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This paper describes the performance of electronic load controller (ELC) of asynchronous generator (AG) coupled to an
uncontrolled Savonius turbine and variable water velocity. An AC-DC-AC converter with a dc link capacitor is employed to
maintain the required frequency. The ELC which is feeding a resistive dump load is connected in parallel with the generating
system and the power consumption is varied through the duty cycle of the chopper. Gate triggering of ELC is accomplished
through sinusoidal pulse width modulation (SPWM) by sensing the load current. A MATLAB/Simulink model of Savonius rotor,
asynchronous generator, ELC, and three-phase load is presented. The proposed scheme is tested under various load conditions

under varying water velocities and the performances are observed to be satisfactory.

1. Introduction

Oflate, distributed generation schemes are becoming popular
in developed as well as developing countries to augment the
existing power scenario. Induction generators are best suited
for such applications due to their many advantages over
other generators available [1]. The conventional sources of
energy from coal, oil, natural gas, and uranium are observed
to pollute air and water and produce ecological imbalances
and, therefore, are hostile to both human beings and other
plants and animals in the long run. Therefore, alternative
sources of energy, like wind, solar, hydro, tidal, geothermal,
and so forth, need to be explored to bring about a change in
the energy scenario, in terms of both capacity and quality.
Hydropower schemes generate a clean and environment
friendly form of energy. However, large hydropower plants
with generating capacity above 25 MW are often considered
to endow with drawbacks such as high initial cost and
environmental impacts [2]. Therefore, distributed generation
scheme with run-of-river scheme is considered to be a
benign source of energy. The recent survey conducted by
Energy Next (EN) in collaboration with the Ministry of New
and Renewable Energy (MNRE), Govt. of India, in April

2015 reveals that the States of Arunachal Pradesh, Himachal
Pradesh, and Uttarakhand alone have small hydropower
(SHP) potential of 544716 MW with harnessed capacity of
917.63 MW [3]. This figure may go up with installation
of more run-of-river schemes in these areas. In smaller
capacity hydropower plants, use of uncontrolled turbines is
preferred, thus allowing the water flow as it comes and driving
the turbine-generator set. Use of costly governors in such
applications is unwise; thus use of load control mechanism
is usually adopted. In this paper, a mechanism is evolved to
regulate the consumer’s load by diverting additional load to
a dump load, thereby maintaining the power output of the
machine by the use of an electronic load controller (ELC).

The use of ELC in the proposed scheme is realized by
incorporating an AC-DC-AC converter similar to that of a
wind energy conversion system, which produces a constant
voltage and constant frequency from variable water veloc-
ity. Once a stable voltage and frequency are achieved, the
total output power remains constant and hence the power
switching between the main load and the dump load becomes
feasible.

The turbine selected in the present study is a vertical axis
Savonius rotor, which is commonly used as wind turbines
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FIGURE 1: Schematic diagram of power generating scheme.
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FIGURE 2: Savonius rotor.

[4, 5]. It is a unique fluid mechanical device which works
on drag effect mechanism rather than lift mechanism as in
the case of the rest of the wind turbines. It is well proven
that Savonius rotor can be effectively used for generating
power using hydrodynamics in addition to aerodynamics
principles [6]. It is a high solidity rotor. It is simple and
easy to construct and can be implemented in any suitable
locations [7, 8]. A typical Savonius rotor is shown in Figure 2.
The drag coefficient of the concave surface is larger than the
convex surface, thus forcing the rotor to rotate. It generates
much higher starting torque compared to other vertical
axis turbines [9]. This type of turbine is self-starting and
provides high torque at low speeds. Implementation of ELC
in conventional small scale hydropower generating schemes
has been detailed in [10-13]. In these systems, reaction type
of turbines which are ideally suited for low head hydropower
plants is advocated.

The schematic diagram of the proposed scheme is shown
in Figure 1.

2. System Configuration

In the proposed scheme, a Savonius rotor coupled with a
75kW, 3-phase, 415V, 14.5 A, 50 Hz, Y-connected, 4-pole,
squirrel cage induction machine is employed. The excitation
of the AG is achieved by means of a delta connected capacitor
bank of 140 yF. The dimension of Savonius rotor so selected
is given in the appendix.

The power output from Savonius turbine is given by

P =05C,ApV?>, 6

where P is power output (W), p is the density of water
(kg/m3), A is the swept area of rotor (m?), V is the velocity
of water (m/s), and C, is the power coefficient.
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Tip speed ratio is given by

TSR = 2. )
2V

where w is the angular velocity and D is rotor diameter (m).
Coeflicient of torque (C,) is given by

C
C.=—2r. 3)
" TSR

Shaft torque (Ty,) is given by

3
_P_ 0.5C,ApV . @)

T T T2N/60

The generated voltage and frequency of the machine are
likely to vary with the varying velocity of river water. This, in
turn, would result in unbalanced voltage and frequency at the
load end. Thus, for uncontrolled turbine with varying input
power, it is essential to determine the real and reactive power
requirements of the generating machine in order to arrest the
changes in terminal voltage and frequency. To maintain the
rated voltage and frequency at the load end therefore, an AC-
DC-AC converter realized with the help of an uncontrolled
rectifier and insulated gate bipolar transistor (IGBT) based
current controlled voltage source inverter (CC-VSI) is used.
The triggering pulses to the three-legged IGBTs are varied in
accordance with the varying input power.

The variation in the DC link capacitor voltage presents
the direct-axis component of current from the machine.
The peak value of the line-to-line voltage from the machine
is computed and compared with the reference peak value
(4154/2 V). The difference between these two quantities is the
reactive power required by the machine or is the amount
of quadrature-axis component of current to be supplied to
the machine. These two axes reference currents, namely,
I, I ;S, are converted into three-phase form by inverse
Park’s transformation [14]. The “cos(wt)” and “sin(wt)” terms
needed for Park’s transformation are derived with the help
of a phase locked loop (PLL) which is fed with unit tem-
plates of line voltages from the machine. The three-phase
reference currents thus obtained are compared with the
actual load currents in a hysteresis current controller to yield
the firing signals for the six devices in the voltage source
inverter (VSI). The fluctuation in capacitance voltage is due
to power consumed by the devices in the VSI and filter
resistance.

2.1. Generation of Unit Voltage Templates. The line voltages
(Vap» Voo and V) of the generator terminals are considered

sinusoidal and therefore, their amplitudes are computed as

2
\/tactual(peak) = \/5 (Vazb + Vbzc + chza) (5)
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FIGURE 3: Schematic diagram of control scheme.

The unit template voltages are derived as

Vab
U= —o (62)
h ‘/tactual(peak)
Vbc
Up = (6b)
Vvtactual(peak)
V
U, = < (6¢)

Vvtactual(peak)

2.2. Quadrature-Axis Component of Reference Source Cur-
rents. The ac voltage error V) at the nth sampling instant
is given by

V.

err(n)

7)

where Vi ef(peak(n) 18 the peak value of the three-phase ac volt-
age being sensed at the generator terminal at the nth instant.
The output of the PI controller (I ) for maintaining the ac
terminal voltage constant at the nth instant is expressed as

= ‘/tref(peak)(n) - Vtactual(peak)(n)’

Iqs(n) I qs(n-1) + K {Verr(n) - Verr(n—l)} + Kiavverr(n)> (8)
where K,, and K;, are the proportional and integral gain

constants of the PI controller, err(ny and Vi, are voltage
errors in the nth and (n — 1)th instants, and I ;‘S(n_l) is the
amplitude of quadrature component of the reference source
current at the (n — 1)th instant.

2.3. Direct-Axis Component of Reference Source Currents. The
error in dc bus voltage (Vi er(n)) of the VS at the nth sampling
instant is given by

)

where Vi pef(n is the reference dc voltage and Vi (ycrualn) 18
the DC link voltage of the VSI being sensed at the nth instant.
The output of the PI controller (I} ) for maintaining dc bus
voltage at the nth instant is expressed as

Vdcerr(n) = Vdcref(n) - Vdc(actual)(n)’

I;s(n) = I:iks(n—l) + Kpd {Vdcerr(n) - Vdcerr(n—l)} (10)
+ KidVdcerr(n)’

where I}, is considered as the amplitude of active source
current at the nth instant while K4 and Kj4 are the propor-
tional and integral gain constants of dc voltage PI controller.

2.4. Reference Source Currents. The reference source currents
(I, I, and I7,) are obtained with the help of inverse ParKs

as’
transformatlon as shown in

quO = TIabc

2 2
cos (wt) cos (wt - —) cos (wt + —)
3 3 I

2 . . 21 21 ) (n
=\3 sin (wt) sin (wt - ?> in (a)t + ?> L.
V2 V2 V2 I,
2 2 2

2.5. Current Controller. The load currents (I,, I, and I.)
are compared with the reference source currents (I, I,
and I7) and error signals are passed through hysteresis
band to generate the firing pulses, which are operated to
produce output voltage in manner to reduce the current
error. Figure 3 shows the three-phase CC-VSI with hysteresis
current controller.

The output of the current controller decides the switching
patterns to be given to the IGBTs in the VSI. The current
errors are computed as

I I -1,

aserr ~ “as a

Ibserr = Iljs - Ib’ (12)

Lo = I~ L.

cserr

3. Design and Control of ELC

Although the input power is varying, with the help of
AC-DC-AC converter, the generator terminal voltage and
frequency are observed to be constant. Thus, the total power
generated remains constant, so a power diverter circuit such
as an ELC may be connected in parallel to the main load. This
circuit diverts the unused power to an auxiliary load or dump
load thus helping in achieving balance of the power system.
The ELC is designed using IGBT based chopper switch.
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Figure 4 shows the control scheme of ELC and chopper
circuit. The ELC is connected to main circuit with point of
common coupling (PCC). The three-phase load currents are
compared with the reference carrier current generated with
4kHz. The error signal is passed through sinusoidal pulse
width modulation (SPWM), and pulses are then fed to IGBT
of the voltage source inverter, as shown in Figure 5.

The rating of IGBT switches depends on the rated voltage
and power of AG. The DC output voltage of VSI correspond-
ing to rated voltage of AG is given by

V, x 32
s

Vi = =1.35x415 =560V, (13)

C

where V; is rms line voltage of AG.
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For feeding reactive power in case of 0.8 pf lagging
reactive load it is found that AGs require 130%-160% of rated
generated power [10-12]. Therefore, for 7.5 kW generators the
VAR rating of the controller should be around 9.975kVAR
(133%).

Then, the apparent power S is given by

= V7.5%2 +9.98% = 12.48 kVA. (14)

So the current rating of the converter is

3VI, = 12.48,
(15)
I. = 17.36 A.

Now, average current flowing through ELC can be taken as
90% of converter rms current, considering the worst case of
load unbalancing:

Laverage) = 0-90 X 17.36 = 15.62 A. (16)

Considering voltage ripple in V. in the order of 2% then

Vdc(ripple) =2% Of 560 =11.2V. (17)
Taking the values of Vy(sipple)> {(average)» and @ = 3141/s, we
have
C, = Maverog) _ 07 E ~ 3000 uE (18)
a (szdc) T e

3000 uF is selected which is available in market.
Rating of dump load is

Vi _ 5607

- = =480 =50Q. (19)
PP, 7500

Ry

Value of Ry, is selected as 50 Q) for giving wide range of
control to the controller, where Ry, is resistance of dump load
and Py is rated power of generator.

The control signal for chopper is generated through the
error signal generated by comparing voltage across DC capac-
itor and the reference voltage of 560 V. Chopper regulations
maintain the machine terminal voltage constant by feeding
additional load to dump load.

The output power of the AG is held constant at varying
consumer loads. Thus, the generated power is given by

Pgen = PELC + PLoad’ (20)

where P, is generated power by the AG, P;,q is consumer’s
load, and Py is the power absorbed by the ELC [13].

4. Results and Discussion

A complete hydropower generation scheme consisting of
a Savonius rotor, asynchronous machine, and AC-DC-AC
converter connected to three-phase load is modeled and sim-
ulated in MATLAB/Simulink environment. Varying water
velocities ranging from 1.96 m/s to 2.02m/s are considered.
Table 1 shows the variation of active power with the velocity
of water.
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TABLE 1: Variation of output power with velocity of water.

S/number  Velocity of water (m/s)  Active power output (kW)
1 1.0 0.5
1.3 1.2
1.8 1.35
1.96 2.0
2.0 2.5

G W N

Terminal voltage (V)

400 | —

0 05 1 15 2 25 3 35 4 45 5

P (consumer)

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
FIGURE 6: Variation of consumer power and dump load power.
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FIGURE 7: FFT analysis of load current at full load.

Three-phase resistive loads are switched in at different
instants; three-phase loads of 1kW, 2.5 kW, and 1 kW, respec-
tively, are connected and then disconnected at 1.0 s and 1.5,
1.5s and 2.0s, and 2.5 s and 3.0s, respectively, as shown in
Figure 6. As seen from the figure, the rated terminal voltage
is maintained while the machine is loaded and there is a
precise load sharing between the main load and the dump
load. The generator is operated to produce a maximum power
output of 2.5 kW. When the consumer’s load is zero, the dump
load takes the total generated power. On the other hand,

s Machine side frequency

50 ‘ : : ‘ ‘ ‘ :
48 LT
3
e
b ]

40 1 1 1 1 1 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

55 ' ' ' Loa'd side 'freque'ncy
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FIGURE 8: System frequencies.

ELC V.

0 1 1 1 1 1
0 05 1 15 2 25 3 35 4 45 5

AC/DC/AC V.

0 0.5 1 1.5 2 2.5 3 3.5 4 45 5
FIGURE 9: DC link voltage of AC-DC-AC converter and ELC.

when the consumer’s load is equal to the maximum generator
output, no power is diverted to dump load. This act of power
switching between the two ensures a constant total power
output from the machine at constant terminal voltage.

The Fast Fourier Transforms (FFT) analysis of load cur-
rent at full load indicates a total harmonic distortion (THD)
of 2.93%. This is shown in Figure 7. The ELC starts working
at 0.5 s when the voltage across the DC link capacitor builds
up to 560 volts. Figures 8 and 9 show the system frequencies
and DC link voltages of AC-DC-AC converter and ELC
while Figure 10 shows the MATLAB/Simulink model of the
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FIGURE 10: MATLAB model of AG-ELC system.

complete system. In this paper, variable water velocity is
considered, as the analysis becomes easier when the input
power remains constant, which means velocity of water
remains the same, but in actual practice, it will never be
constant; hence the use of dual converters plays a vital role
here.

5. Conclusions

The work presented in this paper demonstrates a successful
power switching between the main load and the dump
load while maintaining a constant terminal voltage. The
performance of ELC is satisfactory. The AC-DC-AC con-
verter performs satisfactorily with independent control of
active and reactive power thus giving a constant voltage and
frequency output at the machine terminal. The proposed
system may be adopted in rural areas where distributed power
generation is a suitable option and the consumers are less.
The power diverted to the dump load may also be gainfully
utilized in battery charging and supplying power to some
auxiliary circuit or equipment.

Appendices

A. Machine Parameters

Three-phase generating unit was as follows: 7Z.5kW, 415V,
145A, 50Hz, Y-connected, 4-pole, squirrel induction
machine:

R, =09Q, R, = 066Q, X, = X, = 1.4370Q, and
X (sat) =35.74 Q.

B. Controller Parameters for
AC/DC/AC Controller

Consider Cy, = 2000 uF, K, = 0.0118, K;, = 0.0018, K4 =
0.036, and K4 = 0.0008.
C. Savonius Rotor Parameters

The Savonius rotor parameters are as follows: D, (rotor diam-
eter) = 2m, H, (rotor height) = 2m, G, (power coeflicient)

= 0.25, p (water density at 25°C) = 997.0479kg/m’, and
inner diameter = 1.8 m, with thickness = 100mm, no
overlapping.

D. LCL Filter Parameters
Consider Ly = 80 mH, C; = 40 uF, Ry = 30 Q.

E. ELC Parameters

The ELC parameters are as follows: current rating = 17.36 A,
DC capacitor rating (selected) = 3000 yF, rating of dump load
(selected) =50 O, controller parameter, K, = 0.5, and K; = 8.
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