
generator. Using a mathematical model that accounted for load
and rotor speed effects on output voltage and frequency, the
generator worked effectively under varying loads. This
illustrates small-scale hydropower from self-excited induction

generators.

Pico hydro power plant self-excited induction generator
dynamics and performance are analyzed in this study. Results
can improve small-scale renewable energy plant efficiency and
reliability. The squirrel-cage SEIG protection and control
design challenges can be identified using transient simulation
and experiment data. According to simulation and experiment
data, squirrel-cage rotor SEIG protection is not needed during

stator terminal short circuit events.

This study provides a better understanding of Pico hydro power
plant SEIG. With its insights into generator design and
operation, it helps achieve sustainable and eco-friendly power

generation.
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