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Abstract: A self-excited induction generator (SEIG) is very simple and robust, has a reduced unit
size, is easy to implement and simple to control, and requires very little maintenance compared to
other types of generators. In variable operating conditions, the SEIG requires a power electronics
interface to transform from the variable frequency voltage output of the generator to a battery voltage
output or the related applications. In our study, we tied the SEIG to the power electronics system
comprising a diode rectifier and DC/DC converter, and then a final DC load for fuel cell applications
was connected. An example of such an application is an electrolyzer where an equivalent circuit
is modeled for use in this study. To accomplish the proposed system, we utilized PSCAD and
MATLAB for its simulation, control, and analysis. A new system configuration considering three
different wind speeds and breaker conditions is modeled and analyzed. The results show that the
suggested strategies in this study would contribute to designing and analyzing a more practical
power electronics interface system for a wind turbine generator with a DC load.

Keywords: self-excited induction generator; control; electrolyzer

1. Introduction

In recent times, amongst the renewable energy sources, one of the fastest-growing
energy sources in the world is wind energy. The use of an induction machine is very popular
for wind energy applications [1–3]. From the beginning of the study of wind turbines,
a self-excited induction generator (SEIG) has been considered for wind energy system
applications because of its reduced maintenance cost, inherent short-circuit protection
capability, good over-speed capability, reduced size, and better transient performance
as compared to other generators [3]. The SEIG is appropriate for single applications
with the generated energy captured ability through an electrolyzer during wind varying
conditions. Several studies have been conducted related to SEIG’s voltage and frequency
regulations [1–4]; however, there has not been much concern with its power and flux
controls. Lately, in a variable speed wind power generation system, authors researched
the active power and flux control algorithm of a SEIG in [3]. An active power and flux
control technique for a SEIG for a variable speed wind generation (VSWG) using a power
electronics interface, a DC/DC converter, was described and a SEIG performed as an
isolated generator without other power sources. If the power system is attached to the
SEIG, the power system can deliver the reactive power for the SEIG. Then, a three-phase
AC capacitor or solid-state excitation with capacitors can mitigate the reactive power for
the SEIG. Similarly, in an isolated operating condition, the active and reactive powers of the
SEIG are preserved [3,4]. In [5], a cheap wind DC generator equipped with a self-excited
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induction generator and a controlled AC/DC converter is suggested. The use of a controlled
AC/DC converter corrected the negative effect of the SEIG, being highly influenced by the
impedance of loads. However, while inexpensive and reliable, the suggested converter
caused a serious harmonic distortion problem. In [6], two different converter topologies
were implemented to achieve optimal and low order harmonic voltage regulation for
a SEIG. From the obtained results, in terms of harmonic and regulation performance,
when utilizing a serial pre-dump resistor with a switched dump resistor, the converter
configuration with no capacitor at the end of the bridge rectifier gave acceptable and
great outcomes relative to the capacitor model. When the consumer load was resistive,
keeping the line voltage and frequency constant at desired values was very easy, but in
the case of an inductive load, which causes a decrease in the harmonic level, the frequency
increased slightly, and line voltage increased due to the reductions in magnetizing current.
Our study regarding SEIG has been extended to a fuel cell application that involves an
electrolyzer because a combination of the SEIG and fuel cell system would be a very ideal
standalone medium-range power system [7–9]. The excessive energy from wind can be
easily harnessed for hydrogen generation for the fuel cell system via an electrolyzer [7–9].
A technique for voltage and frequency regulation of three-phase SEIG feeding unbalanced
loads, instead of common methods based on induction machine per-phase equivalent
circuit, is presented in [10]. The performance of the suggested method is validated for three
different previously assigned reference load voltages. The outcomes show that the SEIG
load voltages remain constant at desired values with a maximum error of 2.27% even if it
feeds three-phase constant unbalanced resistive load and balanced inductive load. Recently,
a multi-phase SEIG was studied in [11] for a high-power generation range of megawatts
for SEIG, but our focus is limited to medium-powered, three-phase SEIG.

In this research, based on the previous study conducted in [3], an electrolyzer was
added as an equivalent circuit model for the conjunction with a DC/DC converter, and a
new system configuration was developed to verify the feasibility of this study’s proposed
idea. We explain details of the parameter selection procedure for the electrolyzer and
describe the power control algorithm of the electrolyzer using the DC/DC converter in
system analysis. Like other DC grid systems from renewable energy resources, AC/DC and
one switch DC/DC converters are considered [11–18]. In addition, a selection method of
the values of parallel and series capacitors for SEIG is proposed by considering the reactive
power losses from the magnetizing and leakage inductances. For the system analysis, the
PSCAD [16] simulation is performed for the power and flux control validation. The paper
is organized as follows. In Section 2, system configuration, electrolyzer model, power
control, and capacitor selection, a modified system configuration of the electrolyzer circuit
model, are explained. Sections 3 and 4 present the simulation analysis and conclusion,
respectively.

2. System Analysis
2.1. System Configuration

In Figure 1, the system schematic comprising the SEIG, power electronics interface,
and DC load is designed by PSCAD [16]. An induction generator has speed (W), switch
signal (S), and torque (T). The induction machine (IM) motor can be controlled in speed
control mode and torque control mode using W and T, respectively. The switch signal
performs the control action of switching between operating modes. In this study, the
torque control mode is required more for designing active power and flux controllers than
the speed control mode under the variable speed conditions. The SEIG is connected to
the series and parallel excitation capacitors, and the three-phase AC output generated
from SEIG is provided to the three-phase diode rectifier via these capacitor banks, and
subsequently, a boost converter is connected between the diode rectifier and the final
load. The main purpose of the boost converter is to control the load power fed to the
electrolyzer. Details of the electrolyzer model, power control, and excitation capacitor
selections are described in the following sections. For self-excitation to occur, a three-phase
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capacitor is connected in a star (Y) configuration in between the diode rectifier and SEIG.
The capacitance in a three-phase connection would be derived based on the characteristic
parameters of the SEIG. As described above, the proposed system controls the active power
and estimates the flux for the self-excitation from the root mean square (RMS) value and
frequency of the SEIG’s output voltages.
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Figure 1. System configuration.

Figure 2 shows a per-phase equivalent circuit of the SEIG, where RL, Rs, Lls, Llr
′, Rr

′,
Lm, E, ωe, and s are the equivalent effective load resistance, resistance of stator, reactance of
stator, reactance of rotor referred to the stator side, resistance of rotor referred to the stator
side, magnetization reactance, generator air-gap voltage, operation frequency, and motor
slip, respectively. For the analysis with a load on the generator, the per-phase equivalent
circuit can be resorted to, which includes the connected load and rotor circuit. In this
circuit, all reactance refers to the base operating frequency ω, while ωe is pu-generated
frequency. The self-excitation results in the saturation of the main flux. Thus, as the value
of the magnetization reactance reflects the magnitude of the main flux, its variation is
essential to be considered.
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Figure 2. Per-phase equivalent circuit of the self-excited induction generator (SEIG).

The main impedance equations for balancing the stability of the real and reactive
power are as follows:

Re(Ztotal = 0) for the real power balance, (1)

Im(Ztotal = 0) for the reactive power balance, (2)

where Re, Im, Ztotal denote the real part, imaginary part, and total impedance of the
per-phase equivalent circuit, respectively, in Figure 2.

2.2. Electrolyzer Model

The structure of an electrolyzer could consist of complicated mechanical dynamic flow
models [19] or several resistors, and capacitors based on an equivalent circuit model [19].
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An electrolyzer can be applied to complex modeling, controls, and optimal sizing design
with a DC/DC converter, and wind–hydrogen production [20–22]. Due to the combination
of the wind system, AC/DC, and DC/DC converters, the electrolyzer is modeled as a
simple circuit model consisting of a resistor and ideal voltage source in series because it
is connected to the power converter generating a voltage or current source. According to
the parameters of the electrolyzer [7] shown in Table 1, our electrolyzer parameters are
re-scaled. In [8], the line-to-line voltage of SEIG is given as 1.6 kV.

Table 1. Parameters of the electrolyzer [6].

Parameter Value

Rated capacity of electrolyzer 0.66 MW
Internal resistance (R0) 0.5 Ω
Internal voltage (V0) 1407.5 V

Assuming that the rated power capacity of our targeted electrolyzer is 66 kW with the
line-to-line voltage of 480 V by considering the power capacity of SEIG as 66 kW, the new
internal resistance for the electrolyzer, Ro_new is obtained by Equation (3).

Ro_new = Ro

[
0.66 MW

(1.6 kV)2

]
·
[
(0.48 kV)2

0.066 MW

]
. (3)

The new internal voltage of our electrolyzer, Vo_new, can be calculated by Equation (4).

Vo_new = Vo

[
0.48 kV
1.6 kV

]
. (4)

The re-scaled parameters for the 66 kW electrolyzer are seen in Table 2.

Table 2. Parameters of 66 kW electrolyzer.

Parameter Value

Rated capacity of electrolyzer 0.066 MW
Internal resistance (R0) 0.45 Ω
Internal voltage (V0) 422.25 V

2.3. Power Control

Details of the power control algorithm for the electrolyzer are shown in the flowchart
of Figure 3. First, the output voltage of the three-phase diode rectifier in Figure 1 and the
input voltage to the electrolyzer is sensed, and the power of the electrolyzer is calculated.
Secondly, the ideal power of the wind turbine is extracted from the cubed rotor speed (n)
in revolutions per minute (rpm) of SEIG with the computed data, Kp, as in [2]:

Poptimum = Pwind = Kpn3. (5)

The optimum power derived from Equation (5) can be assumed to make the analysis
simple, that the rotor speed varies proportionally as the wind speed changes. Based on the
sensed voltages, the mode of the power converter is determined, that is, whether it can be
in a boost or buck mode. For example, if the output voltage Vo_rect. of the diode rectifier
is less than the electrolyzer voltage Velect., or the output voltage of the power converter,
the power converter will be operated in the buck mode; otherwise, it can be operated in
the boost mode. Once the mode of the operation of the power converter is decided, the
electrolyzer power Pelect. is compared with the ideal wind power, Pwind. Thus, in the buck
mode, if Pelect. is bigger than Pwind, the output voltage of the power converter or electrolyzer
voltage Velect. is decreased; otherwise, Velect. would be increased in the boost mode, and
vice versa.
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Figures 4–6 show MATLAB results by enforcing the proposed power control algorithm
based on the flowchart seen in Figure 3. Figure 4 shows the power versus the rotor speed
curve. From the figure, the power of the electrolyzer exponentially increases with an
increase in the rotor speed. The electrolyzer power almost nearly matches the ideal power
required within a system. Figure 5 shows the efficiency of the system against the rotor
speed. The efficiency is high at a low-speed condition but decreases at higher speeds. The
rotor speed is to be regulated optimally to ensure efficiency for the system. The duty ratio
to drive the converter within the system circuit is plotted against the rotor speed, as shown
in Figure 6. The duty ratio is decreasing with increasing rotor speed. However, the ideal
duty ratio is attained for the optimal operation of the converter. The power is inversely
proportional to the efficiency and duty ratio with increasing speeds. Figure 7 presents the
block diagram of the active power controller modeled in PSCAD. Pmeasured and Pref are the
SEIG measured power and the reference power, respectively. In Figure 7, a proportional
and integral (PI) controller is utilized where its output is compared with a triangular signal
generator. The PI controller calculates an error signal by taking the difference between the
measured and reference powers. The reference power is the power at which the system is
expected to operate, and ideally, we expect the system to operate near its maximum power
without any disturbances. The DC/DC boost converter obtains a 1.5 kHz of PWM signal
from a triangular signal generator for active power control in high power applications over
100 kW. The PI controller’s gains are decided through analytical approaches.
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2.4. Capacitor Selections

With the given machine parameters, the values of the capacitors for excitation can be
determined. The values of the parallel capacitor Cp and series capacitor Cs for the excitation
can be calculated using Equations (6) and (7), respectively.

Cp =
1

ωm2Lm
, (6)

Cs =
1

ωm2(Lls + Llr)
. (7)
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where for ωm is the angular rotor speed (rad/s), Lm is magnetization inductance (H), Lls is
stator leakage inductance, and Llr is rotor leakage inductance (H). Figures 8 and 9 show
each capacitor variation based on the rotor speed variation. From Equations (6) and (7), we
notice the capacitance is inversely proportional to the square of speed. Thus, an increasing
speed requires a lower minimum capacitor for self-excitation and vice versa; consequently,
as the rotor speed increases, each capacitor tends to be decreased. Additionally, if sufficient
capacitors are connected as required at the rotational speed of the generator, the generator
can operate as a self-excited generator. However, it is necessary to have full knowledge of
the phenomenon of self-excitation that produces a voltage across the generator decided by
the capacitor and speed.
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2.5. Modified System Configuration of the Electrolyzer Model Circuit

In this configuration, the electrolyzer is modeled in a parallel connection of a resistor
and a DC voltage source. Figure 10 shows the system configuration where the SEIG is
connected to the parallel excitation capacitor of 2100 µF, and the three-phase AC output
generated from the SEIG is delivered to the three-phase diode rectifier and then a boost
converter connection between the diode rectifier and the modeled electrolyzer circuit.
The SEIG has speed (W), switch signal (S), and torque (T) signal ports. The SEIG can be
controlled in speed and torque control modes.
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Figure 11 shows the PSCAD schematic diagram for the active power controller for the
converter. A reference voltage is compared with the RMS voltage. The error is multiplied
by an open breaker time value, then the result is put through a PI controller. The output of
the PI controller is compared with the magnitude of a triangular waveform and the output
of the comparator is the control signal (Tch) for the converter.
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3. Computer Simulation Analysis and Discussion

According to the analysis in Section 2, the series capacitor could be placed. However,
in Figures 8 and 9, the ratio of Cs/Cp is above 45, which means most likely that the series
capacitor acts as the short circuit during the operation. In addition to this capacitor ratio,
the magnetizing saturation curve is seen in Figure 12 from the PSCAD model. In our
simulation, the series capacitor compensated for the magnetization losses is not considered,
but only the parallel capacitors compensated for the leakage losses are placed, as seen in
Figure 13. The reference flux is determined by the reference input voltage (480 V) and the
reference frequency (60 Hz), as seen in the block diagram of Figure 14. The actual flux
can be estimated from the measured voltage of the generator and the frequency of the
three-phase diode rectifier through low pass filters which provide a smoother form of the
signals, removing short-term fluctuations, as shown in the block diagram of Figure 15. The
actual flux should follow through the reference flux during the system operation.
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The relationship between the magnetizing reactance, Xm, and the air gap voltage,
E, with the operating frequency of 60 Hz is given in Figure 13 from the SEIG open- and
short-circuit tests. It is shown that the value of Xm decreases as the inductor generator
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saturates in which the based RMS phase voltage is set to 277 V, and its base RMS current is
set to 10 A.

Each parallel capacitor for the excitation is determined by a different constant rotor
speed test—1.0 pu, 0.9 pu, 0.8 pu, and 0.7 pu—as seen in Table 3 and illustrated in Figure 16.
Due to the inaccurate magnetizing saturation curve in the induction machine model in
the PSCAD library, the capacitor values are not matched with the theoretical calculations.
Although the increasing trend of the capacitance is the same as Figure 9, the lower the rotor
speed, the higher the capacitor value needed.

Table 3. Parallel capacitor.

Rotor Speed Capacitor

1.0 pu 7250 µF
0.9 pu 9250 µF
0.8 pu 13,000 µF
0.7 pu 17,000 µF
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Figure 16. Rotor speed variation.

The steady-state analysis of the SEIG is quite involved as the generator operates at
varying saturation levels determined by the capacitance and speed, which alters both the
magnetization reactance and operating frequency. Due to low residual flux, the generator’s
core is unsaturated; however, this gradually increases owing to the connection of capacitors
that drives the core to saturation as per the magnetization curve. Thus, the magnetization
curve of the generator is central to the analysis and accurate data are required to be
obtained by design or test. Here, in Figure 12, the magnetization curve is the variation of
the generator’s air gap voltage, referred to as the base frequency with the magnetization
reactance. The magnetizing reactance assumes different values based on the level of
saturation determined by the operating voltage or flux.

Figures 17–21 show the flux control and power control performances at the constant
rotor speed cases: 1.0 pu, 0.9 pu, 0.8 pu, and 0.7 pu. As the rotor speed decreases, the control
performances are degraded due to the unstable and lack of voltage generation from the
SEIG, but it is still controllable with a ripple component caused by PWM switching. From
the rotor speed variations in Figure 16, the capacitor values can be changed via switching
the breakers seen in Figure 13 based on Table 3 for the flux control, and power also can be
controlled via the DC/DC booster converter in Figure 13. The flux is well controlled with
a slow time constant, approximately 5 s, due to the nature of the magnetizing saturation
characteristics of the SEIG shown in Figure 12, while the power is properly controlled
with the limited overshoot and fast transient response, less than 1s, in Figure 17. Figure 22
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shows the PI controller output for the power control that is directly related to the duty
cycle of the boost converter in Figure 8, increasing up to 45% during the speed variation.
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Figure 17. (a) Flux control; (b) power control at 1.0 pu rotor speed.
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Figure 18. (a) Flux control; (b) power control at 0.9 pu rotor speed.
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Figure 19. (a) Flux control; (b) power control at 0.8 pu rotor speed.
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Figure 20. (a) Flux control; (b) power control at 0.7 pu rotor speed.
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Figure 21. (a) Flux control; (b) power control during rotor speed variation.
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Figure 22. PI controller output for power control.
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Modified System Configuration of the Electrolyzer: Results and Analysis

The simulation results of the modified system configuration are presented in this
section. For this circuit, three different cases for wind speed values are considered and
power supplied or disconnected from the power source. The cases implemented are
expressed as:

• Case I: SEIG speed of 1.01 pu and source breaker opened at 1.5 s.
• Case II: SEIG speed of 0.9 pu and source breaker opened at 10 s.
• Case III: SEIG low speed of 0.5 pu with source breaker closed throughout system

operation.

Case I: SEIG speed of 1.01 pu and source breaker opened at 1.5 s

This section shows the simulation graphs for the first case. Figure 23 shows the real
and reactive powers delivered from the SEIG and source. It can be seen from the real power
graph that the SEIG fully supplies real and reactive powers to the electrolyzer circuit when
the source is disconnected from the system as a result of the breaker action at 1.5 s, and the
source power becomes zero.
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Figure 23. (a) Real power; (b) reactive power.

Figure 24 shows the speed and torque pu graphs. The system configuration breaker is
open at 1.5 s, then the switch is turned to the torque input at 0.5 s. The torque is sampled
and held when switched from constant speed to constant torque. The speed reduces
linearly and steadily after 1.5 s, whereas the torque is constant.
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Figure 24. (a) Speed; (b) torque.
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Figure 25 shows the system DC and terminal voltages graphs, respectively. The
system DC voltage increases for supply to the load at a constant speed period; however,
after the speed reduces and the torque is maintained constant, the system DC voltage
slightly reduces due to the directly proportional relationship between speed and voltage
throughout the system operation. From the control diagram in Figure 11, the terminal
voltage is compared with a reference voltage of 15 V to be maintained at this voltage for the
active power control of the converter. Thus, the magnitude of the terminal voltage increases
and maintains its stable form at approximately 15 V after the speed and torque change
through the system simulation. There are some slight system disturbances experienced in
the terminal voltage signal, but the voltage is kept within ±0.1 V of the reference voltage
for stability.
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Case II: SEIG speed of 0.90 pu and source breaker opened at 10 s

This section shows the simulation graphs for the second case with a decrease in speed.
This case results and analysis are similar to that of Case I and this verifies the effective
operation of the configuration when its practical possible implementation is executed.
Figure 26 shows the real and reactive powers delivered from the SEIG and source. It
can be seen from the real and reactive powers graph that the SEIG supplies power to the
electrolyzer circuit when the source is disconnected from the system as a result of the
breaker action at 10 s.
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Figure 27 shows the speed and torque pu graphs. The system configuration breaker
is set to open at 10 s, and the switch is turned to the torque input at 9.0 s. The torque is
sampled and held when switched from constant speed to torque. In addition, in this case,
the speed reduces gradually decreases after, whereas the torque is constant, similarly to the
first case.
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Figure 27. (a) Speed; (b) torque.

Figure 28 shows the system DC and terminal voltages graphs, respectively. The
system DC voltage increases for supply to the load after the speed reduces and the torque is
maintained constant. The magnitude of the terminal voltage increases and decreases after
15 s due to the speed and torque change, and also the source power supply contribution into
the system throughout the whole operation. The terminal voltage in this case restores to its
reference voltage of 15 V to ensure stability when the speed suddenly begins to decrease.
Similarly, the terminal voltage is within ± 0.1 V of the reference voltage (14.9–15.1 V).
In this case, the magnitudes of the voltage decreased with the decrease in the speed as
compared with the first case, resulting in varying voltage experienced in the system.
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Figure 28. (a) Terminal voltage; (b) DC voltage.

Generally, from Cases I and II, at a constant speed, voltage gradually builds up from
a low value to the steady-state value on the capacitor switch and can be easily observed
experimentally from the recorded voltage waveforms. The magnetizing reactance will
assume different values from unsaturated to saturated, gradually decreasing as voltage
builds up.
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Case III: SEIG low speed of 0.5 pu with source breaker closed throughout system operation.

This section shows the simulation graphs for the third case with a low-speed condition
of 0.5 pu. The source breaker is closed in this case, and the power contributions from both
the SEIG and source are presented. Figure 29 shows the real and reactive powers delivered
from the SEIG and source. It can be seen from the real power graph that the SEIG and
source supply power to the electrolyzer circuit, but the source delivers more power to the
electrolyzer system than the SEIG.
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Figure 30a shows the speed and Figure 30b,c show the torque graphs. The torque is
sampled and held when switched from constant speed to torque. The torque expresses
some fluctuations during the constant speed period and remains constant after the speed
decreases linearly and steadily after 1.5 s, as shown in Figure 30c.
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Figure 30. (a) Speed; (b) entire system torque output; (c) torque fluctuations at starting during constant speed.

Figure 31a,b show the DC and terminal voltages graphs, respectively. The system
DC voltage decreases in this low-speed case. The magnitude of the terminal voltage
decreases sharply after 1.5 s due to the reduced speed and torque change. In this case, the
magnitudes of the voltage decreased more with the decrease in the speed as compared
with the first case.
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As the rotor speed decreases, the control performances are degraded due to the
unstable and not enough voltage generation from the SEIG, but the speed is still controllable
with a ripple component caused by a PWM switching. From the speed variations in
Figure 16, the capacitor values can be changed via switching the breakers seen in Figure 13
based on case conditions for the flux control, and power can be controlled via the DC/DC
booster converter in Figure 13. The flux is well controlled with a slow time constant,
approximately 5 s, due to the nature of the magnetizing saturation characteristics of the
SEIG shown in Figure 12, while the power is properly controlled with the limited overshoot
and fast transient response, less than 1s, in Figure 17. Figure 22 shows the PI controller
output for the power control that is directly related to the duty cycle of the boost converter
in Figure 8, increasing up to 45% during the speed variation.

4. Conclusions

In our study, the control analysis concerning power and flux controls for a SEIG
was performed for a wind turbine connected to the electrolyzer applications. A simple
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electrolyzer model was utilized, with a resistor and ideal voltage source as a circuit model
and a proper power scaling of 66 kW system. An efficient power control algorithm for the
electrolyzer using a DC/DC converter has been proposed and validated through PSCAD
and MATLAB simulations. In addition to power control, the selection method of the
capacitors for the excitation has been proposed and validated throughout the simulation.
A flux control was also validated through PSCAD simulation based on the proper connec-
tion of the parallel capacitor for the excitation. A modified system configuration is also
presented, where a parallel equivalent connection was formed for an electrolyzer model.
Three cases were considered under this configuration and the results showed the feasibility
and performance of the system, indicating the potential of this power electronics circuit
to be implemented for a SEIG and electrolyzer system. Furthermore, one feasible project
currently under study for future implementation with a similar idea to this study is the
H2Mare flagship project [23]. This project consists of wind turbines with an integrated
electrolyzer to demonstrate sustainable hydrogen production at sea. The H2Mare flagship
project aims to establish a new type of turbine at sea in the future, which will be a solution
that integrates an electrolyzer into an offshore wind turbine optimally for direct conversion
of electricity.
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