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Abstract

A system comprising of a hydraulic turbine (HT) driven induction generator
with excitation capacitor (IGEC) has been proposed for providing electricity
to the residents living in remote areas and steep terrains, wherein the grid
connection is unviable. The available water resource in such locations is
effectively utilized and the load on the generator terminals is set, based on
the requirement of the consumer demand. A method has been formulated for
the estimation of excitation capacitor and rotor speed for ensuring nominal
voltage and frequency at the generator terminals, regardless of variation in
the consumer load. This design procedure is based on the analysis of IGEC
employing the binary search algorithm (BSA). The logical way of arriving
at the range of per unit (pu) speed to start the BSA has also been illustrated.
A closed-loop control scheme has also been formulated, by taking generator
voltage as the feedback variable and comparing the voltage set limits Vmin

and Vmax. Accordingly, a controller action is initiated to add or disconnect the
flexible loads. An available mathematical modeling of HT has been modified
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suitably and by using this model, the functioning of the proposed system
with respect to the HT characteristics and generated frequency of IGEC has
also been investigated. Using a MATLAB/Simulink software, the successful
functioning of the proposed system has been demonstrated with typical
operating conditions. The predetermined values and simulated observations
are amply supported with the laboratory results conducted on a 3-phase,
3.7 kW IGEC.

Keywords: Induction generators, energy conversion, hydroelectric power
generation, power conversion, distributed generation.

1 Introduction

In the last two to three decades, planning, designing and installing of various
forms of renewable energy sources are being increasingly emphasized world
over, to bring in a totally pollution free environment, for healthy and com-
fortable living. The international energy agency anticipates that the capacity
of the renewable electricity to grow by over 60%, and account for almost
95% of the global power capacity by 2026 [1]. This is equivalent to the
current combined global capacity of fossil fuels and nuclear power. In this
context, deployment of Electric vehicles is fast picking up and replacing,
diesel and petrol driven ones. Among the renewables, solar photovoltaic
systems dominate, followed by wind, hydropower and bioenergy.

The hydroelectric power systems range from massive ones of hundreds
of MW rating to power an entire state, to small ones of tens of kW which
would fulfill the domestic as well as agricultural needs of a local community,
particularly those in remote villages and hilly areas, far away from main
power lines. However, it is to be mentioned that the installation of large
hydro plants causes a vast deforestation and destruction of animals and green
lands. The present emphasis being to preserve natural resources, deployment
of micro hydro power plants (MHPP) as a distributed generation, which does
not require a reservoir or large civil construction work, is gaining popularity.
So, MHPP is also being promoted along with wind energy conversion systems
and solar photovoltaic systems to enhance the installation of renewable power
plants.

The first important step in installing MHPP, involves a logical way of
fixing a suitable hydraulic turbine (HT) to drive the generator. In this regard,
Jawahar et al. have made an exhaustive review of turbines available in
India and abroad, used for small and MHPP, along with the details of the
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manufacturers [2]. Elbatran et al. have studied the economic analysis and
selection of appropriate turbines suitable for this application along with its
operation and performance [3]. Many researchers have developed mathemat-
ical modeling of the HT for predicting its performance [4–7] and one such
model is considered in this paper. Shalvi Tyagi et al. have also proposed a
permanent magnet synchronous generator (PMSG) based system for stand-
alone small hydro plants [8]. References [9, 10] present a comprehensive
review of the operation and control of MHPP. It is to be noted that the size
and cost of PMSG is higher compared to the induction generator for ratings
less than 100 kW [11]. Induction machines are also more robust and available
on-shelf. Hence, several authors have dealt with induction generator with
excitation capacitor (IGEC) to be operated in self-excited mode for HT driven
electricity generation [12].

The mechanical output power from HT is constant for a fixed head
and discharge. So, with a view to ensure a reliable and efficient method of
operating the MHPP employing IGECs, various power converter topologies
have been proposed, namely, (i) 3-phase AC chopper connected between gen-
erator and dump load [13–15], (ii) diode bridge rectifier with chopper [16],
(iii) DSTATCOM at generator terminals [17–19], (iv) DSTATCOM with
hybrid topology [20], (v) STATCOM with battery energy storage system [21]
and (v) battery-supported unified power quality controller [22]. Further, the
excess energy available more than the consumer load has been utilized for
space heating, battery charging and water pumping etc, instead of wasting it
in dump load [13, 15, 19, 21, 22]. In all the available literature, the MHPP
is always operated at full load conditions. However, it is observed that the
requirement of the consumer load is not always close to the full load condition
and it varies widely from nearly light load to the rated capacity. Hence, an
attempt is made in this paper for the comprehensive operation and control of
HT driven IGEC based on the requirement of the consumer load with different
water flow rates.

In this paper, a method is devised for selection of excitation capacitor
and speed at which the induction generator has to be driven in order to
maintain the power at the generator terminals constant by maintaining the
stator voltage and frequency at their rated values. However, a study of the
characteristics of the HT [5–7], shows that the generator should be oper-
ated with different speeds to extract maximum possible power, for a given
water discharge. Hence, two cases are considered for the IGEC driven by
uncontrolled HT, feeding power to rural and remote places. The first one
is the constant power operation in which the load voltage and frequency
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are retained at their nominal values. The second one is the MPPT wherein
only the stator voltage is maintained at its nominal value and it can be used
for frequency insensitive loads such as space heating, lighting, low voltage
DC appliances, which demand only regulated voltage. The functioning of the
overall system has been exemplified with exhaustive simulation and validated
through experimental results. Thus, the implementation of the configuration
and control of HT driven induction generator system would substantially
support the advancement towards the UN’s sustainable development goal of
achieving affordable clean energy (SDG-7) by 2030.

The remainder of this paper is structured as follows: Section 2 describes
the proposed system along with its control strategy. The prediction of IGEC’s
steady state performance deploying its equivalent circuit, followed by a
design procedure for estimation of speed, excitation capacitor and mathemat-
ical modeling of prime mover is described in Section 3. The effectiveness of
the proposed system has been verified through simulation and authenticated
with augmented experimental results in Section 4. Section 5 outlines the
salient points and findings of the proposed method.

2 Proposed System Description and Control Strategy

The overall schematic of the proposed system is shown in Figure 1. It consists
of a hydraulic turbine used as a prime mover to drive a 3-phase delta
connected IGEC for supplying consumer loads along with other flexible loads
(FLs). The mechanical power output of HT being constant for a given water
head (H) and water flow rate (Q), the power output at the generator termi-
nals needs to be maintained constant for any change in the consumer load.
Otherwise, the generator would accelerate, resulting in rise in voltage and
frequency. On the other hand, generator operation would cease if consumer
load is higher. So, in this system FLs are considered, to assist in retaining the
set power at the generator terminals, which in turn requires the nominal value
of voltage and frequency to be maintained.

In order to optimally utilize the available water resource like lakes, it
is also proposed to operate the system with different outputs, based on the
consumer demand by appropriately controlling the water flow rates. Firstly,
the speed and capacitor values are to be estimated to get the rated voltage
and frequency at the generator terminals for different load settings. Such an
estimation procedure has been developed in this work utilizing the steady-
state equivalent circuit of the generator [23] and binary search algorithm
(BSA) [24–28]. These estimated values are stored as a look-up table in the
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Figure 1 Proposed induction generator based MHPP system. Pset: Set power; fr: Rated
frequency; Vr: Rated voltage.

controller shown in Figure 1. Then, based on the requirement of consumer
demand, the controller can set the appropriate value of speed by controlling
the water flow and the value of excitation capacitance, by switching in/out
the capacitor banks. Subsequently, for the given output, the stator line voltage
VP is taken as the feedback variable for controlling the FLs. To prevent the
oscillations, a hysteresis band is given for the voltage limit and hence the
IGEC gives nominal output voltage. It is to be noticed that the frequency
of IGEC predominantly depends on speed [24, 29] and hence frequency is
maintained at its nominal value by running the generator at fixed speed.
The successful functioning of the entire system has been substantiated with
HT modeling through simulation and validated with experimentation by
emulating the HT with DC motor.

3 Analysis and Design of the Proposed System

The equivalent circuit of IGEC shown in Figure 2 has been considered
along with the parameters of a three phase, 3.7 kW, 230 V, delta connected
IGEC given in Table 1 for the performance evaluation and experimental
investigations. All reactances are corresponding to the rated frequency in
the equivalent circuit and Xm is the per phase magnetizing reactance in Ω.
Further, a = (fg/fr) is per unit (pu) frequency, and b = N/NS is pu speed.
fg and fr are generated and rated frequencies, respectively, in Hz, N and
NS are the actual rotor speed and synchronous speed corresponding to rated
frequency, respectively, in rpm. The magnetization characteristics of IGEC
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Figure 2 Equivalent circuit of IGEC.

Table 1 Per phase equivalent circuit parameters of IGEC
Per Phase Parameter Value
Stator Resistance (R1) 1.30 Ω

Rotor Resistance (R2) 1.75 Ω

Stator leakage reactance (X1) 2.60 Ω

Rotor leakage reactance (X2) 2.60 Ω

Critical magnetizing Reactance (Xmc) 75 Ω

Rated frequency (fr) 50 Hz

obtained experimentally is

E

a
= −296.8× 10−10X6

m + 761× 10−8X5
m − 785.7× 10−6X4

m

+ 40.79× 10−3X3
m − 111.1× 10−2X2

m + 12.95 Xm + 245.9 (1)

3.1 Estimation of N and C

A method has been developed for the estimation of N and C, so that the
IGEC operates with rated voltage and frequency for a specified power. Firstly,
the load resistance, R and reactance, X have to be computed for the given
power, Pset by using the generator voltage as the reference phasor. Then,
under steady state condition, the admittance of the circuit shown in Figure 2
can be considered as [24],

1

ZSR

+
1

jXm

= 0 (2)

1

ZSR

=
1

ZS + ZLC

+
1

ZR

(3)
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where

ZS =

(
R1

a

)
+ jX1, ZR =

(
R2

a− b

)
+ jX2, ZL =

(
R

a

)
+ jX,

ZC =

(
−jXC

a2

)
, XC =

1

2πfr C
and ZLC =

ZLZC

ZL + ZC

The real and imaginary parts of admittance given in (2) are

real

(
1

ZSR

)
= 0 (4)

img

(
1

ZSR

)
=

1

Xm
(5)

Equation (4) can be utilized for evaluating the unknown value of b for
the given value of a and other specified parameters of the machine, capacitor
value and load, by adopting the BSA described in [24]. The salient steps
of BSA for the determination of b and Xm are also given in the flowchart
of Figure 3. To start this algorithm, the initial values of bmin and bmax are
needed. Here, bmin is estimated by ignoring R1, X1 and X2 in Figure 2.

The resultant expression for bmin is arrived at as

bmin = a+R2 real

(
1

ZLC

)
(6)

Considering the maximum operating slip of 6% for IGEC, the value of
bmax is taken as 1.06 times of bmin. Subsequently Xm can be calculated
using (5) and induced emf can be evaluated using (1) of IGEC. Then, the
stator voltage per phase can be evaluated using

V P = E
ZLC

ZS + ZLC

(7)

During this process, the voltage magnitude computed from (7) is checked
with the rated value for each excitation capacitor value for the given power.
The process is stopped, if the voltage calculated is found within the tolerance.
Else, the evaluation process will be repeated for other values of excitation
capacitors. This process of estimation of N and C is depicted in Figure 3.
The outputs, namely, speed and excitation capacitor values thus obtained
from this estimation can be formed as a look-up table for the control of
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Figure 3 Estimation of b and Xm and the performance of IGEC using BSA.

the proposed system shown in Figure 1. Further, the performance quantities
of IGEC can be determined using the following equations derived from the
circuit of Figure 2.

Load current, IP =
V P /a

ZL

(8)

Capacitor current, IC =
V P /a

ZC

(9)

Stator current, IS = IP + IC (10)

Rotor current, IR =
E/a

ZR

(11)

Generated power output, Pe = 3 real(V P I
∗
P ) (12)

Stator copper loss, PS = 3 |I2S | R1 (13)

Rotor copper loss, PR = 3 |I2R| R2 (14)

Mechanical power input, PM = 3 |I2R| R2

(
b

a− b

)
(15)

Also PM = Pe + PS + PR.

3.2 Modeling of Hydraulic Turbine

To make a realistic study on the working of the proposed system shown
in Figure 1, the mathematical modeling of the HT has been considered [7]
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which is intended to drive the IGEC. The literature shows that the operating
characteristics of the propeller-type or semi-Kaplan turbine with fixed blades
and fixed guide vanes HT used in MHPP [4] resembles wind turbine char-
acteristics with zero pitch angle [23]. In this regard, the available hydraulic
power of HT is ρQgH which can also be expressed as

Ph = 0.5ρAV 3
w . (16)

where ρ represents the specific density of water (1000 kg/m3 at 39.2◦F or
4◦C), A being the area swept (πR2

HT ) by the rotor blades in m2, RHT denotes
the radius of the blades in m, Vw is the water flow speed or velocity of water
flow in m/s which can be expressed as Vw =

√
2gH and also Vw = Q/A,

Q is the discharge or water flow rate in m3/s, g represents acceleration due to
gravity (9.806 m/s2), H represents the net water head in m.

The mechanical power output from the turbine, Pm equal to η(λ,Q)Ph,
which can be expressed as

Pm = 0.5 η(λ,Q)ρAV 3
w . (17)

where η represents hydraulic turbine efficiency which depends on λ and water
flow rate, Q.

The expression for steady-state efficiency of the semi-Kaplan turbine
obtained experimentally is given as [7]

η(λ,Q) =
1

2

[((
90

λi

)
+Q+ 0.78

)
e−50/λi

]
(3.33 Q) (18)

where 1
λi

= [ 1
λ+0.089−0.035] and λ = RHT Aω/Q or λ = RHTω/Vw where

ω is the rotor speed in rad/s.
Then the mechanical torque produced by the HT is

Tm = Pm/ω. (19)

In order to get the optimal rotational speed of the turbine for the given
discharge Q, (17) has to be differentiated with respect to ω and equating
it to zero. At this speed, the turbine operates at maximum efficiency and
hence the maximum mechanical power output can be drawn. The step-by-
step procedure thus formulated for obtaining the mechanical power output
versus rotational speed of the HT for the given water flow rate is shown in
Figure 4.



1800 H. Kesari and N. Kumaresan

 
 
 
 
 
 
 

Figure 4 Procedure for evaluating the mechanical power output versus rotor speed charac-
teristics of the HT. ∆N = 10 rpm, Nfinal = 2100 rpm.

Table 2 Estimation of speed, excitation capacitance and performance parameters to maintain
the stator voltage of 230V at 50 Hz for different load settings
R,Ω N, rpm pre/sim/exp C, µF VP , V fg , Hz Pe, kW IS , A IP , A IC , A
165 1519 pre 63.04 230.0 50.0 0.962 8.2 2.4 7.9

sim 63.04 239.4 50.0 1.037 8.3 2.5 7.8
exp 65.37 224.2 50.2 0.918 8.4 2.3 8.0

82.5 1536 pre 66.70 230.0 50.0 1.923 9.6 4.8 8.3
sim 66.70 231.8 50.0 1.956 9.3 5.0 7.7
exp 69.86 223.9 50.4 1.823 9.7 4.5 8.5

55.0 1554 pre 71.75 230.0 50.0 2.885 11.5 7.2 8.9
sim 71.75 230.6 50.0 2.904 10.9 7.4 8.1
exp 73.08 223.8 50.6 2.731 11.5 6.7 9.3

41.25 1572 pre 78.21 230.0 50.0 3.847 13.7 9.6 9.7
sim 78.21 230.8 50.0 3.878 13.8 9.7 9.1
exp 80.66 226.8 50.7 3.743 14.0 9.1 10.5

Note: pre: results obtained through the evaluation method given in Figure 3; sim: simulation
results; exp: experimental results.

4 Results and Discussions

Firstly, N and C are estimated using the proposed method described in
Figure 3 for the test machine. The results thus obtained for typical load resis-
tances are given in Table 2. Subsequently these values are verified using sim-
ulation and experiment conducted in the laboratory to show the effectiveness
of the proposed method of analysis and its successful functioning.

4.1 Simulation Set-up

For the simulation study, the parameters of the machine given in Section 3
along with the saturation curve obtained experimentally for the test machine
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Figure 5 Characteristics of hydraulic turbine.

has been used suitably in the Induction machine model available in MAT-
LAB/SIMULINK. Then, the excitation capacitors are connected at the stator
terminals for the excitation of the generator. A three-phase delta connected
resistive loads connected at the stator terminals are used as consumer load.
Then the performance of IGEC for various operating conditions given in
Table 2 has been verified using simulation set-up and the corresponding
simulated results are also given in this Table.

To assess the functionality of the proposed system shown in Figure 1.
The HT parameters chosen to drive the 3.7 kW IGEC considered in this paper
are: H = 1 m, RHT = 0.27 m, base VW = 2 m/s, base rotational speed
= 1750 rpm, mechanical power output (Pm) = 5 kW, maximum power at
base water flow velocity is 0.95 pu, moment of inertia, J = 0.0004 kg-m2.
Then using the process described in Figure 4 and typical parameters, a plot
of mechanical power output versus rotor speed for different water flow rates
thus obtained for HT is shown in Figure 5. It can be noticed from this figure
that, there exist a point on the characteristics where the mechanical power
output is maximum (MPP) for each water flow rate. A wind turbine model
available in the MATLAB has been appropriately modified to accommodate
the HT characteristics described in (17)–(19) with the chosen parameters.
The output of HT model gives mechanical torque for given water flow rate
(Q) and the negative value of this torque is given as an input to the Induction
machine model for operating as IGEC.

The FLs, which are controllable [30–32], are also connected at the stator
terminals apart from the consumer load. For MATLAB/SIMULINK model
verification, the FLs have been simulated by connecting 15 numbers (FLmax)



1802 H. Kesari and N. Kumaresan

 

Figure 6 Flexible load (FL) control strategy for the proposed system shown in Figure 1.
FLmax = 15.

of resistive loads each of 200 W supplied through the diode bridge rectifier.
The per phase resistive load settings of 165 Ω, 82.5 Ω and 55 Ω are used to
simulate the step-change in the consumer loads (RAC). The control strategy
for switching in/out these FLs for any alterations in the consumer load is
shown in Figure 6. This control strategy has been implemented in simulation
by employing embedded MATLAB function to maintain the stator line volt-
age within the upper (Vmax ) and lower (Vmin ) bands. The hysteresis band for
stator voltage is chosen as ±3% of its nominal value to avoid chattering.

The simulation has been carried out for various operating conditions and
the working of the system is observed. For the sake of brevity, results obtained
for a total load of about 2.885 kW and 1.923 kW at the generator terminals
are shown in Figure 7. Figure 7(a) shows the dynamic response of the system
with the water flow rate of Q = 0.41 m3/s so that HT drives the IGEC
for supplying a total load at the generator terminals, Pe equal to 2.885 kW.
It can be noted from this figure that in the Interval-I the consumer load is
0.953 kW with RAC = 165 Ω. A balance power of 1.981 kW is supplied
to FLs. In the Interval-II at t = 2 s the consumer load is increased from
0.953 kW to 1.943 kW by step changing of RAC from 165 Ω to 82.5 Ω.
Then the controller monitors the stator voltage and disconnects the FLs so
that the generated power is maintained corresponding to the value for the
given water flow rate. Similar observation has been noted in the Interval-III
when the consumer load is further increased to 2.885 kW at t = 4 s by step
changing of RAC from 82.5 Ω to 55 Ω. For clarity, Figure 7(a) also includes
a zoomed version of the stator voltage and current as well as the DC voltage
and current.
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Q, m3/s 

Figure 7 Dynamic response of the system for step change in the consumer load. (a) Q =
0.41 m3/s. (b) Q = 0.37 m3/s. Tem: electromagnetic torque of IGEC, PAC : consumer load
power, PDC : DC load power, VDC : DC load voltage and IDC : DC load current.

To further show the effectiveness of the functioning of the proposed sys-
tem, simulation has also been carried out for water flow rate of Q = 0.37 m3/s
so that HT drives the IGEC for supplying a total load at the generator
terminals, Pe of about 1.923 kW. Simulated results starting from no consumer
load to a load of 1.923 kW with RAC = 82.5 Ω are also given in Figure 7(b).
Figure 7 clearly shows that the total generated power at any given instant
is maintained close to the set value by adding or removing the FLs for the
given water flowrate of HT. Thus, the IGEC delivers the nominal voltage
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(230 ± 3% V) and frequency (50 ± 2% Hz) by the closed loop control.
Further the DC voltage variation is ±3% as the generator terminal voltage
is maintained with the nominal value. But the DC current varies based on
the value of consumer loads. The Simulation has also been performed for
step decrease in consumer loads and successful functioning of the proposed
system has been noted.

4.2 Experimental Investigations

For the system depicted in Figure 1, an experimental setup has been created
in the lab that uses a separately excited DC motor as the primary mover to
drive the IGEC. Then the IGEC was made to operate at a specific speed with
the capacitor close to the estimated value based on the availability in the
laboratory. Table 2 also gives these experimental results, which also agree
closely with the calculated values and simulation results thereby validating
the proposed method of analysis and design described in Section 3.

By looking into the characteristics of HT shown in Figure 5 for reduced
power of, say Q = 0.36 m3/s, the peak power occurs at 1400 rpm. For this
speed, the generated frequency of IGEC is less than 50 Hz which can be
inferred by the following expression [24, 29]

fg = (PN /120) + (a− b)fr (20)

where P is the number of poles of IGEC.
Hence at light load conditions, it is not possible to operate IGEC to give

rated frequency at or near MPP of HT. So, for frequency insensitive loads,
the proposed system can be operated close to MPP with rated voltage alone.
These aspects are given in Table 3 for a typical load of 2.0 kW along with

Table 3 Performance of HT driven IGEC at 2 kW, VP = 230 V
pre/

Operating sim/ R Q N C VP fg Pe IS IP IC
Condition exp (Ω) (m3/s) (rpm) (µF) (V) (Hz) (kW) (A) (A) (A)

pre 82.5 0.36 1400 95.30 230.1 45.5 1.925 11.8 4.8 10.8
X sim 82.5 – 1407 95.30 227.1 45.6 1.882 11.9 4.5 10.6

exp 82.5 – 1400 98.00 228.1 45.8 1.892 12.5 4.6 11.6
pre 82.5 0.37 1536 66.70 230.0 50.0 1.923 9.6 4.8 8.3

Y sim 82.5 – 1549 66.70 232.7 50.3 1.970 9.5 4.7 8.2
exp 82.5 – 1536 69.86 223.9 50.4 1.824 9.7 4.5 8.6

Note: X: operation at MPP, Y: operation of IGEC to deliver the nominal voltage and
frequency
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the predetermined and simulated values. It can be inferred from the table
that the water discharge (Q) should be on the higher side for simultaneously
satisfying both voltage magnitude and frequency. Further, the value of C is
more at MPP and there is a possibility of IGEC coming out of excitation since
the operating speed is lower than its rated value.

To show the efficacy of the proposed system under step change in con-
sumer load, experiments were also conducted in the laboratory for the typical
operating conditions of simulated results given in Figure 7. Here, the IGEC
was made to run at constant speed using a separately excited DC motor.
For experimental verification, a 3-phase resistive load box available in the
laboratory with load setting of 165 Ω, 82.5 Ω, 55 Ω was connected at the stator
terminals. The FLs have been simulated by connecting two resistive loads of
48 Ω and 90 Ω available in the laboratory fed through diode bridge rectifier
module (MD8TU6012). The purpose of this arrangement is to demonstrate
the operation of the proposed system to maintain the nominal voltage i.e.,
230 V and 50 Hz at the generator terminals with different combination of
consumer and FLs, for the specified value of load, speed and excitation
capacitance.

Experimentally obtained performance quantities namely stator line volt-
age (VP ), DC load voltage (VDC ), generated frequency (fg), stator line
current (IS), load current (IP ), consumer load current (IAC ), DC load cur-
rent (IDC ), generated power (Pe), DC load power (PDC ), rotor speed (N),
consumer load resistance (RAC ), DC load resistance (RDC ) along with the
simulated ones for variation in the consumer load power (PAC ) for a total
load of 2.885 kW are shown in Figure 8. Figure 8(a) show that VP , fg and
VDC are maintained at their nominal values with allowable tolerance for
variations in the consumer load. Figures 8(b) and 8(c) reveal that the IS and
IP are almost constant whereas IDC and PDC decreases, and IAC increases
with increase in consumer load, PAC . It is also noted that the generated power
which is the sum of consumer load power and DC load power is maintained
at its set value for the given operating condition. Thus, a close agreement
between the experimental results with simulated/predetermined ones validate
the proposed method of operating IGEC for MHPP and their design and
analysis.

Experiments have also been conducted for step change in the consumer
load and appropriately altering the FLs for given power settings. The captured
voltage and current waveforms at the IGEC terminals and on the DC load side
for two power settings are given in Figure 9. Figure 9(a) corresponds to a
total power setting of 2.885 kW and for a consumer load RAC changing from
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(a) VDC, fg, VP, RAC and RDC with consumer load power.

(b) IS, IP, IDC, and IAC with consumer load power. 
 

(c) Pe, N and PDC with consumer load power. 
Figure 8 Steady state performance characteristics of the system for change in consumer
load.

165 Ω to 82.5 Ω. Similarly, Figure 9(b) corresponds to a total power setting
of 1.923 kW and for a step change in consumer load RAC from no-load to
165 Ω. It can be noticed from this figure that the stator line voltage and DC
load voltage are held at their nominal values even when the consumer load
varies. The DC load power and hence DC load current is decreased with the
increase in consumer load thereby maintaining the generated power as well as
the stator current constant at IGEC terminals. Figure 10 shows the photograph
of experimental setup of the proposed system.
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 (a)                                                (b)  

Figure 9 Experimental waveforms of the proposed system for step change in the consumer
load. (a) power setting of 2.885 kW. (b) power setting of 1.923 kW. tc: Instant at which the
consumer load change is initiated.

Figure 10 Experimental setup of the proposed system. 1-DC motor, 2-Induction Generator,
3-three phase auto transformer, 4-Fluke 345 clamp meter, 5-Capacitor bank, 6-consumer load,
7-Digital storage oscilloscope, 8-three phase diode bridge rectifier, 9-multi meter, 10-High
voltage differential probe, 11-Hall effect current probe, 12-DC loads.
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5 Conclusion

The people living in remote sites and steep terrains have limited access to
electricity since connecting them to the grid is both not easy and economical.
The installation of MHPPs is one of the best alternatives and sustainable
solution to provide power to such small communities as the operation of
MHPPs can be carried out in small streams, rivers, or channels without
causing any environmental effect. In view of these aspects, this paper has
proposed the generation of electricity using a HT driven induction generator
system to meet the basic needs such as lighting, cooking and water heating
etc. Further, it envisaged to operate this proposed system with variable load
on the generator based on the consumer load requirement for the efficient
utilization of the available water resources. Thus, the main requirement of
the system is to maintain the nominal voltage and frequency at the generator
terminals for any variation of the consumer loads. Hence, a methodology has
been designed for the estimation of rotor speed and the value of excitation
capacitor for the given power output of IGEC to satisfy such requirements.
The design process is initiated by taking the value of pu frequency, a equal
to 1 (corresponding to the rated frequency of 50 Hz). Then the unknown
parameters namely pu speed, b and magnetizing reactance Xm are evaluated
using BSA. A step-by-step procedure in the form of flowchart has also been
formulated and the developed design process with the experimental results
has been validated.

A mathematical modeling of HT was reviewed and developed for assess-
ing the successful working of the proposed system under the dynamic
variation of the consumer load. The mechanical power output versus rotor
speed characteristics of the HT for different water flow rates are also pre-
sented for driving a three-phase, 3.7 kW IGEC. From these characteristics,
two operating regions are identified based on load voltage and frequency
requirement of the consumer. For supplying a specific load at the generator
terminals, the operating regions of the proposed system are also clearly
presented. The overall system comprising of HT, IGEC, consumer and FLs
along with the closed loop control scheme has been implemented using
MATLAB/Simulink software to assess its steady state as well as dynamic
performance. The stator line voltage has been taken as the control parameter
and its value is maintained within the upper and lower bands by automatically
turning on and off the FLs for any alterations in the consumer load. The
functionality of the system for various operating conditions are noticed
through simulation. Predetermined and simulated results for typical cases
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are substantiated through the results obtained with experimental setup in the
laboratory. The outcomes of the simulation, experiments, and predetermina-
tion all showed a high degree of agreement further confirms the successful
functioning and usefulness of the proposed method of operating HT driven
IGEC to be utilized for powering people living in remote sites.
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