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Abstract: This paper proposes the application of an adjustable speed diesel engine-driven power
plant employing a doubly-fed induction generator to an isolated small-scale power system including
renewable power sources. This type of power plant can contribute to fast and flexible power balancing
regulation under vacillating power supply such as wind, solar and other renewable power sources.
Installation of a battery system is also considered, which can assist in coordinating the power plant to
augment renewable power sources in the isolated power system.

Keywords: small-scale power system; frequency control; adjustable speed generator (ASG);
doubly-fed induction generator (DFIG); diesel engine-driven power plant; battery energy storage
system (BESS)

1. Introduction

There are many small islands with residential areas in which power systems are often small-scale
and isolated. In most cases, electrical power sources in such power systems are supplied from diesel
engine-driven power plants. However, such plants have a negative environmental impact. Therefore,
effective utilization of renewable power on islands is a crucial matter because there are often abundant
wind energy sources there. However, because of vacillating renewable power due to dependence on
weather conditions, the electricity quality of small-scale power systems with renewable power sources
may decline. Hence, even a small amount of renewable power sources may not be introduced. Against
this background, various design methods of microgrids, which include diesel power plants, energy
storage systems and renewable energy sources, have been proposed that consider various viewpoints.
Most of these studies are premised on the utilization of energy storage devices, and stabilization
control studies using batteries for the balance between supply and demand in the microgrid have also
been reported [1–6]. In some cases, flywheel energy storage systems are introduced into diesel power
generator-based microgrids instead of chemical batteries [7,8].

The problem which requires an energy storage device can be significant if the main electrical
power source is supplied by a conventional fixed speed synchronous generator (FS-SG). According
to such situations, several kinds of strategies focusing on the main generator operation have been
reported to regulate a microgrid system incorporating renewable power sources [9–11]. Most of these
systems are composed of a conventional synchronous generator driven by a diesel engine as the main
power source, and an energy storage system is considered in some cases. On the other hand, if the main
generator can control its output quickly, then a balance between the generation and consumption in the
power system will be effectively maintained. Under such consideration, applications of an adjustable
speed diesel generator have been proposed in several reports [12–14]. However, there are few reports
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that provide detailed analyses of a small power system composed of a diesel power plant and a wind
power station as a renewable power source, as well as their cooperative control system performed
under natural variable wind conditions. In this paper, a new control strategy for the design and
operation of a small-scale power system is proposed in order to improve its frequency stability against
vacillating power from a wind power station. A diesel engine driven adjustable speed generator
(ASG) employing a doubly-fed induction generator (DFIG) and a cooperatively controlled battery are
adopted. In our previous reports [15,16], we presented that frequency stabilization can be achieved
effectively by the installation of an ASG. As only two profiles of fluctuating power were considered
there; however, the effectiveness of the ASG control was not sufficiently evaluated. Moreover, in these
reports, a conventional proportional–differential (PD) controller with fixed control parameters was
applied to the frequency stabilization by using the ASG. Therefore, it was unclear whether the ASG
could sufficiently regulate the grid frequency under the variations of the fluctuating power or not.
This was because the conventional PD controller with fixed gains could not always achieve excellent
performance under various conditions of the controlled system. Accordingly, in this study, a fuzzy
logic control based PD controller was applied to the frequency control system by using the ASG.
In general, fuzzy logic control is robust and can be expected to achieve sufficient performance under a
variety of controlled system conditions, such as randomly fluctuating power from renewable power
sources. In addition, as it is expected that more batteries will be introduced into power systems in the
future, the battery energy storage system (BESS) is also considered in this paper, and a cooperative
frequency control system with an ASG is designed. In this paper, to evaluate the validity of the
proposed cooperative control, a degree of the smoothing effect of system frequency is investigated by
simulation analyses with respect to various conditions of the small-scale power system, and then a
possible amount of wind power installation is assessed. The simulation analysis is carried out using
the PSCAD/EMTDC simulation program.

2. Overview of the System and Its Modeling

2.1. Topology of the Small-Scale Power System

Though there are a lot of topologies in small-scale power systems, an isolated small-scale power
system model, which represents an island with residential areas, is used in this paper (shown in
Figure 1). DG1 and DG2 are thermal power plants driven by diesel engines. DG1 is a fixed speed
synchronous generator (FS-SG) equipped with a speed governor and an automatic voltage regulator.
DG2 is assumed to include two types of generators in this study. One is the same type as DG1 with
the role of conventional FS-SG, and the other is an adjustable speed generator (ASG) that employs
a doubly-fed induction generator (DFIG), which is the new strategy proposed in this paper for a
small-scale power system. The difference between the performances of the two types of generators for
DG2 is evaluated from the point of view of stabilization of the power system frequency fluctuation.
The wind power station is modeled as a single permanent magnet synchronous generator equipped
with a power converter and aerodynamic variable speed wind turbine. Loads A and B represent a
consumer and are modeled using constant impedance components. Rated voltage at each node and
impedance of each transmission line and transformer are shown in Figure 1, but the power rating of
generators is not indicated because several combinations of generator power rating are considered
in this study. However, the total capacity of DG1 and DG2 is fixed to 10 MVA. The impedance of
each transformer is based on the self-capacity base. The parameters of the power plants and loads are
shown in Table 1.
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Figure 1. Model of small-scale power system.

Table 1. Parameters of power plant and loads.

Main Power Plants

Plant Generator Type
Rated Capacity (MVA) Rated

Voltage (kV)
Inertia

Constant H (s) 1Case 1 Case 2 Case 3 Case 4

DG1 FS-SG 5 7.5 5 2.5
3.3 2

DG2
FS-SG 5 - - -

ASG - 2.5 5 7.5

Wind Power Station (Permanent Magnet Synchronous Generator)

Rated Capacity (MVA) 0.5

Rated voltage (kV) 0.69 (1.0 at the connection point of the power system)

Inertia constant H (s) 1 3

Loads (Common to Load A and B)

Capacity (MVA) 3.75

Power Factor 1.0
1 Including prime mover.

2.2. Model of the Diesel Engine Driven Power Plant

The speed governor and torque output model shown in Figure 2 is used for diesel engine-driven
power plants DG1 and DG2, respectively. Several types of diesel engine and governor models have
been presented; however, an uncomplicated model is adopted in this study [17,18]. The speed governor
regulates the power of the diesel engine so as to keep its speed at a preset reference speed. In the case
of an FS-SG generator, it is essentially controlled by a governor free mode with droop characteristics.
In the case of ASG, the speed governor should control the varying speed to return it back to the
preset reference more precisely; therefore, PID controller is used. The range of torque output of the
diesel engine is limited, in general, between 50% and 100%, which is a typical range from the point
of view of fuel cost and the lifetime of the diesel engine. Moreover, in consideration of mechanical
stress reduction of the engine, the rate of change of the torque output also needs to be limited to



Appl. Sci. 2020, 10, 9085 4 of 13

90%/minute, for example. Parameters of the model are expressed in Table 2, and machine parameters
of the conventional FS-SG are expressed in Table 3.
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Figure 2. Speed governor and torque output model of a diesel engine.

Table 2. Parameters of the diesel governors.

Parameters FS-SG (DG1 and 2) ASG (DG2)

Time constant of the Transducer TDG (s) 0.1 0.1
Gain of the Transducer GDG (s) 20 20

Proportional gain KP 0.1 0.01
Integral gain KI 0.0 0.0002

Differential gain KD 0.0 0.1
Time constant of the pilot servo TP.DG (s) 1.0 1.0

Time constant of the diesel fuel delay Td.DG (s) 0.5 0.5
Speed reference ωref (pu) 1.0 1.044

Table 3. Electrical parameters of the fixed speed synchronous generator (FS-SG).

Resistance of Stator Winding 0.0025 pu
Leakage reactance of stator winding 0.14 pu

Resistance of field winding 0.0004 pu
Leakage reactance of field winding 0.2 pu

D-axis synchronous reactance 1.66 pu
Q-axis synchronous reactance 0.91 pu

In addition to the governor free control, the outputs of DG1 and DG2 are also regulated by load
frequency control (LFC), which maintains a balance between the power demand and consumption
over more than several minutes. The LFC configuration is shown in Figure 3. Output commands for
LFC are distributed to DG1 and DG2 in accordance with a ratio of power rating of each generator.Appl. Sci. 2020, 10, 9085 5 of 14 
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Figure 3. Model of a load frequency control (LFC).

Figure 4 shows the model of automatic voltage regulator installed in FS-SG. Figure 5 shows
a fundamental structure of the adjustable speed generator (ASG), which consists of a doubly-fed
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induction generator (DFIG) and its AC excitation control. This system has an advantage in that active
and reactive power can be controlled independently. Moreover, only a partial power rating of the
electronic power converter is needed, which corresponds to the maximum slip from the synchronous
speed. In this study, the reactive power is regulated to maintain a constant terminal voltage of the
ASG. The active power of the ASG can be utilized in response to power system frequency behavior,
as explained in Section 3. The speed governor of DG2 in the case of ASG is basically the same as in
Figure 2, while the reference speed is set to 1.044 pu, at which the controllable kinetic energy is halved.
In this study, the adjustable speed range of the ASG is from 0.7 to 1.3 pu (thus, the power converter
capacity is 30% of the ASG power rating), and controllable kinetic energy is regarded as 0% when the
speed is minimum (0.7 pu) and is 100% when the speed is maximum (1.3 pu). The controllable kinetic
energy becomes 50% at the speed of 1.044 pu, as expressed in Equation (1). The machine parameters of
the DFIG are shown in Table 4.

wDG2.re f =
√

1.32 − 0.72 = 1.044 p.u. (1)
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Figure 5. Overview of the adjustable speed generator (ASG) and its control system.

Table 4. Electrical parameters of the doubly-fed induction generator (DFIG) as the ASG.

Resistance of Stator Winding 0.01 p.u.
Leakage reactance of stator winding 0.15 p.u.

Magnetizing reactance 3.5 p.u.
Resistance of rotor winding 0.01 p.u.

Leakage reactance of rotor winding 0.15 p.u.

2.3. Model of Battery Energy Storage System (BESS)

In this study, it is assumed that a battery energy storage system (BESS) is installed at the connection
point of Load B, as shown in Figure 1, and additional regulation by the battery charging/discharging
control for the system frequency is triggered for a limited time when steep frequency fluctuation occurs
so that the ASG cannot regulate sufficiently. The BESS is simulated by using an ideal voltage source
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without considering any power consumption or the chemical characteristics of the battery. The power
of the BESS is determined according to the explanation provided in Section 4.

2.4. Model of the Wind Power Station

The single wind generator in the wind power station consists of a permanent magnet synchronous
generator (PMSG), AC-DC-AC power converter and a wind turbine, of which aerodynamical
characteristics are expressed as follows in Equations (2)–(5) [19]. The speed of the wind turbine
is controlled by a pitch angle controller, as shown in Figure 6, which is operated when the speed
exceeds the rated speed. The output of the PMSG is regulated according to the maximum power point
tracking (MPPT) characteristics. Table 5 shows the machine parameters of the PMSG.

Pwtb =
1
2
ρCp(λ, β)πR2Vw

3 (W) (2)

Cp(λ, β) = 0.5
(
Γ − 0.022β2

− 5.6
)
e−0.17Γ (3)

λ =
ωwtbR

Vw
(4)

Γ =
R
λ
·

3600
1609

(5)

where Pwtb is the output of the wind turbine (W), λ is the tip speed ratio, R is the length of the turbine
blade (m), ωwtb is the speed of the wind turbine (rad/s), ρ is the air density (kg/m3), β is the pitch angle
of the turbine blade (deg) and Vw is the wind speed (m/s).
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Table 5. Electrical parameters of the permanent magnet synchronous generator (PMSG).

Rated Frequency 20 Hz
Stator winding resistance 0.02 p.u.
Stator leakage reactance 0.1 p.u.

D-axis synchronous reactance 0.4 p.u.
Q-axis synchronous reactance 0.4 p.u.

3. Active Power Control of the ASG to Suppress Frequency Fluctuation

When the ASG is adopted as DG2, ASG controls its output power in order to suppress the
frequency fluctuations of the power system. In this study, the DFIG is adopted as the ASG, and a
fuzzy logic controller is installed for generating the reference of DFIG active power, as shown in
Figure 7. Due to the installation of the fuzzy logic controller, it is expected that the frequency control
system can achieve sufficient performance under a variety of controlled power system conditions,
such as randomly fluctuating power from the wind farm. Though there are several fuzzy logic control
methods, Takagi–Sugeno fuzzy logic is adopted in this study [20]. Measured frequency deviation ∆F
and its differential value are used for fuzzy logic control, and the reference for DFIG active power is
calculated by using the fuzzy rule shown in Table 6 and the membership function shown in Figure 8a,b.
Parameters shown in Figures 7 and 8 and Table 6 have been determined by trial and error method.
Specifically, the gains GP, GD and GO shown in Figure 7, and the values on the horizontal axes in
the membership functions shown in Figure 8a,b have been repeatedly employed in various patterns,
and the values making the system response more stable (i.e., non-oscillatory) and improving the
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frequency fluctuation suppression effect have been selected. Moreover, when the DFIG rotor speed
approaches its limit, speed change will be restrained by correcting the reference. This process is shown
in Figure 9, from which it is seen that, when the kinetic energy of the DFIG becomes less than 45%,
an additional negative value for correcting the reference, PDFIG_correc, is added in order to decrease the
output of the DFIG. On the other hand, when the kinetic energy of the DFIG becomes greater than 60%,
a positive PDFIG_correc is added in order to increase the output of the DFIG. In this way, the threshold
values and slopes are kept within the permissible range.
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4. Cooperative Control of BESS

It is well known that a battery system can contribute well to suppressing power system frequency
fluctuations. In this study, it is assumed that a battery energy storage system (BESS) is installed near
the consumer and can be regulated so as to suppress frequency fluctuations in cooperation with the
ASG. Though a lot of schemes have been proposed for BESS power control, fuzzy logic control is
adopted in this study, as shown in Figure 10. The design concept of the battery controller is the same
as that of the ASG. According to frequency deviation, output power reference is calculated based on
the fuzzy control parameters shown in Figure 11 and Table 7. However, the control gain for the input
signal and the membership function of the fuzzy control system in the BESS are different from those
of DFIG and are tuned to behave cooperatively to further enhance the effectiveness of the control by
DFIG. The fuzzy control contains differential operations in order to respond quickly to fast changes in
the frequency. This scheme of control is basically the same as the control scheme of the ASG, but the
roles of BESS and ASG are shared by the setting of different control gains, as mentioned above.
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Table 7. Fuzzy rules of the fuzzy logic controller of the BESS.

d∆F/dt

∆F
PM PS Z NS NM

PM NM NM NS NS Z
PS NM NS NS Z PS
Z NS Z Z Z PS

NS NS Z PS PS PM
NM Z PS PS PM PM

5. Simulation Analysis

5.1. Simulation Settings

In order to evaluate the efficacy of the proposed approach to suppress the frequency fluctuations
in a small-scale power system by the adjustable speed diesel engine-driven generator, system behavior
under vacillating power from a wind power station in the power system was analyzed. Wind speed
data, which was a measured record of the real wind in Hokkaido, Japan, was applied to the simulation
analysis. This was because it was important to assess the performance of the proposed approach under
a situation of natural wind conditions where the ability of the adjustable speed diesel engine-driven
power plant to stabilize the power system frequency could be evaluated. Nine profiles of wind power
obtained from the natural wind conditions were used in the simulation analysis (shown in Figure 12)
and were referred to as Wind No.1 to 9. The wind speed data used in each profile was for 1 h, with a
1 s interval, and the resultant wind power had various different average levels and different vacillating
levels corresponding to standard deviation (shown in Figure 12). Simulation analyses for four cases
performed in this paper for the combination of two diesel generators are shown in Table 1. The rated
capacity of the wind power station was set to 0.5 MW. This was based on the ideal range of controllable
output of the ASG in Case 2 of Table 1. Though the rated output of the ASG in Case 2 was 2.5 MW,
the actual output should have been within the range from 1.25 (50%) to 2.5 MW (100%) due to the
limited range of the diesel engine output. In this situation, when the ASG output was 1.875 MW (75%),
the center of the output range, then the ASG could provide ideal control, i.e., increase or decrease
the output within ±0.625 MW (±25%). However, since the output correction (shown in Figure 9) was
included in the control system, the ASG could hardly output the power near the upper limit (0.625 MW).
Therefore, the rated output of the wind power station was set to 80% of 0.625 MW temporarily (thus,
it was 0.5 MW). The power consumption of Load A and B were both 3.75 MW (75% of the power
system capacity).

5.2. Simulation Results 1—Effect of the ASG Installation

Figure 13 shows the calculated standard deviations of the fluctuating frequency of the power
system in Case 1 to Case 4 under nine wind generator output profiles. The BESS assistance is not
considered. It can be seen that the frequency fluctuation can effectively be reduced in the proposed
method (Case 2 to Case 4) compared to the conventional case (Case 1). In the case of Winds No.6
and 9, frequency fluctuations are large, but when half of the power generation is supplied from the
ASG, the fluctuations can be reduced to about half of that in Case 1. Figure 14 shows the standard
deviation of the varying rotor speed of the ASG. It can be seen that the larger the power rating of the
ASG, the smaller the rotor speed variation of the ASG.
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5.3. Simulation Results 2—Effect of the Additional BESS Assisting

The effect of the BESS assisting the ASG control explained in Section 4 is evaluated in this section.
The BESS controls its power to suppress the power system frequency fluctuation directly. Simulation
results for the case of Wind No.6 are presented here because its fluctuation level is highest, as shown
in Figure 12. The left part of Figure 15 shows the standard deviation of the power system frequency.
As shown in Figure 15, power system frequency fluctuations can be suppressed more effectively than
the case with only the ASG. Maximum battery power is also shown in the center part of Figure 15.
Even when all of the diesel generators are conventional FS-SG, the BESS exhibits good performance.
However, a larger BESS capacity will be needed. As the ASG capacity increases, the maximum output
of the BESS decreases, and thus the power capacity of the BESS can be reduced. The right part of
Figure 15 shows the standard deviation of the varying rotor speed of the ASG. It becomes smaller
in the case where BESS is installed. It can also be said that the mechanical stress of the ASG can be
reduced. Therefore, it can be concluded that the proposed combined control of the ASG and the BESS
is very effective for stabilizing power system frequency fluctuations.
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6. Conclusions

In this paper, the adjustable speed generator (ASG) is proposed for diesel engine-driven power
plants to stabilize the frequency fluctuations of a small-scale power system, and its performance
is evaluated through simulation analyses by using natural wind conditions. In addition to the
employment of the ASG in the diesel power plant, the battery energy storage system (BESS) is also
proposed to support the frequency control of the ASG. Additionally, a fuzzy logic controller is installed
into the ASG and BESS control systems to realize flexible and cooperative control against a large variety
of fluctuating power.

The simulation results show that the proposed ASG can regulate the frequency fluctuations
of the small-scale power system efficaciously, and its control ability can be enhanced by adding
the cooperative power regulation of the BESS. Consequently, it can be concluded that wind power
utilization in an isolated small-scale power system can be augmented by employing the proposed
coordinating control system of the ASG based diesel engine-driven power plant and the cooperation of
the BESS.
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