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ABSTRACT 

Small scale power generation near consumer's premises has received greater 

attention in recent years for use in remote and rural communities due to the cost and 

complexity involved in the grid extension. Thus, suitable stand-alone systems using 

locally available energy sources have become a preferred option. With increased 

emphasis on eco-friendly technologies the use of renewable sources such as small hydro, 

wind and biomass is being explored. Subject to availability, small hydro systems with 

minimal civil works to electrify local communities are considered as an attractive option. 

This report focuses on transient analysis of three phase self-excited induction 

generator (SEIG) with electronic load controller (ELC). All components of the 

considered system are modeled and simulated for transient analysis of the system. This 

transient analysis includes process of self-excitation, voltage build up, faults, unbalanced 

loading, unbalanced excitation and switching of resistive and dynamic loads. The 

performed study may help in determining insulation strength, suitability of winding, shaft 

strength, value of capacitor and devising the protection strategy for the SEIG. This 

system stability can further be extended to interconnected system with necessary 

modifications in mathematical modelling. 
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CHAPTER-1 

INTRODUCTION 

1.1 GENERAL 

The increasing concern for the environment and fast depletion of fossil fuels have 

motivated the world towards rationalizing the use of conventional energy resources and 

exploring the non-conventional energy sources like wind, biomass, solar and small hydro 

to meet the ever-increasing energy demand. Mini/Micro/Small hydro schemes can easily 

be developed for power generation in hilly areas having perennial sources of water and 

can be catered to meet the electricity demand of the nearby villages. Such schemes 

generally employ self-excited induction generator (SEIG) with electronic load controller 

(ELC). Hence, the idea of studying a mini/micro hydro system in isolated configuration 

has mooted out. This may necessarily help in providing better operation and control of 

isolated mini/micro hydro plants [1]. 

1.2 SMALL HYDRO POWER 

Among various renewable energy sources, small hydro is considered as an 

attractive option due to minimum civil works, short gestation period and inexpensive 

operation and maintenance. An estimated potential of about more 15,000 MW of small 

hydro power (SHP) projects exists in India [2]. World installed capacity of small hydro 

today is around 50,000 MW against an estimated potential of 180,000 MW. A general 

scenario of small hydro installed capacity worldwide is shown in Table 1.1. 

Table 1.1: Small Hydro Installed Capacity Worldwide 121 

COUNTRY INSTALLED CAPACITY (MW) 
India 2,181 
Japan 3,900 
China 15,000 

Rest of Asia 400 
Europe 9,000 

Rest of the world 20,000 
Total 50,000 



Table 1.2: International Definition of Small Hydro [3] 

COUNTRY PLANT CAPACITY (MW) 
UK (NFFO) Less than 5 

UNIDO < 10 
Sweden <15 

Colombia <20 
Australia <20 

India <25 
China <25 

United States <30 
Brazil <30 

Philippines <50 
New Zealand <50 

There is a general tendency all over the world to define small hydro by power 

output. Different Countries have different norms keeping the upper limit ranging from 5 

to 50 MW as shown in Table 1.2. In India, small hydro schemes are further classified on 

the basis of station capacity as shown in Table 1.3. A classification of SHP on the basis 

of head is presented in Table 1.4. 

Table 1.3: Classification of Small Hydro Schemes [3] 

TYPE STATION CAPACITY UNIT CAPACITY 
Micro Hydro Up to 100 kW Up to 100 kW 
Mini Hydro 101 kW to 2000 kW 101 kW to 1000 kW 
Small Hydro 2001 kW to 25000 kW 1001 kW to 5000 kW 

Table 1.4 Classification of SHP based on head [3] 

TYPE HEAD 
Ultra Low Head Below 3 m 

Low Head 3 to 40 m 
Medium/ High Head Above 40 m 

Micro hydro is the subset of small hydro with capacity up to 100 kW [3]. There is 

huge potential available in the micro hydro range ready to be harnessed. The current 

concern on the global environment has imposed a new constraint on the production of 

electricity. The emphasis is put on the development of environmental friendly form of 
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energy to promote the sustainable social development. In these circumstances, Micro 

hydro is an answer to the rural electrification in the remote, hilly and unelectrifted areas 

where potential exists. A rural population is scattered and unaware of the technological 

developments. For such areas, the isolated micro-hydro power plants are the least cost 

options for electricity supply because the other options such as grid extension, diesel 

power etc. are more expensive and complex. 

1.3 INDUCTION GENERATOR 

Induction machine (IM) is quite popular with isolated micro-hydro power plants. 

It is a singly-excited ac machine. Stator winding of a 3-phase IM is connected to a 3-

phase ac source and rotor winding receives its energy from stator by means of electro-

magnetic induction. Balanced 3-phase currents in 3-phase stator winding produce a 

rotating magneto motive force (m.m.f.) of constant amplitude. Both the m.m.f waves and 

produced by stator and rotor rotate in the air gap in the same direction at synchronous 

speed. These two m.m.f. waves are thus stationary with respect to each other. 

Consequently, the steady electromagnetic torque is developed. Based on the slip value, an 

IM works in motor and generator mode as: 

a) In motoring mode (0 < slip < 1), rotor rotates in the direction of rotating field 

produced by the stator currents. The slip varies from I' at stand still to '0' at 

synchronous speed. 

b) In generating mode (-1 < slip < 0), stator terminals are connected to a constant 

frequency voltage source and rotor is driven at above synchronous speed by a 

prime mover. 

The induction generator (IG) has very similar construction as induction motor 

with some possible improvements in efficiency. As the speed during induction generator 

operation is not synchronous, it is also called an asynchronous generator. 

1.3.1 Merits and Demerits of Induction Generator 

IGs offer several advantages to hydro and wind power plants because of following 

merits associated [1]: 

➢ brushless and rugged construction, 
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➢ Low cost, 

D Maintenance and operational simplicity, 

➢ Self-protection against faults, 

➢ Good dynamic response, 

D Capability to generate power at varying speed. 

Despite of several advantages, IG has some disadvantages as given below [4]: 

➢ Poor voltage regulation, 

D Poor frequency regulation, 

➢ Low power factor, 

D Excessive heating, insulation stress, winding stress, and shaft 

vibrations due to unbalanced operation. 

1.3.2 	Classification of Induction Generators 

IG has a wide range of applications in different areas and hence, it has many 

classifications [I]. 

1.3.2.1 	Classification of IG on the basis of excitation process 

As IG needs reactive power support from some external source, IGs are 

classified depending on the mode of excitation as: 

(A) 	Grid Connected Induction Generator 

P Q 

Transmission line 

Q2 

Fig. 1.1: Grid connected induction generator 
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The grid connected IG takes its reactive power for excitation process from the 

grid supply, so it is called grid connected induction generator. It is also called 

autonomous system. In this system generator is driven by a prime mover above its 

synchronous speed and hence the slip is negative in case of grid connected induction 

generator. Fig. 1.1 shows a grid connected induction generator. The power factor of the 

grid connected induction generator is fixed by its slip and its equivalent circuit 

parameters and not affected by the load [1]. 

(B) Self-excited Induction Generator 

Self-excited induction generator (SEIG) employs cage rotor construction with 

shunt capacitors connected at its terminals for excitation. The shunt capacitors may be 

either constant or variable. In Fig. 1.2, a capacitor bank is connected across the stator 

terminals of a 3-phase IG in order to supply the reactive power for self excitement 

process [1]. 

3-phase induction 
generator 

Q2 

Prime 
mover Load 

Fig. 1.2: Self-excited induction generator 

1.3.2.2 	Classification of IG on the basis of prime mover used 

Depending upon the prime movers used and their locations, generating 

schemes can be broadly classified as: 
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(A) 	Constant Speed Constant Frequency 

In this scheme, the prime mover speed is held constant by electronic load 

controller (ELC) in case of micro hydro and by adjustment of blade pitch in case of wind 

turbines [1]. 

(B) 	Variable Speed Constant Frequency 

Popular schemes to obtain constant frequency output from variable speed are as: 

(i) AC—DC—AC Link 

The ac output of the three-phase IG is rectified by using a bridge rectifier and then 

converted back to ac using line commutated inverters. As the frequency is automatically 

fixed by the power line, these inverters are also known as synchronous inverters [1]. 

(ii) Double Output Induction Generator 

The DOIG consists of a three-phase wound rotor IG mechanically coupled to 

either a wind or hydro turbine and stator terminals connected to a constant voltage and 

constant frequency utility grid [1]. The variable frequency output is fed into the ac supply 

by an ac—dc—ac link converter consisting of either a full-wave diode bridge rectifier and 

thyristor inverter combination or current source inverter (CSI)-thyristor converter link. 

The outstanding advantage of double output induction generator (DOIG) is that it is the 

only scheme in which the generated power is more than the rating of the machine. 

However, due to operational disadvantages, DOIG scheme could not be used extensively. 

The maintenance requirements are high, the power factor is low, and reliability is poor 

under dusty and abnormal conditions because of the sliding mechanical contacts in the 

rotor. This scheme is not suitable for isolated power generations because it needs grid 

supply to maintain excitation. 

(C) 	Variable-Speed Variable Frequency 

For variable speed corresponding to the changing derived speed, SEIG can be 

conveniently used for resistive heating loads, which are essentially frequency insensitive. 
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This scheme is gaining importance for stand-alone applications [1]. The shunt capacitors 

may be constant or may be varied through power electronics devices [4]. 

1.3.2.3 Classification of IG on the basis of rotor construction 

IGs can also be classified on the basis of rotor construction as 

(A) Wound Rotor Induction Generator 

The wound rotor consists of slotted armature. Insulated conductors are put in the 

slots and connected to form a three-phase double layer distributed winding similar to the 

stator winding. The rotor windings are connected in star. The open ends of the star circuit 

are bought outside the rotor and connected to three insulated slip rings. The slip rings are 

mounted on the shaft with brushes resting on them. 

(B) Squirrel Cage Induction Generator 

In cage IG, each slot contains an uninsulated bar conductor of aluminium or 

copper. At each end of the rotor, the rotor bar conductors are short-circuited by heavy end 

rings of the same material. The conductors and the end rings form a cage of the tyre 

which was commonly used for keeping squirrels. 

1.4 ELECTRONIC LOAD CONTROLLER 

In small hydro power scheme, the hydraulic governor costs a significant fraction 

upto 30% of the total system cost. In addition to this, the hydraulic governor is 

technically complicated and requires skilled maintenance. In small hydel applications 

(upto 500 kW), the provision of low cost stand-alone generation is of great interest. Cost 

reduction may be obtained by utilizing electronic load controller (ELC) to regulate the 

supply frequency. As the turbine operates at constant flow, no hydraulic stability problem 

exists and no mechanical speed governing is required. 

The aim of an ELC is to reduce the cost of a small hydro installation by replacing 

the hydraulic governor with an electronic circuit. Water flow to the turbine remains 

constant at a rate required to produce optimum power from the generator. No attempt is 

made to adjust this flow once the initial setting has been done. 

7 



The basic principle of an ELC is that the electrical load on the generator must be 

constant even though the consumer load may vary in an unpredictable manner from zero 

to full rated load of the system. In the event of change of consumer load, a ballast load is 

adjusted so that the total load on the generator remains constant as: 

Pout = Pc Pd 

where Pout is the generated power of the generator (which should be constant), Pe  

is the consumer power and Pd is the dump load power. This dump power (Pd) may be 

used for space heating, water heating, battery charging, cooking, baking etc. 

1.5 TRANSIENT ANALYSIS OF SEIG 

Transient analysis of SEIG involves its behavior under initial excitation, sudden 

load application/removal, switching of another machine for parallel operation, switching 

on/off the excitation capacitors and symmetrical/unsymmetrical faults in the system. The 

operation of a SEIG under unbalanced operating conditions causes additional loss, 

excessive heating, large insulation, winding stress, and shaft vibrations [I], hence its 

Transient analysis is vey important which helps in determining the following [1]: 

> Insulation strength, 

> Suitability of winding, 

> Shaft strength, 

> Value of capacitor, 

> Devising the protection strategy. 

1.6 SCOPE OF THE WORK 

The transient values of voltages, currents and torque are needed for the design of 

insulation level of generator windings, capacitor rating and shaft sturdiness. The 

developed mathematical model used for steady state analysis of the SEIG cannot directly 

be used for calculating the transient performances such as voltage dips, current surge and 

de-excitation during dynamic cases such as load perturbation, short circuit etc. 

Therefore, in this work, a SEIG-ELC system consisting of a SEIG, capacitor 

bank, consumer load and ELC has been considered for analysing its transient 

performance. A composite mathematical model of entire system has been developed 

8 



under MATLAB/SIMULINK environment by combining the models of prime mover, 

SEIG, ELC and load. The developed model has been successfully simulated for different 

conditions. 

1.7 ORGANISATION OF REPORT 

A brief description of each chapter contained in this thesis is as follows: 

Chapter 1 presents the overview of small hydro, SEIG, ELC and the scope of the 

work done. 

Chapter 2 presents the literature review on self-excitation, transient analysis, 

steady state analysis, voltage and frequency control strategy of SEIG. 

Chapter 3 covers the modeling of the different components of the considered 

isolated SEIG based system. 

Chapter 4 deals with algorithm and data used for simulation. This chapter also 

covers the simulation results of the considered isolated SEIG based system. 

Chapter 5 presents the conclusion of the work and scope for the future work 
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CHAPTER-2 

LITERATURE REVIEW 

2.1 GENERAL 

This chapter presents an overview of the literature related with self-excitation and 

voltage build up, transient analysis, steady state analysis, voltage and frequency control 

strategy and parallel operation of 3-phase SEIG based system. 

2.2 LITERATURE REVIEW 

The literature review is given with the help of following subheadings: 

(A) SELF EXCITATION PROCESS AND VOLTAGE BUILD UP IN SEIG 

The process of voltage build up in an induction generator is very much similar to 

that of a de generator. There must be a suitable value of residual magnetism in the rotor 

of SEIG to ease the process of excitation. Many researchers have determined the 

minimum capacitor for self-excited induction generator [5-11]. Ahmed et al. [5] 

presented the minimum capacitance required for self excitation for variable speed prime 

mover using a nodal admittance approach. Seyoum et al. [6] analyzed the behavior of 

SEIG as a function its magnetizing inductance. They found the value of magnetizing 

inductance at very low terminal voltage as the key factors for self excitation. They also 

investigated the effect of magnetizing inductance on self-excitation and presented the 

loading analysis of an isolated induction generator. 

Malik and Mazi [7] proposed an analytical method to compute minimum 

capacitance required for self excitation under no load condition of SEIG. They concluded 

that this minimum capacitance required is inversely proportional to the square of the 

speed and the maximum saturated magnetizing reactance. Based on first-order eigen 

value sensitivity method, Wang and Su [8] presented a simple and direct approach to 

determine both maximum and minimum values of capacitance required for an isolated 

SEIG under different loading conditions. 

Singh et al. [9] performed a study on 6-phase induction generator using self 

excitation. Bhattacharya and Woodward [10] proposed an unbalanced excitation scheme 
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for SEIG in order to maximize the power output from it. Using nodal analysis, Eltamaly 

[11] proposed an expression to obtain the minimum capacitance required for induction 

generator operation at different load and speed conditions. 

(B) TRANSIENT ANALYSIS OF SEIG 

Various dynamic models have been proposed to study the dynamic and transient 

behavior of SEIG [12-19]. Wang [12] presented an algorithm to evaluate dynamic 

performance of SEIG under unbalanced excitation capacitor. Mahto et al. [13] analysed 

the transient behavior of a single phase self regulated SEIG using a 3-phase SEIG feeding 

dynamic load. Considering the effect of main and cross flux saturation, Jain et al. [14] 

demonstrated the transient performance of a three phase SEIG during balanced and 

unbalanced load, balanced and unbalanced capacitor configuration and balanced and 

unbalanced fault conditions. They found that the dynamic model of SEIG is able to 

handle any capacitor and/or load configuration while maintaining the integrity and 

generalized nature of the model. They also concluded that the excessive high torque 

during short circuit and the sustained pulsating torque during imbalance may be taken 

into account in order to design the appropriate shaft. 

Shridhar et al. [15] performed the transient analysis of SEIG feeding an induction 

motor (IM) load for overloading, load perturbation and short circuit at SEIG terminals. 

They concluded that SEIG can withstand starting transients of an IM having 60% of 

SEIG rating and withstand load perturbation as long as the load on IM does not exceed 

the maximum power limit as given by the steady-state load characteristic. They proposed 

that the capacitance should be applied in two steps: first to self-excite the generator, and 

second, to run IM. They observed that for IM loads with low starting torque less than 

20% rating of SEIG, a single capacitance can be used for both starting and running 

operation. 

Bhim Singh et al. [16] proposed an ELC employing a 24-pulse rectifier with 14 

diodes and a chopper for SEIG. They designed and developed a polygon wound 

autotransformer with reduced kVA rating for 24-pulse ac—dc converter for harmonic 

current reduction to meet the power quality requirements. They carried out the 

comparative study of two topologies of bridge-rectifier-base ELC, conventional six-pulse 
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and 24-pulse ELC. They concluded that the 24-pulse ELC results in the improved voltage 

and frequency regulation of SEIG with negligible harmonic distortion in the generated 

voltage and current at varying consumer loads. 

Wang et al. [17] presented a comparative study on dynamic performance of long-

shunt and short-shunt configurations of an isolated SEIG feeding an IM load. They 

observed that when IM load is suddenly connected to the SEIG with the long-shunt 

configuration, this configuration may lead to unwanted rotor oscillations and the 

generated voltage distorts significantly. When IM load is suddenly connected to the SEIG 

with the short-shunt configuration, the short-shunt connection maintains better voltage 
profile. 

Wang et al. [18] presented the dynamic performances of an isolated SEIG under 

different power-factor loading conditions. They investigated the characteristics of both 

terminal voltage and magnetizing reactance of the SEIG subject to sudden connection and 

disconnection of various power-factor loads. They observed significant voltage drop with 

sudden connection of the both purely resistive and inductive loads and very less voltage 

drop with sudden connection of capacitive load. They also observed that when both 

purely resistive and inductive loads are suddenly disconnected from SEIG, terminal 

voltage quickly reaches its new steady-state value. 

Kasal et al. [19] proposed a decoupled controller for an isolated asynchronous 

generator feeding constant power three-phase four-wire loads to control the voltage and 

frequency at the generator terminal independently. They used decoupled controller as a 

combination of a static synchronous compensator (STATCOM) for regulating the voltage 

and an ELC for controlling the power to maintain the constant system frequency. They 

realized the STATCOM using a 4-leg insulated gate bipolar transistor (IGBT)-based 

current controlled voltage-sourced converter (CC-VSC) and a self-supporting dc bus, 

while ELC using a three-phase diode bridge rectifier, a chopper switch and a dump load. 

They aimed the minimal harmonic distortion while feeding balanced, unbalanced, linear 

and nonlinear loads. 

12 



(C) STEADY STATE ANALYSIS 

The analysis of steady state performance of SEIG is important for ensuring good 

quality power and assessing the suitability of the configuration for a particular 

application. A number of research papers are available on the steady state analysis of 

SEIG [20-22]. 

Shridhar et al. [20] presented an algorithm, based upon per phase equivalent 

circuit of SEIG, to find the unknown values of magnetizing reactance and frequency after 

solving two non linear equations. 

Chan [21] proposed an iterative technique for the steady state analysis of SEIG. 

First, he assumed the suitable initial values for frequency and magnetizing reactance and 

then solved the steady state equations to get the new values considering a small increment 

until the result is converged. 

Alolah and Alkanhal [22] investigated an optimization based approach for steady 

state analysis of SEIG. They formulated the problem as a multidimensional optimization 

problem in order to minimize the cost function of the total impedance or admittance of 

the circuit of SEIG. They used a constrained optimizer to obtain the frequency and other 

performance of the machine. 

(D) VOLTAGE AND FREQUENCY CONTROL STRATEGY 

The induction generator having mainly two drawbacks one is need of reactive 

power support and second is poor voltage regulation. The voltage regulation can be 

improved by using additional series capacitors in its short and long shunt configurations. 

Different controllers are used to improve the frequency and voltage regulation. A 

considerable amount of work has been directed towards the design and the analysis of 

voltage and frequency regulators [23-29]. 

Singh et al. [23] presented the analysis and design of an ELC for three-phase 

SEIG suitable for stand-alone pico-hydro power generation with constant input power. 

They optimized the required capacitances and presented the parameters for different 

rating of SEIG. They also calculated the voltage and current rating for three phase 

rectifier and chopper, dump load and de filtering capacitor rating. 
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Ahmed et al. [24] proposed an impedance based approach for voltage and 

frequency regulation. They demonstrated a proportional—integral (PI) closed-loop 

feedback voltage regulation of the three-phase SEIG driven by the variable speed prime 

mover. On the basis of the static VAR compensator (SVC) composed of the thyristor 

phase-controlled reactor in parallel with the thyristor switched capacitor and the fixed-

excitation capacitor bank, they designed a power conditioner for the wind generation. 

With the simulation analysis and experimental results, they demonstrated the practical 

effectiveness of the additional SVC with the PI-controller-based feedback loop in steady-

state operation in terms of high performance with low cost. 

Chtchetinin [25] aimed to overcome the problem of terminal voltage stabilization 

for SEIG in stand-alone mode by implementing different designs of control schemes. He 

proposed an optimization technique for tuning of digital control block based on direct 

modeling of transients in the system using space vector theory. 

Singh et al. [26] proposed an analysis of SEIG operating with an ELC for 

regulating its voltage and frequency under varying load condition. The proposed ELC 

consists of a rectifier and a chopper circuit whose operation generates harmonics on AC 

side of the SEIG system. They presented the complete description of the AC current 

harmonics generated in ELC operation and their effects on the performance of SEIG. 

Joshi et al. [27] presented a genetic algorithm based approach for constant voltage 

and constant frequency operation. Singh et al. [28] proposed the use of damping resistors 

across series capacitors to damp out the starting transients and for the stable operation. 

They used simulated annealing based approach to solve voltage regulation optimization 

problem. 

Palwalia et al. [29] demonstrated the digital design and implementation of a new 

digital signal processor-based load controller to regulate the voltage and frequency of a 

single-phase SEIG suitable for stand-alone operation with an unregulated turbine and 

constant excitation. They implemented a sinusoidal pulse-width-modulated AC chopper 

control technique to regulate the random consumer load so as to maintain a constant load 

on the generator. 
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(E) PARALLEL OPERATION OF SEIGs 

SEIGs can be operated in parallel. Few researchers have made the study of 

parallel operation of SEIGs [30-32]. 

Chakraborty et al. [30] presented an iterative solution technique for the problems 

related to steady state performance of SEIGs operating in parallel. Based on voltage and 

current balance equations, they derived a model for steady state equivalent circuit of 

induction machine considering the non-linearity in the magnetization characteristics. This 

proposed method can be applied for analysis of any number of parallel connected 

machines. 

Wang et al. [31] demonstrated a novel approach, based on eigen value and its 

sensitivity analyses, to predict both minimum and maximum values of capacitance 

required for self-excitation of parallel operated three-phase induction generators. 

Al-Bahrani [32] described two methods of analysis to control the common bus 

voltage of any number of parallel SEIGs under steady state balanced conditions. The 

proposed methods are general and can be used for a single or a group of SEIGs 

employing similar or different machines with equal or unequal prime movers speeds. 
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CHAPTER-3 

MATHEMATICAL MODELING 

3.1 	GENERAL 

This chapter describes the dynamic modelling of various components of a 3-

phase SEIG-ELC based micro hydropower plant. The considered SEIG-ELC system 

consists of an induction generator (IG), capacitor bank, consumer loads (static as well as 

dynamic loads) and ELC with control circuit and is shown in Fig. 3.1. 

Fig. 3.1: Schematic diagram of three-phase SEIG with ELC and Load 

3.2 MODELING OF PRIME MOVER 

In constant power applications such as micro-hydro, an uncontrolled turbine is 

used. The shaft torque, Tshaft  of prime-mover and speed is represented by a linear curve 

and given in (3.1). 
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isb 

Tshaft = k k2 (Or 	 (3.1) 

where, Tshaft is the shaft torque which shows the drooping characteristics of 

prime-mover, co,- is the speed of rotor in rad/s and k1 and k2 are constants. 

3.3 MODELING OF SEIG 

The dynamic models of symmetrical three-phase induction machine are derived 

considering the following assumptions [33]: 

(1) The change in resistance due to the change in frequency and temperature is 

neglected. 

(2) The MMF space and time harmonics are neglected. 

(3) The core loss is neglected. 

Axis of 
Phase A 

A 

B 
vra  

Vrb 

Ira 

Axis of phase a 

b 

a 
isa  

Rotation 

Wr 

vrc vac  

ifC iSC 

Rotor 	 Stator 

Fig. 3.2: Stator and rotor circuits of a 3-phase induction machine in a-b-c phase 
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Fig. 3.2 shows the stator and rotor circuits of a 3-phase induction machine in a-b- 

c phase. The voltage and flux linkage in phase variables can be expressed as [34]: 

[Vabcs] = [Rsiliabcsi + PP-abed 
	

(3.2) 

[Vabcrl= [Rr][iaberl PRabcd 
	

(3.3) 

[Xbcs]= [Ls][Iabesi 	[Lsr][iabcr] 
	

(3.4) 

[Aabcr]= [Lsr] i [iabes] 	[Laiabcd 
	

(3.5) 

where, 

[Vabcs] = [Vsa Vsb Vsc] r 
	

[Vabcr] = [Vra Vrb Vrc] r  

[Oaks] = [Isa isb isc] r, 	 [iabcr] 	[Ira irb ircIF  

P abcsi — [ksa ksb ) sc]T, 	 [ bcr} = [kra rb Arc] 

[RS] = 

[Ls] 

diag[Rs], 

Lis + Lms 

1 
Lms ins  

1 
— L 2 	Ins  

1 
— 2Lms 

Lls  + Lms 
1 

— L 2 ms  

1 
— 	 Lms 2 ms  

1 1 
— 	Lms  

Lls + Lms  

[Rd = diag[Rr] 

 

1 
2 

Lir  + Lmr 

1 Lmr — r 2 

1 — 

—  2 Lmr 

Lir + Lmr 

 

Lir  + Lmr 

[Lr] = 	Lmr 
LmrL4 2 

 

  

[1-,„ COSOr 	Lsr  cos (Or  + 120°) 
Lsr  co [Lsr] = 	COS (Or  — 120°) 	Lsr  cosi), 
Lsr  cos (Or  + 120°) Lsr  cos (Or  — 120°) 

Lsr  cos (Or  — 120°) 
Lsr  cos (Or  + 120°) 

Lsr  COSOr  

 

Since, the magnetizing and mutual inductances are associated with same magnetic 

flux path, it can be shown that 

Lmr  = (N Lms  and Ns 
 

2 
	

Lsr (—) Lms 
NsNr 

If Ns  = Nr, then Lmr  = Lms  and Lsr  = Lms 
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Rotor phase a axis 

Stator 

Stator phase A axis 

The equations, given by (3.2) to (3.5), contain inductance terms, which vary with 

angle 0r, which in turn varies with time. This suggests the transformation of a-b-c phase 

quantities into d-q-o variables as shown in Fig. 3.3. 

The q-axis lags the d-axes by 90°. In the d-q model, coils DS and QS replace the 

stator phase coils, while coils DR and QR replace the rotor phase coils. Although the d-q-

o axes can rotate at any arbitrary speed, there is no relative speed between the four coils 

DS, QS, DR and QR. 

D-axis 

Q-axis 

Fig. 3.3: D-Q axes superimposed onto a three-phase induction machine and Q-axes 

lags D-axes by 90°[34] 

The transformation of a-b-c phase variables [Fabc]  to d-q-o variables [Fd90] may be 

expressed as: 

For stator circuit 

[Fdcps] = [Ks] [Fabcs] 	 (3.6) 
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for rotor circuit 

[Fdqed = [Kr][Fabcr] 
	

(3.7) 

where, [Fdqqs] = [fds  fqs  fos]r 	and 
	

[Fabcs]T = [fsa fsb fscr.  

[Fdqor] = [fdr  fqr for]T 	and 
	

[Fabcr]r  = [fra frb frc]T 

In the above equations, T can represent either voltage or current or flux linkage 

or electric charge. The superscript 'T' represents the transpose of a matrix. 

cos0 cos(0 — 120°) cos(0 + 120°) 
sin° sin(0 — 120°) sin(0 — 120°) [Ks] 1 1 1 

2 2 2 

[K r] 
_2 

cosi3 
sin J3 
1 
2 

cos (J3 — 120°) 
sin ((3 - 120°) 

1 
2 

cos ([3+ 120°) 
sin (13 + 120°) 

1 
2 

Changing the a-b-c variables, given by (3.2)-(3.3), into d-q-o variables by the 
transformation relation given by (3.6) and (3.7), we get 

[vdqc.s] = [Rs] [idqqs]+ [Ks] p [Ks] -1[Adqqs] + [Ks] [K5]-1p [Adqqs] (3.8) 

[vdqqr] = [Rd [idqqr] + [Kr] p [Kr] -1[Adqqr] + [Kr] [Kr] -1p [Aciciod (3.9) 

Hence, 
0 	0 	p0 

[Vdcps] = [Rs][idgos] + 0 	—PO 	0 	[2clqos] + P[Xticios] F (3.10) 
0 	0 	0 
0 	0 	pil 

[Vdclor] = [R ][idqor] 4-  0 	— PP 	0 [Xcicior] + PNiqor] (3.11) 
0 	0 	0 

In stationary reference frame 

(1) = p0 = 0 	and 	13= 0 - Or 
So, 	 p13 = -Or = -cur 
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Changing the a-b-c variables, given by (3.4)-(3.5), into d-q-o variables by the 

transformation relation given by (3.6) and (3.7), we obtain 

[Adcios] = [Ks][Ls][Ks]-1[idgos] + [Ks] [Lsr][Kr]-1[idgor] 
	

(3.12) 

[Actg..] = [Kr][Lsr]T[Ks]-1[idcps] + [Kr][Lr][Kr]-1[idgor] 
	

(3.13) 

It can be shown by simple matrix exercise that 

Lis  + Lm  0 0 Lir  ± Lm  0 0 
[Ks][1_,][Ks]-1  = [ 0 Lls  + Lm  0 , 	[Kr][Lr][Kr] l  = 0 Lir  + Lm  0 

0 0 Lis  0 0 Lir  

Lm 	0 0 Lm  0 0 
[Ks][L,][Kr]-i  = 0 	Lm  0 [Kr][LAKsri  = 0 Lm  0 

where, 
0 	0 0 0 0 0 

L,, = 2-3  Lms  

Since, variables corresponding to o axis are related arithmetically to the a-b-c 
variables and not to the arbitrary reference frame, the equations for o axis variables may 

be eliminated. Here onwards, o axis variables are not shown in the d-q equations. 
Substituting the flux linkage equations, given by (3.12) and (3.13), in voltage 

equations, given by (3.10) and (3.11) and simplifying the result, we have 

[v] = [R][i] + [L]p[i] + cor[G][i] 	 (3.14) 

where 

iT [V] = [Vds  Vqs Vdr Vqd T [i] =lids iqs tdr iqrf 

Rss  
0 

0 
Rss  

0 
0 

0 
0 

Lis  + Lm  0 
Lis  Lm  

Lm  
0 

0 
Lm  [R] 0 0 12,./. 0 [L] = Lm 0 Lir  Lm  0 

I 

0 0 0  Rrr 0 Lm  0 Lir Lm 

	

0 0 0 	0 
0 	0 	0 [G] = I 0- 0 —Lin 	0 	—(Lir  + Lm) 

Lm 	0 	Lir  + Lm 	0 
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The electromagnetic torque in Newton-meters (N-m) is given by 

Te C2) [iabcsfr 	[Lsr][1abcr] 

Using transformation equations, we have 

Te  = (D [Ksi i [idclos1T  Por  [Lsrl [Kr] -1[idqori 

In terms of current, this can be written as: 

Te = (2) (2) Lm (idriqs iqrids) 

Torque balance equation is: 

Tshaft=Te J (-2p) 130)g  

The derivative of the rotor speed from (3.17) can be expressed as: 
JP\ (Tshaft— Te)  

1)(1)g 	2) 

(3.15) 

Here, Tshaft  is the input torque to SEIG from the prime mover, J is moment of 

inertia and P is number of poles. 

The SEIG operates in the saturation region and its magnetizing characteristic is 

non-linear in nature. So, the magnetizing current should be calculated in every step of 

integration in terms of stator and rotor d-q currents as 

{0cts+ich-)2 +(igs+iqr)2}112  
it, (3.19) 

The magnetizing inductance (L,„) is calculated from the magnetizing 

characteristic as 

Lm  a + b x Im  + c x I,2„ +dx1,3„ 	 (3.20) 

Further, following equations can be given for the excitation capacitors of SEIG as 

shown in Fig. 3.1. 

CaPVa — 

CbPVb 

CcI)Vc  

CcPVc = ica = iga 

CaPVa = tcb = tgb 

CbPVb = icc = igc 

(3.21) 

(3.22) 

(3.23) 

The currents i -aL3 ibL and icL  are line currents of the load and i -Da, i -Db and iDc  are the 

ac currents of the ELC as shown in Fig. 3.1. Voltages va, vb  and vc  are line voltages and 

hence, 

va  + vb + ve=0 
	

(3.24 a) 
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Substitution of (3.24 a) into (3.21)—(3.22) results in following two equations as: 

(Ca  + Cc)pva+Cc pvb=ica 	 (3.24) 

Ca pva  + Cbpvb  = Ica 	 (3.25) 

Solving (3.24) and (3.25), the voltage derivatives are 

raica+ccicl pva- Kaci  

i{cai„+(ca+cc)icb}1 Pvb= 
Keq 

with Keg  = CaCb + CbCc  + CcCa  

(3.26) 

(3.27) 

3.4 MODELING OF CONSUMER LOADS: 

Practical consumer loads consisting of induction motor and resistive load are 

modeled as follows [35]: 

3.4.1 DYNAMIC LOAD: 

The dynamic model of the three-phase squirrel cage induction motor (IM) is 

similar to the induction generator. A schematic of three phase induction motor load is 

shown in Fig. 3.4. 
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Fig. 3.4: Three phase induction motor load 
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The volt ampere equations in d-q stationary reference frame are: 

[vm]=[Rm][im]±[Lm]P[im]±com[Gm][imi 

From which, the current derivative can be expressed as: 

P[im]=[ 	{[vm]-[ RM][ imi—com[Gm]L imp 

Developed electromagnetic torque of the motor is: 

/3Pm \ 
TeM — 	)Ln,m  (igsm  i -drM idsM iqrM) 

Torque balance equation: 

2jm  TL, = TeM  + 	pcom  

From (3.39), The derivative of the speed of the motor can be expressed as: 

(Pm) (TL — TeM)  
P(1)M 	2 .1 

(3.28) 

(3.29) 

(3.30) 

(3.31) 

(3.32) 

where TL, JM  and PM  denote load torque, moment of inertia and number of poles 

of IM, respectively. 

3.4.2 STATIC LOAD: 

A schematic of three phase resistive load is shown in Fig. 3.4. 

iaL 
a 

 

Fig. 3.5: Three phase resistive load 
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The volt ampere equations in d-q stationary reference frame are: 

[vm]=[Rm][im]+iLmiP[im]±(m[Gm]iind 	 (3.28) 

From which, the current derivative can be expressed as: 

P[1M]=[ Lmil{[vm]t RM][ imi—om[Gmi[ 44]) 	 (3.29) 

Developed electromagnetic torque of the motor is: 

TeM = (---3P4M )LmM (iqsM idrM idsM iqrM) 
	

(3.30) 

Torque balance equation: 

21m TL  = Tem ± ( FT) ION4 	 (3.31) 

From (3.39), The derivative of the speed of the motor can be expressed as: 

(PM) (TL TeM)  
PC°M 	2 J 	lm 

(3.32) 

where TL, JM  and PM  denote load torque, moment of inertia and number of poles 

of IM, respectively. 

3.4.2 STATIC LOAD: 

A schematic of three phase resistive load is shown in Fig. 3.4. 

iaL 
a 

va 

  

   

Fig. 3.5: Three phase resistive load 
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For the three-phase delta connected resistive load as shown in Fig. 3.4, the line 

currents are given by 

iaL = ipa -  ipc — 

= 	- jpa 

icL= ipc  _ ip.b 

the following relations: 
Va 	VC \ (3.33) 

(3.34) 

(3.35) 

RLa 

Vb ) 

I RLc 

va  ) 

RLb 

vc 

RLa 

) 

RLb 

3.5 MODELING OF ELC: 

The considered ELC consists of an uncontrolled diode rectifier bridge, a control 

circuit, a solid-state switch (IGBT) operating as a chopper and the dump load (resistors) 

as shown in Fig. 3.5. The stator voltage is fed to the ELC circuit through a small value of 

source inductance (Lf) and resistance (Rf). A filtering capacitor (C) is connected across 

the rectifier output to filter out the ac ripples of the de voltage [35]. 

The volt—current relation of the complete load controller system is 

Vmax  = 2Rfid 2Lfpid  + Vd 

from which the derivative of ELC current (id) is defined as 

pid 	(Vmax — — 2Rfid) 
2 Lf 

(3.36) 

(3.37) 

where, v.,ax is the maximum value of ac line voltages (va, vb, ye, -va, -vb and -ve  ) 

depending on which diode pair is conducting and vd is the dc-link voltage. The ac dump 

load currents in the three phases -Da, -Db and iDe) are obtained by using the magnitude of 

id and direction (sign) corresponding to conducting pairs of diodes. 
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Fig. 3.6: Schematic diagram of ELC with Control circuit [35] 

Charging and discharging of the filter capacitor is expressed as 

pvd 
	- iL) 	 (3.38) 

with 1L  = 
Vd 	s  Vd 

RdL1 	RdL2 

where, S is the switching function indicating the switching status of the IGBT 

switch. When the switch is closed, then S = 1 and when the switch is opened, then S = 0. 
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The switching states of the IGBT chopper (S = 1 or 0) depend on the output of Pulse 

Width Modulation (PWM) wave with the varying duty cycle which compares the output 

of Proportional Integral (PI) voltage controller with the sawtooth carrier wave as shown 

in Fig. 3.5 . 

3.6 MODELING OF CONTROL SCHEME OF ELC 

The closed-loop control is the heart of ELC and it plays a vital role in keeping the 

terminal voltage of the SEIG constant. The SEIG output voltage is sensed using a step-

down transformer and converted to dc through a single-phase rectifier circuit for the 

feedback signal, as shown in Fig. 3.6. A small capacitor (Cs) is used to filter the ripples 

out from the rectified voltage to be used as the feedback signal (vdf) and it is compared 

with the reference voltage (vref) [36]. 

The error voltage is fed to a PI voltage controller. The output of controller is 

compared with the sawtooth carrier waveform to result in the PWM signal to alter the 

duty cycle of the chopper. The single-phase rectifier circuit used in this feedback loop is 

modeled as 

Vf = Rffidf Lffpidf KVdf 	 (3.39) 

Here, of is the absolute value of the instantaneous value of the ac output voltage 

of the step-down transformer corresponding to the SEIG voltage (v. or -v.) depending on 

which diode pair is conducting and vdf is the dc voltage. Rff and Lff are the resistance and 

leakage inductance of the step-down transformer, respectively. K is a constant depending 

upon the tapping of the potentiometer. 

From (3.47), the derivative of current (idf) is given as 

pidf  (vf — Kvdf — Rffido 
Lff 

(3.40) 
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Fig. 3.7: Voltage Sensing Circuit [36] 

Charging and discharging of the filtering capacitor (C5) at the output of the single-

phase uncontrolled rectifier is as follows: 

pvd  idf Rff idf 
Cs  K (3.41) 

Voltage vdf is used as the feedback voltage signal and compared with the 

reference signal. The resulting error is fed to the PI voltage controller. The analog PI 

voltage controller modeled as 

The output signal of the PI controller (vo) is 

Vo= VO1 VO2 
	 (3.44) 
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Am  t (3.45) Vst = TP 

where vfef is the reference voltage, K1 = Rfb/R1 = 34.55 and Tce  = Rfb  = 0.1935 as 

Rfb  = 194 k S2, R1  = 5.6 k C2, Cfb = 1 g.F. R1, Rfb and R1 are the input resistance, feedback 

resistance, and feedback capacitance used in the analog PI controller. 

The output of the PI controller (vo) is compared with the saw-tooth PWM carrier 

waveform. The sawtooth waveform is defined as 

where Am  is an amplitude of the sawtooth carrier waveform (2.38 V), t is time in 

microseconds, and Tp  is a time period (200gs) of the sawtooth PWM carrier wave. 

The PI controller output voltage (v0) is compared with the sawtooth carrier 

waveform and output is fed to the gate of the chopper switch (IGBT), whuich is operated 

as: 

S = 1, when vs, > vo, and S = 0, when vs, < 0, 

where S is the switching function used for generating the gating signal of the 

IGBT of the chopper of the ELC. 

The PWM signal is fed to an opto-isolator, which isolates the power circuit and 

the control circuit. The opto-isolator inverts the signal at its output and hence a single 

stage transistor amplifier is used at its output, which again inverts the signal to regain the 

original signal. This signal is then fed to a push-pull amplifier, which drives the IGBT 

chopper with the appropriate duty cycle. 
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CHAPTER-4 

DATA AND SIMULATION RESULTS 

This chapter deals with simulation of SEIG-ELC based micro hydro power plant 

using the mathematical modelling of different components of it presented in the previous 

chapter. In this chapter, various data used for simulation purpose, algorithm for 

simulation and results obtained after simulation are presented. 

4.1 DATA 

The data for various components of SEIG-ELC based micro hydro system, 

simulated in this dissertation work, are given below: 

(A) 	Parameters of SEIG [23]: 

For simulating SEIG, an Induction machine rated as 3.7 kW, 3-phase, 4-pole, 50 

Hz, 415 V, 7.4 A, Y connected induction machine is used with following parameters: 

R1.433, Rr = 1.606 f2, Xis = 3.1626 S2, )(h.= 3.1626 LI 

The magnetizing inductance Lm  is related to the magnetizing current as 

Lm = 1.0 for Im  < 0.36 

= 1.12-0.34371m+0.042Im2-0.001641m3  for 3.6 < Im  < 3.2 

= 0.4 for Im  > 3.2 

The moment of inertia of the induction machine including the prime mover 

coupled on its shaft is 0.0966 kg-m2. 

(B) Parameters of Prime-mover Characteristics 

The following parameters are used for simulating the characteristics of prime 

mover: 

k l = 600 and k2= 3.5 

(C) Parameters of Electronic Load Controller and Control Circuit [37] 

For ELC and its control circuit, values of different parameters are as follows: 

RDL=84 S2, Cdc=380 	Rf = 1 12, Lf = 0.001 H 
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Rfb =194 k SI, R I = 5.6k SI, Cfb I µF 

Rff = I S2, Lff-0.0085 H 

Cs= 40 pf, REA-40 k 

(D) 	Parameters of Induction Motor Loads 1371: 
To Simulate dynamic load, 735 W, 3-phase, 4-pole, 50 Hz, 230 V,Y connected 

induction motor is considered with 

Rs  = 8.38 SI, Rr  = 10.58 SI, XI, = 50.77 LI, Xlr  = 50.77 n 
= 84.466 n, J=0.0018 Kg-m2  

4.2 ALGORITHM FOR SIMULATION 
The algorithm used for simulation is shown in Fig. 4.1 with the help of a flow- 

chart. 

Start ) 

Read input data 

Calculate system parameters 

Find out system initial conditions 
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is simulation lime over ? 

Assign present 
system conditions 
as initial conditions 

for next iteration Yes 

Stop simulation and print 
the simulation results 

1  
(  End  

No 

Using system initial conditions, apply 
numerical integration method to 

calculate the values of various state 
variables after chosen time-step 

Create disturbance by:- 
1.switching of loads 

2.short circuit at load terminals 
3.unbalanced excitation 
4.unbalanced loading  

Choose time-step size 

Fig. 4.1: Flow chart for simulation 

4.3 SIMULATION RESULTS 

The objective of the work is to simulate a self excited induction generator (SEIG) 

with electronic load controller (ELC) under various transient conditions. The complete 
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MATLAB Simulink model is developed with the help of SimPower systems block sets 

and shown in Appendix-A. 

Following cases are taken for study: 

1. Process of Self-excitation and Voltage build up, 

2. Sudden application and removal of resistive load, 

3. Sudden application and removal of IM load, 

4. Faults, 

5. Unbalanced Loading, 

6. Unbalanced Excitation. 

4.2.1 Process of Self-excitation and Voltage Build up 

In this case, SEIG is started at no load with excitation capacitors of 20011F per 

phase. Figs. 4.2 to 4.5 show voltage build up for all three lines at SEIG terminals, 

capacitor currents, Electromagnetic torque, Rotor speed and frequency of generated 

voltage, respectively.. 

\TAM 

Vb(l') 

c(V) 

Tine(sec) 

Fig. 4.2: Three line voltages build up at SEIG terminals 
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Nr 
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Icb(A) 

Icc(A) 

Time(sec ) 

Fig. 4.3: Three line capacitor currents 

Time(sec.) 
Fig. 4.4: Electromagnetic torque and rotor speed developed in SEIG 
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ELC with Control circuit 

Time(sec.) 

Fig. 4.5: Frequency of generated voltage 

4.2.2 Sudden Application And Removal OfResistive Load 

Schematic diagram of 3-phase SEIG with ELC feeding static load (resistive load) 

is shown in-the Fig. 4.6. Two cases, sudden application and sudden removal of resistive 

load of 1500 W are considered. 

Prime mover 

Capacitor bank 

Fig. 4.6: Schematic diagram of SEIG feeding resistive Load 
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Sudden Application 

Initially SEIG is operated at no load. At t = 1 sec., ELC is connected at SEIG 

terminals and consume rated power. At t = 1.5 sec., a resistive load of 1500 W is 

suddenly connected to the SEIG terminals. Figs. 4.7-4.12 illustrate the sudden application 

of resistive load. 

Figs. 4.7 and 4.8 show the waveforms of the voltage and current of line-A at 

SEIG terminals and three line capacitor currents, respectively. Figs. 4.9 and 4.10 

represent the main load current and ELC current of line-A, respectively. Figs. 4.11 and 

4.12 show the variation in electromagnetic torque, rotor speed and frequency due to 

switching of resistive load, respectively. 

It is found that the line-A voltage and frequency of generated voltage at SEIG 

terminals remain almost unchanged. 

Iga(A) 

Time(sec ) 

Fig. 4.7: Voltage and current waveforms of line-A at the SEIG terminals due 

to sudden application of resistive load 
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Ica(A) 

Tnne(sec ) 

Fig. 4.8: Capacitor current of line-A due to sudden application of resistive 

load 

laL(A) 

Time(sec.) 

Fig. 4.9: Waveforms of main load current of line-A due to sudden 

application of resistive load 
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1Da(A) 

Time(sec ) 

Fig. 4.10: Waveforms of ELC current of line-A due to sudden application 

of resistive load 

Te(tint) 

Nr(rpm) 

Fig. 4.11: Electromagnetic torque and rotor speed in SEIG due to sudden 

application of resistive load 
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fai2) 

Time(sec.) 

Fig. 4.12: Frequency of generated voltage due to sudden application of 

resistive load 

(ii) 	Sudden Removal 

Initially SEIG-ELC system is operated with 1500 W resistive load. Suddenly 

resistive load of 1500 W is removed at t= 2 sec from the SEIG terminals. 

The waveforms due to the removal of resistive load of 1500 W at t=2 sec. are 

shown in Figs. 4.13 to 4.18. In this case, the line voltages and currents and the output 

voltage of the SEIG remain same after removal of resistive load. 

When a resistive load of 1500 W is suddenly removed across the SEIG terminals, 

it is seen that peak value of the ELC input current of line-A increases. Fig. 4.16 shows 

ELC current of line-A. The duty cycle of the chopper switch is increased. This indicates 

that the power is transferred from main load to the dump load and accordingly, the total 

power supplied by the SEIG remains unchanged. Thus the terminal voltage of the SEIG 

is maintained constant. 
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Va(V)  

Iga(A) 

Time(sec ) 

Fig. 4.13: Voltage and current waveforms of line-A at the SEIG terminals 

due to sudden removal of resistive load 

Ica(A) 

Time(sec ) 

Fig. 4.14: Capacitor current of line-A at due to sudden removal of 

resistive load 
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lai(A) 

Time(sec ) 

Fig. 4.15: Waveforms of main load current of line-A due to sudden 

removal of resistive load 

liDa(A) 

Time(sec ) 

Fig. 4.16: Waveforms of ELC current of line-A due to sudden removal of 

resistive load 

41 



Gff 

t(Hz) 

Te(Nm) 

Nr(pm) 

Time(sec.) 

Fig. 4.17: Electromagnetic torque and rotor speed in SEIG due to sudden 

removal of resistive load 

Time(sec ) 

Fig. 4.18: Frequency of generated voltage due to sudden removal of 

resistive load 
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Fig. 4.24: Waveforms of ELC current of line-A due to sudden application of 

IM load 
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Fig. 4.25: Electromagnetic torque and rotor speed in SEIG due to sudden 

application of IM load 
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dicating that the power is transferred from dump load to motor load and the total power 

[pplied by the SEIG remains unchanged. 

Time(sec ) 

Fig. 4.20: Voltage and current waveforms of line-A at the SEIG terminals 

due to sudden application of IM load 

ca(A) 

Titne(sec.) 

Fig. 4.21: Capacitor current of line-A at due to sudden application of IM load 
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litne(scc.) 

:(A) 

!Ann) 

Timc(set-.) 

Fig. 4.22: Electromagnetic torque developed in IM load 

Fig. 4.23: Waveforms of main load current of line-A due to sudden 

application of IM load 
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Fig. 4.24: Waveforms of ELC current of line-A due to sudden application of 

IM load 

Time(sec ) 

Fig. 4.25: Electromagnetic torque and rotor speed in SEIG due to sudden 

application of IM load 
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Time(sec) 

Fig. 4.26: Frequency of generated voltage due to sudden application of 

IM load 

Sudden Removal: 

Initially SEIG is feeding IM load. At t =3 sec. IM load is suddenly removed from 

3EIG terminals. Waveforms corresponding to sudden removal of motor load at t=4 

are given in Figs. 4.27 to 4.33. 

Fig. 4.27 shows that the voltage at SEIG terminal remains same after removal of 

)r load. 

Capacitor current of line-A is shown in the Fig. 4.28 which remain same after the 

wal of dynamic load. 

After removal of IM load, ELC current increases which is shown in Fig. 4.31. 

11 fluctuation in torque, rotor speed and frequency are depicted in Figs. 4.32-4.33. 
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e 4. fat 	Arlvs 	 • 	w;11 
Time(see.) 

Fig. 4.27: Voltage and current waveforms of line-A at the SEIG terminals 

due to sudden removal of IM load 

Iime(ser ) 

Fig. 4.28: Capacitor current of line-A at due to sudden removal of IM load 
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Time(see-) 

Fig. 4.29: Electromagnetic torque in IM load 

Time(sec.) 

Fig. 4.30: Waveforms of main load current of line-A due to sudden 

removal of IM load 
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Aggvmm*:::  

Time(sec-) 

Fig. 4.31: Waveforms of ELC current of line-A due to sudden removal of 

IM load 

v7110:1;'',55-10r 

Time(sec-) 

Wi  

Fig. 4.32: Electromagnetic torque and rotor speed in SEIG due to 
sudden removal of IM load 
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Time(sec ) 

Fig. 4.33: Frequency of generated voltage due to sudden removal of 

resistive load 

FAULTS: 

Transient analysis has been made for three-phase and line-line fault. Simulation 

is corresponding to three-phase and line-line faults are discussed as below: 

THREE PHASE FAULT: 

Initially SEIG is operated with a resistive load of 1500 W. A three phase fault is 

idered at the load terminals at t=2 sec. Fault is applied for the duration of 0.1 sec. 

SEIG cannot sustain the short circuit due to failure of excitation and the voltage 

tpses to zero immediately without any transient as shown in Figs. 4.34-4.35. A 

..nt surge of 7000 A is observed during first cycle of load current as shown in 

t.36. This current surge reduces to a very low value due to the voltage collapse. ELC 

ant reduces to zero during fault and process of voltage build up after the clearance of 

, as shown in Fig. 4.37. 
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Voltage rebuild up takes more time due to the weakening of residual magnetism 

:he longer duration fault. Rated voltage is again re-build up at SEIG terminals in 

nd 0.4 sec after the clearance of fault. Electromagnetic torque, rotor speed and 

iency increases considerably during three phase fault and depicted in Figs. 4.38-4.39. 

Tftne(sec ) 

Fig.4.34: Voltage and current waveforms of line-A of SEIG due to sudden 
application and removal of three phase fault 

Tune(see ) 

Fig.4.35: Capacitor current of line-A due to sudden application and removal 
of three phase fault 
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Time(sec ) 

Fig. 4.36: Waveforms of main load current of line-A due to sudden 
application and removal of three phase fault 

Tine(se c 1 
Fig. 4.37: Waveforms of ELC current of line-A due to sudden application 

and removal of three phase fault 
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Time(sec.) 

Fig. 4.38: Electromagnetic torque and rotor speed in SEIG due to sudden 
application and removal of three phase fault 

Time(sec.) 

Fig. 4.39: Frequency of generated voltage due to sudden application and 
removal of three phase fault 
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Line to Line Fault: 

A line to line short circuit is applied between two lines A and B at the load 

inals for the duration of 0.1 sec from t = 2 sec. to t = 2.1 sec. The SEIG cannot 

Lin the short circuit and the voltage collapses to zero immediately without any 

ient as shown in the Fig. 4.40. 

After the clearance of fault, rated voltage is build up at SEIG terminals in around 

iec. Capacitor currents also decreases to a small value during line-line fault and 

in in the Fig. 4.43. 

A current surge of 4500 A is observed during first cycle of load current of line-A 

line B, which reduces to a very low value due to the voltage collapse and depicted in 

4.44. Fig. 4.45 shows the current in the healthy line-C. 

Figs. 4.46-4.48 represent the ELC current, electromagnetic torque developed in 

3, rotor speed and frequency of generated voltage during fault and after the clearance 

ult. 

Tinie(see ) 

Fig.4.40: Voltage and current waveforms of line-A of SEIG due to sudden 

application and removal of line to line fault 
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Ttme(sec ) 

Fig 4.41: Voltage and current waveforms of line-B of SEIG due to sudden 

application and removal of line to line fault 

Ttme(sec ) 

Fig.4.42: Voltage and current waveforms of line-C of SEIG due to sudden 

application and removal of line to line fault 
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Time(sec 

Fig.4.43: Three line Capacitor current due to sudden application and 

removal of line to line fault 

Time(A) 

Fig.4.44: Waveforms of main load current of line-A and line-B due to sudden 

application and removal of line to line fault 
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Fig.4.45: Waveforms of main load current of line-C due to sudden 

application and removal of line to line fault 

Time(sec.) 

Fig.4.46: Waveforms of ELC current of line-A due to sudden application 

and removal of line to line fault 
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WM. 

Time(sec ) 

Fig. 4.47: Electromagnetic torque and rotor speed in SEIG due to sudden 

application and removal of line to line fault 

Ttme(sec 

Fig. 4.48: Frequency of generated voltage due to sudden application and 

removal of line to line fault 
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UNBALANCED LOADING 

Initially SEIG-ELC is operated with resistive load of 1500 W. An unbalanced 

is made by opening of line-A of a three phase resistive load at t = 2 sec. Voltage 

pse and failure of excitation are not observed in this case as shown in the Fig. 4.49- 

Figs. 4.51-4.52 represent the load current of all the three lines. ELC current 

rases due to unbalanced loading as shown in Fig. 4.53. Figs. 4.54 to 4.55 show the 

romagnetic torque, rotor speed and frequency of generated voltage due to opening of 

A at load. 

Due to line-A opening at load, the SEIG is now effectively feeding a load of 

-1201tib/(Ria+Rib+Ric) where Rya, Rib and Ric  are the values of delta connected three 

e resistances. 

Time(sec ) 

Fig.4.49: Voltage and current waveforms of line-A of SEIG due to 

opening of line-A at load 
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• • Time(sec) 

Fig.4.50: Three line Capacitor current due to opening of line-A at load 

Time(sec.) 

Fig.4.51: Waveforms of main load current of line-A due to opening 

of line-A at load 
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Fig.4.52: Waveforms of main load current of line-B and line-C due to 

opening.of line-A at load 

;%:%1Elie.ffirdi 	 Jaft4i; MC. -18U-S"LINMATAIVANISMW2KW 	..%5; 

Time(sec) 

Fig.4.53: Waveforms of ELC current of line-A and line-C due to opening 

of line-A at load 
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.2.6 UNBALANCED EXCITATION 

Initially SEIG is operated with resistive load of 1500 W. A single capacitor 

:.tween line-A and line-B opens in capacitor bank at t=2 sec. Transient waveforms due 

sudden opening of single capacitor are shown in the figure from Figs. 4.51 to 4.56. 

The capacitor opening causes a reduction in net reactive power and SEIG operates 

a lower saturation level, which decreases stator voltages and currents with time. 

owever, the exact rate of decay depends on the value of capacitance and load. No 

Trent surge is observed during capacitor opening. 

Figs. 4.51-4.52 shows the voltage and current of line-A and capacitor currents of 

three lines. Figs. 4.53-4.54 represent the load current of all three lines, ELC current of 

Fig.4.55 shows the pulsating electromagnetic torque, rotor speed of SEIG and 

:quency of generated voltage during unbalanced excitation. 

Time(sec ) 

Fig.4.56: Voltage and current waveforms of line-A of SEIG due to 
opening of single capacitor 
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ec(A) 

Time(ssec ) 

Fig. 4.57: Three line capacitor current due to opening of single capacitor 

Ttme(sec ) 

Fig. 4.58: Waveforms of output voltage of the SEIG and line-A load 
current due to opening of single capacitor 
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Fig. 4.59: Waveforms of output voltage of the SEIG and line-A current of 

ELC due to opening of single capacitor 

Time(sec ) 

Fig. 4.60: Electromagnetic torque and rotor speed of SEIG due to opening 

of single capacitor 
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Fig. 4.61: Frequency of generated voltage due to opening of single capacitor 



CHAPTER-5 

CONCLUSION 

In this chapter, conclusion of the thesis work and scope for future work are 

esented. 

1 CONCLUSION: 

The simulation of SEIG-ELC based micro hydro power plant system has been 

rried out in MATLAB/SIMULINK environment. The performance of the SEIG with 

ad controller has been simulated for transient conditions such as process of self-

citation, voltage build up, faults, unbalanced excitation and switching of resistive and 

'namic load. From the simulation results, the following conclusions are drawn: 

I. For resistive main load, the stator line voltages of the SEIG remain same before 

and after application of main load. 

2. The induction motor load also can be started up successfully. Using a fixed value 

of capacitance for excitation, an SEIG can safely feed an induction motor rated 

upto 50% of its rating. In this case also, the stator line voltages of the SEIG 

reduce slightly after application of motor load due to increase of VAR demand. 

3. In case of application of motor load, it draws heavy inrush current until the steady 

state condition is reached. During this period, the ELC current i.e. the dump load 

ac current reduces considerably. When the steady state is reached, the ELC starts 

dumping power to the dump load. 

4. After application of main load, the harmonics contents in the stator phase voltages 

and currents of the SEIG reduce because the current through the ELC decreases 

and the effect of ELC on the SEIG is reduced. 

5. Three phase fault, line to line fault and unbalanced excitation cause voltage 

collapse and de-excitation except opening of line-A at load. 

6. The excessive high torque during short circuit and the sustained pulsating torque 

during imbalance may be taken into account with appropriate shaft design. 
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7. The dynamic model of SEIG can handle any capacitor and/or load configuration 

while maintaining the integrity and generalized nature of the load. 

The dynamic behavior of the SEIG with load controller reveals that this system 

n be used satisfactorily in constant power applications such as micro-hydro with 

controlled turbine. This study has practical significance due to enormous small hydro 

■tential in isolated locations in several countries. 

2 FUTURE SCOPE OF WORK: 

Unbalanced operation of SEIG leads to voltage stresses and over heat in the 

achine and correspondingly leads inefficient operation due to the voltage and current 

gative sequence components. To reduce these problems, strategy may be made to 

inimize the unbalancing by selecting the appropriate size and rating of excitation 

pacitors. Following works are proposed for future: 

-(1) Transient analysis can also be made to evaluate the- performance and designing of 

machine parts such as winding and coupling shaft and devising of the protection 

strategy during unbalanced condition. 

(2) In the load controller, the difference of generated power and the consumer load 

power is dumped to the dumping resistance, which is wastage of power. 

Alternative arrangement such as that battery charging, water heating, space 

heating, cooking, baking etc. may be developed to improve the efficiency. 

(3) Digital signal processor (DSP) based controller may be developed to study the 

comparative performance of the SEIG-ELC system. 
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APPENDIX - A 

This Appendix presents the developed SIMULINK MODEL of SEIG-ELC 

(stern supplying three phase resistive load. 

.1 SIMULINK Model of SEIG-ELC system: 
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APPENDIX - B 

This appendix presents the design of three phase ELC for 3.7 kW SEIG. 

B Design of Three Phase ELC [231: 

The voltage and current rating of the SEIG decides the component rating of ELC 

because in the constant power operation, SEIG always operates at the rated power. The 

voltage rating of the uncontrolled rectifier and chopper switch will be the same and 

dependent on the rms ac input voltage and average value of the output de voltage. The dc 

voltage is calculated as [37] 

3,12' VLL  
Vdc = 	(1.35 VLL) 

where VLL  is the root-mean-square (rms) value of the line-toline voltage of SEIG. 

For the 3.7 kW SEIG, the line voltage is 415 V and 

Vdc-=(1.35 ) x 415 = 560.25 V 

An overvoltage of 10% of the rated voltage is considered for transient conditions 

and hence, the rms ac input voltage will be (456.5 V) with a peak value 

Vpeak=(112  ) X 456.5 V = 645.58 V 

This peak voltage will appear across the components of ELC. The current rating of 

the uncontrolled rectifier and chopper switch is decided by the active component of input 

ac current and calculated as 

= 
 

1AC (1i3VLL) (B.2) 

where VLL  is the rms value of the SEIG terminal voltage and is the power rating of 

SEIG. The active current of SEIG may be calculated as 

3700 
IAC 	 _5.14 A 

(V3 x 415) 

(13.1) 
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x [(1 + 1/(\i2 x 0.05)}=297.49 

The nearest commercially available value of 380 p.F is selected. 

Table B.1 Three Phase ELC Parameters for 3.7 kW SEIG 

Power Rating 

(3.7 kW) 

Voltage Rating of 

rectifier and chopper 

switch 

(V) 

Current Rating of 

rectifier and 

chopper switch 

(A) 

Rating of 

Dump load 

(n) 

Rating of DC 

filtering capacitor 

(RF) 

Selected 900 15" 84 380 
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The three-phase uncontrolled rectifier draws approximately quasi—square current 

with the distortion factor of (3/ u=0.955). The input ac current of ELC may be obtained 

as 

'AC  
InAc - (0.955) = 	= 5.39 A (B.3) 

The crest factor (CF) of the ac current drawn by an uncontrolled rectifier with a 

capacitive filter varies from [1.4 to 2.0] so the ac input peak current may be calculated as 

'peak = 21DAc —2x5.39=10.78A 
	

(B.4) 

From these calculations, it is observed that the maximum voltage may be 645.58 V 

and peak current may be 10.48 A in the uncontrolled rectifier. The commercially 

available rating of an uncontrolled rectifier and chopper switch is 900 V and 15 A higher 

than 645.58 V and 10.48 A, respectively. 

Therefore rating of the uncontrolled rectifier and chopper switch has been decided 

to be 900 V and 15 A for three-phase ELC. The rating of dump load resistance is 

calculated by 

RD = (Vdc)2/Prated 
	 (B.5) 

From this relation, the value of RD is computed as 

RD = (560.25)2/3700=84.83 SI 

The value of the dc-link capacitance of the ELC is selected on the basis of the 

ripple factor. The relation between the value of dc-link capacitance and ripple factor (RF) 

for a three-phase uncontrolled rectifier is [12] 

C = (1/(12fRD)} [(1 + 1/(12RF)} 	 (B.6) 

If 5% ripple factor is considered in the dc bus voltage of ELC, then the 

capacitance is calculated as 

C={1/(12 x 50 x 84.83)) 
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x [(1 + 1/(1/2 x 0.05))=297.49 

The nearest commercially available value of 380 [IF is selected. 

Table B.1 Three Phase ELC Parameters for 3.7 kW SEIG 

Power Rating 

(3.7 kW) 

Voltage Rating of 

rectifier and chopper 

switch 

(V) 

Current Rating of 

rectifier and 

chopper switch 

(A) 

Rating of 

Dump load 

(0) 

Rating of DC 

filtering capacitor 

(tiF) 

Selected 900 15' 84 380 
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