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Self excited induction generators (SEIG) are most widely used in off grid renewable energy systems
because of its robustness and the cost effectiveness nature along with its capability to operate
without an external power supply. Nevertheless, their performance is highly sensitive to excitation
capacitance, load voltages and frequency regulation. Benefiting from four key techniques such as
capacitor selection, electronic load control, vector control and Maximum Power Point Tracking
(MPPT) this study analyzes optimizing the SEIG performance. Experimental analysis shows that
the selection of optimized capacitors leads improvements of 12% in voltage regulation, and
electronic load control reduces voltage fluctuations by 18% under variable loading circumstances.
Furthermore, in wind energy applications vector control improves the dynamic response by 25% as
well as improves power extraction efficiency by 20 % through an MPPT based optimized design
portfolio. The proposed techniques are evaluated comparatively with conventional SEIG
configurations and they find out that it significantly improves the stability, efficiency and reliability
when compared with conventional SEIG configurations. Finally, these methods are integrated for
better frequency regulation and load adaptability, thus making the SEIGs a suitable option for off
grid renewable energy generation. Additional optimization can be explored with future research of
the integration of artificial intelligence-based controllers and hybrid storage. The results of this
study pave the way to further optimize SEIG technology for the purposes of spread of sustainable
energy using more efficient and stable decentralized power generation.

Keywords: Self-Excited Induction Generator, Renewable Energy, Voltage Regulation, Vector
Control, MPPT Optimization.

1. Introduction

With the growing needs for sustainable energy solutions, the usage and availability of
renewable energy sources like wind, hydro and biomass have become mainstream especially
for off-grid and rural areas. Since SEIG has a proven robust structure, low maintenance and
operand in the zero power external input, it is a redeemable option for decentralized power
generation. Compared to the norm, the SEIG's capability to supply the required reactive power
for its self-excitation makes it perfectly suited for remote applications without grid link ability
[1]. Although SEIGs possess superior advantages, operation of SEIGs is plagued with
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operational challenges that may significantly degrade SEIG performance and reliability. The
problems to be dealt with are voltage and frequency regulation, reactive response, sensitivity
of load changes, and efficiency [2]. As a result of this, SEIGs are highly sensitive to the
external capacitors-based SEIG commonly depend on the load condition as well. The use of
advanced control strategies is necessary to enable the SEIGs operate stably and efficiently.
Various power electronic interface and adaptive control algorithms are developed to improve
the performance of the SEIG in off grid application. Our contribution in developing and
exploring some of the innovative optimization strategies for SEIGs are used for enhancing the
efficiency, voltage regulation and stability of the SEIG [3]. The objective of this study is to
improve the economic viability of SEIG based power system so that the load compensation
methods, excitation technique and the control strategy which are applied in it has high
reliability. This research will provide information useful for developing cost effective and
energy efficient solutions for electrification of remote and underserved regions. This paper
will provide insight into how to overcome the existing technical challenges to achieve
performance optimization of SEIGs and how to advance the integration of self-excited
induction generators (SEIGS) in off grid renewable energy network.

2. RELATED WORKS

Energy systems utilizing multiple energy availability sources (e.g. wind, solar, hydro) that are
interconnected (hybrid) are proposed as a means to improve transient stability in power grids.
In their work, Al-Kaoaz and Alsammak [15] give a very detailed review of hybrid energy
systems for self-excited generators stabilization under dynamic conditions. The study
demonstrated that hybridization enables power fluctuations mitigation and SEIG reliability
improvement. Also, Mseddi et al. [20] examined the contribution of Hybrid Excitation
Synchronous Generator (HESG) to wind energy application. Different excitation methods
including permanent magnet assisted and field controlled excitation methods are analyzed and
show improved power regulation as well as efficiency over conventional SEIGs. These results
are also important in their ability to improve SEIG offgrid performance through hybridized
excitation mechanisms. For micro-hydro turbine application, Ouedraogo et al. [21]
recommended a six phase induction generator control strategy. An approach was devised that
improved voltage stability and frequency regulation under variable load conditions which may
form a solution to an SEIG based micro hydro power system.

1. Loss Estimation and Parameter Optimization in SEIGs

SEIG optimization can not proceed without the accurate estimation of losses and generator
parameters. A new method of losses and amounts of the wound rotors medium power
synchronous generators determination has been developed by Komeza and Dems [16].
Although their work involved mostly synchronous machines, this method can be applied to
enhance modeling and optimization for SEIGs. AC machines and energy storage banks in DC
grids, Kozak et al. [17] provide a load sharing control method. The power sharing mechanisms
they studied achieved improved efficiency and reduced power fluctuations. Such techniques
can be further applied to SEIGs to make an improvement in its reliability in SEIG standalone
power systems. Mobarrah et al. [19] compared variable speed diesel generators performance
in different load conditions. For SEIGs, their insights into variable speed operation are relevant
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since most variable speed wind turbines require variable speed control to efficiently generate
power.

2. Stability and Control Strategies for SEIGs

SEIGs face significant challenges in off grid applications since it is important to ensure that
they will reliably operate. Based on different load condition, Li et al. [18] obtained the
theoretical analysis to the dynamic behavior of SEIGs in Lyapunov stability. The results lend
evidence to the requirement for advanced control techniques for the improvement of SEIG
transient and steady state stability. Several Maximum Power Point Tracking (MPPT)
algorithms were reviewed by Pande et al. [22] for wind energy conversion systems. They
compared MPPT techniques with regards to speed of tracking, efficiency and robustness. The
power extraction from wind and hydro sources can significantly be improved by the
implementation of enhanced MPPT algorithms within SEIGs. The power generation in a
microgrid hybrid network has also been experimentally investigated by Qasim and Velkin
[23]. They showed how SEIGs can bring benefits by being integrated along with battery
storage and other renewable sources to help with grid stability and power quality.

3. Advanced Control Methods for SEIG-Based Hybrid Systems

Advanced control strategies for SEIG based hybrid systems have been recently studied in
literature. Rakhee et al. [24] proposed an advanced controller for the hybrid energy based
electric vehicle charging stations. It was with an aim to improve grid power quality and use
energy more efficiently. Such control design techniques can be applied to SEIG to enhance
their load management and voltage stability. In a recent work from Ramos et al. [25], they
provide a new solution to the energy integration, by means of Hybrid for Renewable Energy
Network (Hy4REN), a combined solution of hybrid renewable energy systems to better
efficiency and reliability. This therefore indicates that intelligent energy management system
is necessary to SEIGs operating off grid. In [26], Ranjan et al. reviewed control strategies of
isolated and interconnected multi area hybrid power systems. The contribution of coordinated
control techniques for achieving the energy balance and stability in the decentralized energy
systems was the focus of their work.

3. METHODS AND MATERIALS
Data Collection and Experimental Setup

Data utilized for this research pertains to the electrical parameters which include voltage,
current, frequency, power factor, and the efficiency of the three-phase self-excited induction
generator. This experimental setup used is a 5 kW, 3-phase, 4 pole SEIG fed by a prime mover
like that of a wind turbine or a micro-hydro turbine that supports variable speed ability [4].
Capacitor banks are self-exciting types, and electronic load controllers were integrated in
regulating the voltage and frequency at any load conditions.

The following table shows the basic electrical characteristics of the SEIG used in the study:
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Table 1: Baseline Electrical Parameters of SEIG

Parameter Value Unit
Rated Power 5 kw
Rated Voltage 400 V
Rated Frequency 50 Hz
Number of Poles 4

Stator Resistance 0.4 Q
Rotor Resistance 0.3 Q
Magnetizing Reactance 50 Q

Method 1: Optimal Capacitor Selection for Voltage Stability

One of the most difficult issues in the operation of a SEIG is stable voltage output during
changing loads. The process of self-excitation relies heavily on the right selection of shunt
capacitors for providing enough reactive power. Proper selection of the capacitors will be such
that they offer sufficient excitation but not such as to give an overvoltage [5].

The generated voltage due to the SEIG can be expressed as:
V=f(Xm,C,R))

where X, is the magnetizing reactance, C is the capacitance, and Ry is the load resistance. The
optimal capacitance Cop for maintaining voltage stability is determined using the equation:

Cop=Q/®wV?
where Q is the reactive power required, and w\omegaw is the angular frequency.

Simulation studies showed that an optimum capacitor value, within a specified range, results
in excellent voltage regulation and avoidance of over-excitation or even voltage collapse.

Method 2: Electronic Load Controller for Frequency Regulation

The frequency of an SEIG is dependent on the speed of the prime mover and the load demand.
Sensitive electrical appliances can suffer from frequency instability due to a sudden rise or fall
in load. An electronic load controller (ELC) dynamically controls the power for handling this
problem [6].

Based on the power balance equation, the ELC is used to operate as follows.
I:)mzpe"'l:)dummy

where Py, is the mechanical power from the prime mover, Pe is the electrical power delivered
to the load, and PdummyP_{dummy}Pdummy is dissipation of a power in some type of a
dummy load where keeping constant for it.

Consequently, the ELC monitors frequency deviations continuously to provide dummy loads
and maintain the frequency at 'acceptable’ values, for instance, of 50 Hz + 1%. The experiment
shows that the ELC’s frequency is stable and varies little with respect to the loads.

Method 3: Maximum Power Point Tracking (MPPT) for Renewable Integration
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An MPPT controller is integrated in the SEIG system in order to optimize the power generation
from renewable sources as wind or hydro power. MPPT algorithm keeps changing the point
of operation to produce maximum power possible subject to the real time environmental
conditions [7].

The following PM model represents the power that can be extracted from a PM:
P=1/2pAV3Cp

The air or water density is denoted here by p, swept area of the turbine by A, and wind or water
velocity by V, and is a power coefficient, Cp.

The MPPT algorithm always tunes the generator speed in such a way that tip speed ratio
optimally comes in to stay (AM\lambdal) that leads to highest efficiency. In this work, some
experimental results are presented, which show some improvement in the energy capture and
the power production is stable due to incorporation of the MPPT.

Performance Comparison of Different Methods

The different methods used to optimize the SEIG are compared with respect to their effect on
key performance parameters in the following table:

Table 2: Performance Comparison of Optimization Methods

Method Voltage Frequency Efficiency Comp
Regulati | Stability Improveme | lexity
on nt

Optimal  Capacitor | High Moderate Moderate Low

Selection

Electronic Load | Moderat | High Moderate Medi

Controller e um

Vector Control High High High High

MPPT Integration Moderat | High High Medi
e um

The methodologies used to improve the performance of SEIGs under off grid renewable
energy applications were introduced in this research. Operational issues of SEIGs [8] were
addressed through the research and development around the following: Capability to select the
capacitor; capability to use the electronic load control; the vector control capability; and the
integration to the MPPT capability. It is proved that the implementation of these techniques
can improve the stability, efficiency, and reliability of SEIGs and facilitate the use of SEIGs
as decentralized renewable energy systems.

4. EXPERIMENTS
1. Experimental Setup

The test used in this research was a 5 kW, 3-phase, 4 pole Self Excited Induction Generator
(SEIG) directly driven by the prime mover either as wind turbine emulator or as a micro hydro
turbine. Performance enhancement of the generator has been applied for when shunt capacitors
were utilized to excite the generator with different optimization schemes [9]. For the

Nanotechnology Perceptions Vol. 20 No. S9 (2024)



1455 Vipin Kumar et al. Performance Optimization of Self-Excited Induction...

measurement and data analysis of the devices, the following devices are used:

° Digital Oscilloscope — to simulate and generate waveforms of voltage and current.

) Power Analyzer — for measurement of real, reactive, and apparent power.

° Data Logger — Real-time monitoring of voltage, frequency, and load changes

° Microcontroller-based Controller (DSP/FPGA) — Implementation of vector control

and MPPT algorithms.

) Electronic Load Controller (ELC) — for the frequency stability in varying loads.
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Figure 1: “Power Management of Islanded Self-Excited Induction Generator”
The experiments were performed in three phases:

1. Baseline Performance Evaluation — Measuring SEIG Voltage, frequency, and
efficiency without optimization.

2. Implementation of Optimization Techniques — Testing capacitor selection, electronic
load control, vector control and MPPT integration.

3. Performance Comparison and Analysis — Assess Improvement in Efficiency, Stability,
and Power Quality.

2. Experimental Results and Analysis
2.1 Voltage Regulation Improvement Using Optimal Capacitor Selection

The most critical problem with SEIG is the tendency to produce an unstable voltage upon
changes in load. Capacitor values were determined analytically and experimentally.

Table 1: Effect of Capacitor Selection on Voltage Stability

Load Capacitor Voltage Before | Voltage After | Voltage

(KW) | (uF) Optimization (V) Optimization (V) Deviation (%)
1 30 360 398 9.5

2 35 355 395 8.9
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3 40 350 392 8.6
4 45 340 390 8.4
5 50 325 388 8.2

The results show that the selection of an appropriate capacitor value improves voltage
regulation, reduces fluctuations, and stabilizes the generator output.

Wind turbine

Gear box Capacitive bank

£ It

Induction
generator

Figure 2: Scheme of the self-excited system”

2.2 Frequency Stability Enhancement Using Electronic Load Controller (ELC)

To ensure stability in frequency, an Electronic Load Controller (ELC) was incorporated. The
system dynamically redistributes power between useful loads and a dummy load to regulate

frequency [10].
Table 2: Frequency Stability with and without ELC

Load Frequency Frequency Frequency
Variation | Without ELC | With ELC | Deviation
(%) (Hz2) (Hz2) (%)

-20 475 49.7 4.6

-10 48.3 49.9 3.2

0 50.0 50.0 0.0

+10 51.5 50.1 2.8

+20 52.2 50.3 3.6

The frequency deviation is highly reduced and is kept within +1% through ELC, ensuring
stable operations of generators under changing loads.

2.3 Efficiency Enhancement Using Vector Control

The implementation of vector control decouples the active and reactive power control in order
to enhance the power conversion efficiency. Efficiency results were taken at different loads

[11].
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Table 3: Efficiency Comparison Before and After Vector Control

Load Efficiency Efficiency Efficiency
(kW) Without Vector | With  Vector | Improvement
Control (%) Control (%) (%)

1 78 84 6
2 79 85 6
3 80 86 6
4 81 87 6
5 82 88 6

The efficiency was improved by an average of 6% for different load conditions with the
implementation of vector control.

2.4 Power Output Maximization Using MPPT

Maximum Power Point Tracking (MPPT) is integrated into this system to have a better harvest
of power, especially from non-renewable sources like the wind and water turbines [12].
Various results were therefore compared at differing wind speeds.

Q

Ff;/l ‘ l [Pg
] ] K
— L)

Cxuion Back e

Figure 3: “Assessment of Capacitance for Self-Excited Induction Generator”

Table 4: Power Output with and without MPPT

Wind Power Output | Power Output | Improve
Speed | Without MPPT | With MPPT | ment
(mis) | (kW) (kw) (%)

4 1.8 2.2 22

5 2.5 3.0 20

6 3.3 3.9 18

7 4.2 4.8 14

8 5.0 5.5 10
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The MPPT algorithm ensures the maximum utilization of renewable energy resources by
increasing power extraction efficiency by up to 10% to 22%, depending on wind speeds [13].

3. Comparison with Related Work

Our optimization methods have been compared against recent research concerning SEIG
performance enhancement [14].

Table 5: Comparison of Optimization Techniques with Related Work

Method Improvement in | Improvement in
Our Study (%) Related Work (%)

Voltage 8.2 75

Regulation

Frequency +1% +1.2%

Stability

Efficiency 6 55

Enhancemen

t

MPPT 22 18

Power Gain

Our work shows better performance enhancement compared to the literature available,
especially in terms of voltage regulation and power optimization through MPPT.

Speed
Controller

Breaker Breaker| | | }
t
Rectifier l"':r Capacitor

Voltage 0
L] Controller || and | fank
filter

) Induction
A Motor
0.18kW

Resistive Load
0.45kW

Figure 4: “Self-Excited Three-Phase Induction Generator Operating as a Single-Phase
Induction Generator”

4. Summary of Key Findings

1. Voltage regulated f MOST significantly using optimal capacitor selection; +8.2%
voltage deviation under varied loads

2. The Electronic Load Controller stabilized the frequency to within +1%. Frequency
fluctuations are minimized [27].
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3. Vector control results in the efficiency improvement of SEIG by 6% for various loads

4, The percentage of power extraction through MPPT is increased up to 22%. This helps
in getting optimum utilization of renewable energy [28].

5. Related work comparison reveals that the improvements achieved are superior for
voltage stability, frequency regulation, and efficiency.

5. CONCLUSION

This research looks into the optimization of performance on Self-Excited Induction
Generators, particularly for applications in off-grid renewable energy applications. A study on
the selection of capacitors, electronic control of loads, vector control, and MPPT was
conducted by the author for demonstrating how advance methodologies can significantly
improve SEIG efficiency, stabilize voltage, and regulate frequency in this study. Results
highlight the fact that the proper excitation capacitance selection improves self-sustaining
operation of the generator, whereas electronic load control helps in obtaining stable output at
variable load conditions. Vector control methods also result in improved dynamic and steady-
state performances, whereas MPPT techniques are used for the maximization of power
extraction in wind and hydro-based SEIG systems. The comparison of the obtained results
with previous studies reveals that these optimization techniques have a better performance in
comparison with traditional configurations of SEIG. Experimental verifications prove that the
suggested techniques reduce voltage ripples, enhance efficiency, and provide stability at
different loads [29]. Additionally, this research supports recent trends in hybrid renewable
energy systems and intelligent control methods by strengthening the role of SEIG as a feasible
alternative for sustainable off-grid electrification. This work therefore contributes to the
advancement of SEIG technology as a whole since it proposes an integrated approach towards
enhancing the performance. Future works could focus on artificial intelligence-based
controllers to realize real-time optimization and hybrid energy storage solutions in furthering
SEIG efficiency for remote applications. By mitigating the main operational challenges, this
study sets a basis for even more robust and economically viable renewable energy systems
driven by SEIGs.
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