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Rural areas suffer from limited grid connectivity. Small hydroplants can provide electricity at a cheap cost with low environmental
impact in these regions. Self-excited induction generators are widely used in hydroplants since they operate on a standalone basis
because of the connection of capacitor bank that provides reactive power at no load. However, SEIGs suffer from poor voltage
and frequency regulation. Thus, an electronic load controller (ELC) is connected across SEIG to regulate voltage and frequency.
Generally, the control scheme for an ELC circuit is based on the conventional proportional integral control, which is easy to
implement and performs well under linear load conditions. However, PI controllers handle nonlinearity poorly.This paper presents
a fuzzy logic control (FLC) based control scheme for ELC in a constant power generation system (SEIG). The control scheme is
designed and simulated in MATLAB under both linear and nonlinear load conditions. A comparison of both the controllers is
conducted which highlights the superiority of the fuzzy logic control scheme.

1. Introduction

The growing focus towards sustainable and efficient power
generation has led to development of alternative sources like
renewable energy. Hydropower plants are proving to be a
viable source for producing electricity in isolated areas. Small
hydropower generation system is an efficient option in these
isolated areas because of availability of abundant resources
and its low environmental impact. Self-excited induction
generator (SEIG) is a favorable option for generation of elec-
tricity in small hydropower plants in isolated areas with lim-
ited grid connectivity. SEIGs are more efficient than the con-
ventional synchronous generators because they are rugged,
possess brushless construction, are cheap, require little main-
tenance, do not require DC excitation, and so forth [1]. How-
ever, major disadvantage of SEIG is its inability to maintain
voltage and frequency at constant levels [2]. Much research
has been done to develop methods to control voltage and
frequency in constant power and variable speed and power
applications [3–7]. In a hydropower station which is a con-
stant power source, an electronic load controller is connected
across the SEIG for its voltage and frequency regulation.

Several approaches have been carried out for ELC and its
control schemes. Most of the control schemes are based on
carrier-less or hysteresis control using proportional integral
(PI) or Proportional Integral Derivative (PID) controls. PI
based controllers are simple to implement and less complex
[8] but suffer from several drawbacks. They cannot handle
nonlinearity in the system and require accuratemathematical
models to function. These drawbacks are overcome by fuzzy
logic based ELC for the SEIG system. Fuzzy logic controller
(FLC) is a viable choice when accurate mathematical calcula-
tions are impossible and load conditions are nonlinear. This
paper presents a control scheme based on FLCmethodwhich
implements hysteresis current control method for Pulse
Width Modulation (PWM) generation scheme for the pulses
given to the Current-Controlled Voltage Source Inverter
(CC-VSI). The proposed fuzzy logic based ELC is compared
with the conventional PI based controller for SEIG system
under linear and nonlinear load conditions.TheDC link volt-
age of both the systems is analyzed and the results highlight
that the fuzzy logic controller performs better than the
proportional integral controller.
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Figure 1: Schematic diagram of a standalone self-excited induction generator [9].

2. System Configuration

The electronic load controller is designed for a self-excited
squirrel cage induction generator with a delta connected
fixed capacitor bank across its generator terminal. Figure 1
depicts the schematic diagram of the constant power SEIG
connected to ELC system. The ELC comprises three-legged
CC-VSI with an IGBT based chopper switch and a series
resistor known as the dump load. The capacitor bank is
essential for providing the no load excitation to the SEIG
[9]. The designing of the chopper switch and dump load and
its parameters are important for smooth and uninterrupted
operation of ELC. The controller is connected at the point of
common coupling (PCC) through the filter circuit. A suitable
capacitor is connected across the output terminal which
smoothens out the fluctuations in the inverter output voltage.
An IGBT is used as a chopper switch whose gate driver circuit
has been developed based on fuzzy logicmethod that turns on
the chopper switchwhen the load on the generator is less than
the rated value.The gate pulses for the CC-VSI are controlled
using the hysteresis current controller. The hysteresis control
is superior to others as it responds rapidly to loads and line
transients and is also linear in nature. The ELC persistently
senses and regulates the generated frequency and voltage. It
compensates for variation in the main load by automatically
varying the amount of active power dissipated in the series
dump load and reactive power requirement through the
DC link capacitor thus providing active and reactive power
compensation. Both the proportional integral controller and
the fuzzy logic controller based ELCs are modeled and
simulated inMATLABusing Simulink and their performance

is demonstrated under various linear and nonlinear load
conditions [10, 11].

3. Control Schemes

3.1. Proportional Integral (PI) Controller. The proportional
integral is a special case of the typical controller family known
as Proportional Integral Derivative (PID) controller. Figure 2
is the basic block diagram explaining the control algorithm
for proportional integral control based SEIG system, respec-
tively.

The different steps in the PI controller are modeled as
follows [6].

The AC voltage error 𝑉er at the 𝑛th sampling instant is

𝑉er(𝑛) = 𝑉tmref(𝑛) − 𝑉tm(𝑛), (1)

where 𝑉tmref(𝑛) is the amplitude of reference AC terminal
voltage and 𝑉tm(𝑛) is the amplitude of the sensed three-phase
AC voltage at the generator terminal at the 𝑛th sampling
instant.

The output of the PI controller (𝐼smq(𝑛)) required to
maintain constant AC terminal voltage at the 𝑛th sampling
instant is computed as

𝐼smq(𝑛) = 𝐼smq(𝑛−1) + 𝐾pv {𝑉er(𝑛) − 𝑉er(𝑛−1)} + 𝐾iv𝑉er(𝑛), (2)

where 𝐾pv and 𝐾iv are the proportional and integral gain
constants of the voltage proportional integral (PI) controller,
respectively, and the 𝑉tref value is taken as 700V. The𝑉dcref value is taken as 600V and the Zeigler-Nichols step
response technique is implemented to calculate the associated



Advances in Electrical Engineering 3

Unit voltage 
template generator

Quadrature voltage 
template generator

Voltage PI 
controller

Quadrature 
component 
reference current

Hysteresis
current 
controller

+

+
+

In-phase 
component 

reference current

+

+

AC voltage 
PI controller

Hysteresis
current 
controller

PCC

Gating 
signals

Vsa Vsb Vsc

Ua

Ua

Ub

Ub Uc Uc

I∗smd

Vt

Vref

−
−

−

Wa Wb Wc

I∗saq

sbq

I∗scq

I∗

I∗ I∗
sb

d

sc
d

I∗
sa

I∗sa

IsbIsa Isc

Isb
∗

Isc
∗

Vdc

Vdc

Vdcref

S1 S3 S5

S2S6S4

Lf, Rf

Rd

Figure 2: Basic control scheme with proportional integral controller for electronic load controller for SEIG system [9].
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proportional gains 𝐾pc and 𝐾ic [4]. The step response of
the open loop system is taken into account and from this
response the maximum gradient (𝐺) and the point at which
this line of maximum gradient intersects the time axis (𝑇)
are calculated. The applied magnitude of the step response
is “𝑈”; the gains of the PI controller are computed using the
following equations:

𝐾pc = mod({1.2𝑈𝐺𝑇 }) ,
𝐾ic = mod{ 0.6𝑈

(𝐺𝑇2)} . (3)

The value of the above gains associated with the voltage open
loop system is calculated and given in Appendix [9].

3.2. Fuzzy Logic Control. Fuzzy logic, unlike the Boolean
logic, deals with problems that have uncertainty or vague-
ness and utilises membership functions with values varying
between 0 and 1. In fuzzy set theory concept, transition is
between membership and nonmembership functions [12].

FLC consists of four basic components which are
fuzzification, knowledge base, interference mechanism, and
defuzzification. The detailed structure of FLC is shown in
Figure 3.
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Figure 4: Schematic diagram of control scheme with fuzzy logic for electronic load controller for SEIG.

The DC voltage error (𝑒) and change in error (𝑐𝑒) are
the crisp inputs of the FLC. The fuzzification component
converts these input signals into fuzzy values with the help
of membership functions in the forms expressed by the
fuzzy linguistic variables. It may be viewed as fuzzy sets. The
knowledge base contains the data of linguistic descriptions
which are expressed in terms of logical implications. The
interference mechanism evaluates fuzzy information and
applies set of control rules to convert the input signals into the
fuzzified output. The defuzzification then uses methods such
as centre of gravity andmaximum and weightedmean and so
forth and converts the input conditions into control signals.
It is then applied to the actual system. The input signals are
then expressed in fuzzy set notations using linguistic labels as
characterised by membership grades before being processed
by the fuzzy logic controller.

In this fuzzy controller design, triangular membership
function is chosen due to its simplicity and ease of imple-
mentation and its symmetrical characteristic along the axis.
The scaling factors 𝐺𝑒, 𝐺𝑐𝑒, and 𝐺𝑢 are used in scaling the
input and outputs as per the design of FLC [13].The error “𝑒”
and change of error “𝑐𝑒” at the 𝑛th sampling instant which are
used commonly as the inputs of FLC can be written as

𝑒 = 𝑉dcref − 𝑉dc,
𝑐𝑒 (𝑛) = 𝑒 (𝑛) − 𝑒 (𝑛 − 1) . (4)

Table 1: Rule base for fuzzy logic controller.

𝑒(𝑛) 𝑐𝑒(𝑛)
NB NM NS ZE PS PM PM

NB NB NB NB NB NM NS ZE
NM NB NB NB NM NS ZE PS
NS NB NB MN NS ZE PS PM
ZE NB NM NS ZE PS PM PB
PS NM NS ZE PS PM PB PB
PM NS ZE PS PM PB PB PB
PB ZE PS PM PB PB PB PB

The set of rules followed by the fuzzy logic controller is
summarised in Table 1. In this paper, Mamdani’s max–min
inference scheme is applied to get an implied fuzzy set of
tuning rules. Finally, centroidmethod is used to defuzzify the
implied control signals [14–16]. Figure 4 explains the control
scheme with FLC for ELC.

4. Control Algorithm

The working equations for control of the DC chopper circuit
of the ELC and its components are given as follows.
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Figure 5: Performance of SEIG with fuzzy logic control based ELC connected to linear load [9].

4.1. DC Link Voltage. TheDC link voltage is selected from the
following equation:

𝑉dc > 2√2 (𝑉/√3)
mi

, (5)

where modulation index (mi) is taken as 1. For this calculated
value of 677V, the nearby round off value of 𝑉dc is computed
as 700V.

4.2. DC Link Capacitor. The rms of AC input voltage and
mean value of DC output voltage determine the rating of the
uncontrolled rectifier and the IGBT based chopper switch.
A constant DC voltage to the chopper switch is provided by
a DC link capacitor that reduces the ripple content in the
output voltage of a rectifier. Disturbance in thewaveformmay
damage the functioning of the switch. The capacitor acts as
a dead short circuit for a small period of time when there
is a sudden switching of the controller. As a result, there is
a chance for the bridge rectifier to get damaged. Hence, a
trade-off value of 4000 𝜇F is chosen to reduce its charging
current during the initial conditions and also reduce the
ripple content of the DC voltage to a considerable value [11].

4.3. Dump Resistance 𝑅𝑑. Rating of 𝑅𝑑 can be calculated as

𝑅𝑑 = (𝑉dc)2𝑃 (𝑊) . (6)

Thus, by keeping values of 𝑉dc = 700V and rated power
of 7500W, we obtain 𝑅𝑑 as 65Ω. But the approachable value
of 𝑅𝑑 for this control scheme is selected as 55Ω [9].

5. Results and Discussion

The waveforms of generator voltage (𝑉𝑠), generator current
(𝐼𝑠), excitation current (𝐼ec), compensating current (𝐼cc), load
current (𝐼load), DC link voltage (𝑉dc), and rotor speed and
frequency (𝜔𝑚, 𝑓) are shown in Figures 5–8. Also the graph
of DC link voltage (𝑉dc) for both fuzzy logic controller and
PI controller under linear and nonlinear load conditions is
analyzed for their comparison. For the simulation, a 7.5 kW,
415V, 14.8 A, 4-pole induction machine has been used as
an induction generator and its parameters are stated in
Appendix.

5.1. Performance of SEIG-ELC Using Fuzzy Controller Con-
nected to Linear and Nonlinear Load. Figure 5 shows the
performance of the ELC based on fuzzy logic controller
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Figure 6: Performance of SEIG with fuzzy logic control based ELC connected to nonlinear load [9].

system connected to a balanced reactive load. At 0.62 sec,
7.5 kW balanced reactive load of 0.8 PF is applied to the
system. As we can observe the generator voltage remains
stable after the application of load. For nonlinear load con-
ditions, Figure 6 shows the performance of the SEIG system
with 6 kW resistive load connected at the DC end of three-
phase uncontrolled rectifier. At 0.62 sec, the nonlinear load
is connected and is maintained till the end. The stable level
of 𝑉dc is slightly decreased for few seconds but gains a stable
level later and is maintained till the end of the simulation.

5.2. Performance of SEIG-ELC Using PI Controller System
Connected to 3-Phase Linear and Nonlinear Load. Figure 7
shows the performance of the SEIG-ELC system based on
PI voltage control when connected to linear reactive load. At
0.62 sec. a balanced reactive load of 7.5 kW of 0.8 PF lagging
is connected and the voltage remains stable all throughout
the system. Figure 8 analyzes the performance of this system
under nonlinear load which consists of a three-phase uncon-
trolled rectifier circuit with a resistive load of 7.5W at its DC
end. At 0.62 sec, nonlinear load is applied on the system and

it is observed that the voltage and frequency remain stable all
throughout the simulation with power quality.

5.3. Comparative Analysis of DC Link Voltage in SEIG-ELC
System. Figure 9 shows the comparison of DC link voltage
in fuzzy logic control and PI voltage control based SEIG-
ELC system under linear load. The settling time taken by the
fuzzy control is less as compared to the PI control scheme.
At 0.62 sec, when the linear reactive load is applied to both
the systems, the time taken by the DC link voltage in fuzzy
control is less and also achieves a higher stable voltage than
the PI control. The DC link voltage of the PI control system
reaches a stable level at nearly 0.85 sec.Thus, the settling time
of fuzzy logic controller is less than the classic proportional
integral controller. Similarly, Figure 10 shows the comparison
of both control systems under nonlinear load condition. At
0.62 sec, when the nonlinear load is connected, the DC link
voltage associated with fuzzy control settles at nearly 0.7 sec
which is lesser than the settling time of 0.8 sec in PI control.
Thus, the results portray that the fuzzy logic controller based
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Figure 7: Performance of SEIG with proportional integral control based ELC connected to linear load.

ELC system is superior as a voltage controller than the PI
control based ELC system for constant power SEIG system.

6. Conclusions

An efficient control scheme based on fuzzy logic control for
a constant power driven SEIG is presented in this paper. It
is then compared with the traditional PI controller based
SEIG-ELC system. The comparative analysis on the basis
of the settling time of the DC link voltage portrays that
the fuzzy logic based ELC is superior than the proportional
integral based ELC. The voltage and frequency variations
are proportional to reactive and active power, respectively.
Thus, the ELC with the help of proper switching signals
maintains active and reactive power balance. 𝑉𝑠 and 𝑓, that
is, the generator voltage and the frequency, respectively,
remain constant throughout and do not decay on application
of load. This depicts that the proposed fuzzy logic based
ELC performs voltage and frequency regulation under both
linear and nonlinear load conditions. To further examine the
robustness of the proposed scheme, the above configuration
can be analyzed with modern variable frequency drives

(VFDs) and industrial loads.The system can be implemented
in microgrid and can be connected with other isolated
generating systems or grids.

Appendix

A. Data of SEIG

The parameters of 7.5 kW, 415V, 50Hz, Y-connected, 4-pole
induction machine are given below:

𝑅𝑠 = 1Ω, 𝑅𝑟 = 0.77Ω, 𝑋𝑙𝑟 = 𝑋𝑙𝑠 = 1.5Ω, 𝐽 =0.1384 kg-m2, and 𝐿𝑚 = 0.068H.

B. Controller Parameters

𝐿𝑓 = 1.2mH; 𝑅𝑓 = 0.06Ω and 𝐶dc = 4000𝜇F; 𝑅𝑑 = 55Ω.

For AC PI voltage controller, 𝐾pv = 0.16 and 𝐾iv =0.14.
For DC link capacitor voltage PI controller, 𝐾pc =1.98 and𝐾ic = 0.001.
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Figure 8: Performance of SEIG with proportional integral control based ELC connected to nonlinear load.
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C. Consumer Loads

Reactive Load. It is 7.5 kW, 0.8 PF lagging three-phase load.
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Figure 10: Comparison of DC link voltage for fuzzy logic control
and PI control based ELC for SEIG system supplying nonlinear load.

Nonlinear Load. It is 6 kW at DC end of three-phase diode
rectifier.
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D. Prime Mover Characteristics

𝑇sh = 𝐾1 − 𝐾2𝜔𝑟.𝐾1 = 3300, 𝐾2 = 100.
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