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Abstract: In recent decades, renewable energy sources, such as wind power, have extraordinarily
increased their participation in the energy mix throughout the world. This progression has played
an important role in lowering the usage of fossil fuels. In addition, it has reduced environmental
hazards and increased the emergence of hybrid power systems, mainly in remote areas. In some of
these areas, diesel power plants were the only previous source of energy. Irrespective of the benefits,
hybrid power systems might face problems such as frequency deviations. To contribute to reducing
these problems, this paper presents a methodology to tune diesel engine governors using the Student
Psychology-Based Algorithm. This proposed methodology enhances some metrics of controller
performance, such as the integral square error, integral absolute error, and number of sign changes in
the frequency derivative. This approach has been tested against different perturbations (step, ramp
and random). To validate the effectiveness of the proposed approach, it has been simulated in relation
to the San Cristobal Island (Ecuador) hybrid wind–diesel power system. The simulation results show
that the governor tuned with the proposed approach provides a better system response.

Keywords: diesel engine governor; isolated power system; power-frequency control; wind–diesel
power plant

1. Introduction

Stand-alone diesel power generation is the major and most adaptive energy source on
islands and in remote areas that are isolated, completely or partially, from grid supply [1,2].
In the last few years, these stand-alone power systems have been subject to restrictions
imposed by international environmental regulations due to greenhouse gas emissions [3,4].
In addition, the sudden depletion of fossil fuels increased the cost of both diesel and its
transportation to these islands and remote areas [5].

To overcome these problems, the integration of renewable energy (RE) with the existing
power infrastructure is a commonly used solution. Fortunately, most of these islands and
remote areas usually have major potential in terms of renewable energy sources such as
wind or solar energy, which are widely distributed, freely available, and environmentally
friendly, as compared to conventional fossil fuel-based energy sources [1]. To support this
initiative, many developed and developing countries have introduced various strategies, re-
developed their policies, and offered subsidies to power regulations [6]. To take advantage
of these opportunities, isolated hybrid wind–diesel power system installations have been
constructed on islands and in remote areas [7,8]. Some examples of islands in Europe with
high RE potential are the Canary Islands [9], Aegean Islands [10], the archipelago of the
Flores-Azores [11], etc. Similarly, in Latin America, the Galapagos Islands [12,13], and in
the South China Sea, the Yong Shu Island [14]. The major benefits of integrating wind
energy sources into remote isolated power systems are not just limited to savings in fuel
consumption. Indeed, compared to the traditional diesel system, wind power integration
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could offer additional advantages such as providing extra energy to the microgrid, reducing
pollution and greenhouse gas emissions, and hedging the risk of unexpected fuel price
increases [15].

Despite the above-mentioned advantages, hybrid wind–diesel power systems (WDPSs)
might face certain problems, such as power system frequency deviations [16,17], among
others. Some examples reported in the literature that show frequency deviation effects on
power systems include El Hierro Island (Spain) [7], the Galapagos Islands (Ecuador) [18],
remote Arctic regions (Yakutia, Russia) [19], and Dakhla (Morocco) [20]. There are mul-
tiple reasons that can cause frequency fluctuations in power systems: load or generation
variations, load or generator trips, faults, interactions among controllers, etc. In power
systems with a high share of wind energy, one important cause of frequency variations is
the fluctuation of the power injected into the grid by wind generators due to wind speed
variations. Due to high wind intermittency, the power quality of the system might decrease,
especially when the system is characterized by a low inertial response. Despite the rapid
development of wind power, wind power consumption and integration into conventional
power systems are not optimal [15]. The available power fluctuates with time due to wind
variations or is restricted due to environmental conditions. This is why various techniques
or methods, such wind power curtailment, and energy storage systems, such as flywheels,
capacitors, batteries, etc., are adopted to overcome these problems. However, the cost
of these additional storage systems, in addition to other factors such as environmental
restrictions, political influences (variations in government policies), etc., cause hurdles
in relation to the further development of this technology. Furthermore, several control
techniques were developed to run the power system within its pre-defined protective zone,
without the need of any additional installation. Moreover, deviations in power system
frequency can endanger the stability and reliability of any power network [21–23]. This is
why hybrid WDPSs might face frequency deviations or might be operated at the edge of
the lower frequency limit [23].

In [18], a root locus analysis is used to find the controller gain parameters of a diesel
governor, which leads to power system frequency regulation. It is a first approach to the
problem of governor tuning, although it is far from being optimum. This paper proposes
a methodology for optimum tuning of diesel engine governors to enhance power system
frequency stability using an exhaustive search approach according to controller quality
indices [24,25]. The main advantage of this approach is providing a unique optimum
combination of controller gain parameters.

This paper is organized as follows. Section 2 briefly explains the diesel governor model
implemented in this research work and its characteristics. In Section 3, a comprehensive
discussion of the proposed methodology, which is based on the Student Psychology-Based
Algorithm (SPBA), is presented. Furthermore, a detailed case study is explained in Section 4.
In Section 5, the simulation results are discussed. Finally, conclusions are presented in
Section 6.

2. Diesel Governor and Its Characteristics

Inherently, a diesel generator (DG) is an unstable electromechanical machine that
requires a proper control system for its operation [26]. With respect to their usage in
electromechanical electrical power systems, DG units have three major components [27]:

• Automatic Voltage Regulator (AVR).
• Synchronous Generator.
• Prime Mover (PM) (in combination with Speed Governor).

In this paper, the primary topic of interest is the DG PM. The other components of a DG
are outside of the scope of this paper. Therefore, the time-domain behavior model of a diesel
governor has been taken from [18,28]. A diesel engine PM schematic block representation
and MATLAB Simulink 2022a model are shown in Figures 1 and 2, respectively. They
clearly show that a diesel PM further decomposes into several submodels, which are briefly
described in the following subsections.
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2.1. Speed Governor (SG)

The role of a DG speed governor is to control the diesel engine speed actuating on
the incoming fuel rate. Increasing or decreasing this fuel rate increases or decreases the
mechanical power applied to the shaft [2]. Figure 1 shows that the SG is a combination of a
filter, with the time constant t3, and a simple proportional integral (PI) controller with the
control gains Kp and Ki. It is fed with the speed error signal, ωe (p.u.), as described in (1).

ωe = ωre f −ωm. (1)

2.2. Actuator

Its main role is to control the fuel flow into the PM. In other words, control of the fuel
rack position (FRP) corresponds to the applied fuel injection rate (FIR). Here, in Figure 1,
t2 is the first-order transfer function time constant, or the actuator time constant, responsible
for the delay between the FRP and FIR.

2.3. Diesel Engine (DE)

The DE, also known as the transportation delay or combustion system, as shown in
block e-st1 in Figure 1, is responsible for the conversion of fuel energy into shaft mechanical
energy. The output of the DE corresponds to the mechanical torque Tm.

2.4. Crankshaft Dynamics (CD)

The CD in a diesel PM describe the conversion of the reciprocal motion of the piston
into rotatory motion, as shown in Figure 1. Here, HT is the inertia constant and Te is the
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torque opposed by the electrical generator. The differential equations that describe the PM
of the diesel generator shown in Figures 1 and 2 are given in Equations (2)–(6).

.
x1 =

.
Tm =

[
−2t2 − t1

t1t2

]
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(
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t2

)
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.
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t3
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.
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.
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1
2HT

(Tm − Te) (6)

The transportation delay is considered through its first-order Padé approximation, as
shown in Equation (7).

e−st1 =
1− t1s

2

1 + t1s
2

(7)

This approximation has also been applied in the calculation of the dynamic matrix
corresponding to the differential Equations (2)–(6):∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

−2t2−t1
t1t2

1 −1
t2

0 0
−1
t1t2

0 2
t1t2

0 0

0 0 − 1
t3

1 −Kp
t3

0 0 0 0 −Ki
t3

1
2HT

0 0 0 0

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(8)

The characteristic polynomial of this matrix is shown in Equation (9). It is useful in
the calculation of the upper limits of the controller gain parameters.

λ5 +
(t1t2 + t1t3 + 2t2t3)λ

4

t1t2t3
+

(t1 + 2t2 + t3)λ
3

t1t2t3
+

(
−Kpt1 + 2HT

)
λ2

2HTt1t2t3
− (Kit1 − 2Kp)λ

2t1t2t3HT
+

Ki
t1t2t3HT

= 0 (9)

3. Materials and Methods

The proposed methodology for tuning the DG speed governor parameters is as follows.
The speed response to three different torque perturbations from the electrical generator

(a step, a ramp, and a random fluctuation) is simulated during a given time period (tsim) for
different combinations of controller constants (Kp and Ki). These perturbations practically
reflect the real-world power system scenarios, considering that they can be described as a
combination of these perturbations. A step response can reflect the sudden loss of a wind
generator in a hybrid power system (or the switching on of a big load). Similarly, a ramp
response represents a steady wind power decrease, while a random fluctuation reflects
wind, or load, variations. It is important to note that this paper focuses on diesel power
plant governor tuning and tests its performance under different real-world wind variation
scenarios. The performance of every combination of PI controller gains is evaluated
according to different metrics: the maximum frequency error, the integral absolute error
(IAE), and the integral square error (ISE). In addition, the number of differential speed sign
changes (positive and negative fluctuations during a transient period) is considered.

The mathematical expressions that calculate the above-mentioned objective functions
are given in Equations (10) and (11).
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ISE =

tsim∫
0

ωe(t)
2 dt (10)

IAE =

tsim∫
0

|ωe(t)| dt (11)

Based on these objective functions, we propose the use of the Student Psychology-
Based Algorithm (SPBA) for calculating the best tuning parameters of a diesel PM. Many
approaches proposed in relation to the control of modern power systems are based on
the natural behavior of animals, plants, insects, etc. These nature-inspired algorithms
include the bat algorithm [29], harmony search [30,31], tabu search [32], genetic algorithm
(based on Darwin’s theory of evolution) [33], partial swarm optimization [34], grey wolf
optimization [35], GA-fuzzy [36], GA-PSO [37], etc. All these algorithms have their own
importance in the world of power systems and other related fields. However, we believe
that some gaps remain when adopting these algorithms because the accuracy in terms of
predicting the natural behavior of living things has certain uncertainties, such as human
error, instrument error, environmental effects, the way of implementing a certain technique
or the selection of certain variables for developing algorithms. In addition, factors such as
convergence mobility and optimization play a leading role in the adaptation of the SPBA
approach. This is why many references in the literature conclude that the SPBA approach,
as compared to these algorithms, is superior and more effective [38–42].

The proposed SPBA approach for calculating the optimum tuning parameters of a
diesel PM is based on the following objective functions: the IAE, ISE and number of output
sign changes. These values are calculated for different distinctive combinations of Kp and
Ki. The upper and lower limits of both gain parameters are found using Equation (9).

The SPBA-based flow chart is shown in Figure 3. This algorithm is used to find a
unique optimum combination of controller gain parameters using quality performance
indices (ISE and IAE) to enhance the system performance during uncertainty. To pursue
this aim, we firstly evaluate the reference controller quality index, Zbase (Equation (12)),
based on the reference model [18] controller gain parameters, i.e., Kp_base and Kd_base. In the
current scenario, there are two gain parameters. Therefore, there are a maximum of eight
different prospects to follow in finding the optimum values of the gain parameters. This is
why the controller quality indices for all the possible scenarios are calculated by varying
the values of Kp_base and Kd_base by “one” according to the applied conditions. The greater
the value of the controller quality index, Z, the better the controller performance. This is
why we individually compare the eight different controller quality indices with Zbase. In
each case, there are two possibilities: either the calculated quality index is greater or lesser
than Zbase. In the latter case, the SPBA generates zero. However, in the former case, the
respective controller quality index (e.g., Zb_new, Zc_new, etc.) maintains its original value. All
the possible results are stored in the vector Y shown in Figure 3. If Y is a non-zero vector,
each column of Y is compared with each other column to find the greatest Z. Now, the
new reference controller quality index is that greatest Z, which we use to compare the next
loop quality indices. This variation (=1) in the values of the gain parameters stops when
Y = [0]. In case of a null vector, the gain parameters’ variation is further applied up to the
first decimal place. Whenever Y is equal to a null vector, it means that the gain parameters
against Zprev are in an optimum position against the respective variation in Kp_base and
Kd_base. In this paper, the optimum values of Kp and Kd up to the second decimal place are
provided. Beyond the second decimal place, the variation in the gain parameters shows
no significant improvement in the values of Z and NADIR. This means that the third time
Y = [0], the algorithm stops and generates optimum results for the current controller.
The main benefit of this SPBA approach is that the system remains stable, because every
simulation moves the controller gain parameters toward the optimum stability region.
The optimum result reflects the combined effects of the minimum ISE, IAE and number
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of fluctuations for a specific controller. The effectiveness of this proposed approach is
discussed in detail in the following case study.
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4. Case Study

To illustrate the application of the proposed methodology, a case study conducted
on San Cristobal Island, Galapagos Archipelago, Ecuador, is presented in this section.
Its power system has a diesel power plant with three diesel generators of 813 kVA and
650 kW [18]. The detailed diesel generator specification is shown in Table 1. It is observed
that the WDPS of San Cristobal Island faces frequency deviation problems. Therefore, the
San Cristobal hybrid WDPS attracts researchers’ attention and requires specific treatment
to mitigate these power frequency problems, which may affect the power plant’s reliability
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in the most severe wind conditions. To reduce the frequency deviation problems in such
hybrid power plants, the controller of the DG PM plays a key role in the power system’s
operation. Correspondingly, the DG PM controller performance depends directly on
controller gains tuning, such as Kp and Ki.

Table 1. Dataset of the DPS installed on San Cristobal Island [18].

Model of diesel engine CAT-3512 DITA
Rated frequency 60 Hz

Synchronous speed 1200 rpm
Capacity 813 kVA

Rated power 650 kW
Constant of inertia (HT) 0.4208 s

Output voltage 480 V ± 5%
Time constants: t1, t2, t3 0.024 s, 0.1 s, 0.01 s

Maximum torque (Tmax), minimum torque (Tmin) 1.1 p.u., 0 p.u.

The proposed approach seeks the best combination of PI controller gain parameters
that provide the minimum IAE and ISE values, as described in the previous section. After
testing and evaluating the results of thousands of combinations, the SPBA (Figure 3)
has found that the best controller gain parameters for the San Cristobal Island case are
Kp = 10.13 and Ki = 13.35. If we increase or decrease the values of Kp and Ki from the
proposed optimum values, then the system behavior tends toward being worse in terms
of increased oscillations, increased settling time and frequency deviation. Therefore, to
validate the proposed tuning parameters, three different perturbations (step, ramp and
random) are considered as torque inputs for the power controller, and the simulation
results are compared with those corresponding to the Ochoa and Martinez controller
parameters [18]. The simulation results show that the proposed control parameters provide
a better response, showing less frequency deviation and better system stability. Detailed
discussions concerning the simulations and results are presented in Section 5.

5. Results

This section presents the detailed simulation results of the San Cristobal Island case
study and compares the behavior of the system with two different controllers: the one
obtained with the proposed methodology and the one proposed in [18] as a benchmark.

5.1. Step Response

A step variation in the electric generator torque is applied as an input to the system.
Figure 4 shows significant differences between the speed responses of the two controllers:
the benchmark and the proposed one. The system response with the proposed gain
parameters shows superior and more efficient behavior. In this case, the system is stable or
maintains a constant speed of 1 p.u. after 2 s, as compared to the benchmark [18], which
needs 15.3 s to stabilize the system.

In addition, the values of the integral square error and integral absolute error of both
controllers are shown in Table 2. Similarly, during transients, the minimum underfrequency
is reduced by 3.006 Hz (58.548 Hz versus 55.542 Hz). In other words, the frequency during
transients is closer to the system rated frequency (60 Hz).

As a metric of the controller effectiveness, a control quality index “Z” is introduced.
It estimates the controller performance based on the minimum underfrequency, ISE, IAE
and the number of sign changes in the frequency derivative during transients, as defined
in Equation (12), where v represents the minimum speed, or underfrequency, and c is the
number of sign changes in the speed derivative during the disturbance.

Z =
v

ISE·IA·c (12)
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Table 2. Comparison of the control performance metrics with different gain parameters following a
step input.

Benchmark [18]:
Kp = 2.294 and Ki = 1.458

Proposed Methodology:
Kp = 10.13 and Ki = 13.35

Minimum speed (p.u.) 0.9257 0.9758
ISE (p.u.) 0.2175 0.2045
IAE (p.u.) 0.4793 0.2265

Control quality index “Z” 2.2199 10.5334
Minimum frequency (Hz) 55.542 58.548

The control quality index is used as a reference parameter when the performance of
several controllers is compared. The higher the value of v, the better the performance of
the controller, i.e., the controller performance is better if the minimum underfrequency is
higher. In addition, the performance is better if the ISE and IAE are lower. To reduce the
engine valves’ effort (and, consequently, their wear and tear), it is convenient to reduce
the number of derivative sign changes. Thus, the Z index is proportional to the minimum
underfrequency and inversely proportional to the product of the ISE, IAE and c.

5.2. Ramp Response

When using an electric torque ramp as an input to the system, its behavior with the
controller gains obtained with the proposed tuning methodology is also satisfactory, as can
be seen in Figure 5. It shows that the minimum speed during transients is up to 0.9915 p.u.,
a little frequency deviation when compared to the one obtained with the benchmark [18].
In addition, a reduction in the area under the curve during transients is achieved. Similarly,
the frequency response is improved by 4.188 Hz (59.49 Hz versus 55.302 Hz). Moreover,
the power system becomes stable after 6 s with the proposed tuning versus 20 s with the
benchmark. Additional metrics can be seen in Table 3.

Table 3. Comparison of the control performance metrics with different gain parameters following a
ramp input.

Benchmark [18]:
Kp = 2.294 and Ki = 1.458

Proposed Methodology:
Kp = 10.13 and Ki = 13.35

Minimum speed (p.u.) 0.9217 0.9915
ISE (p.u.) 0.2225 0.2044
IAE (p.u.) 0.5902 0.2478

Control quality index “Z” 1.4037 6.5251
Minimum frequency (Hz) 55.302 59.49
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5.3. Response to a Random Input

As previously stated, to validate the controller’s adequacy for real-world power
systems, an additional assessment of its behavior against random disturbances or noise
is needed. The system response to the random torque input shown in Figure 6 is tested.
Regarding the speed response, it is observed that the controller performance is smoother
with the proposed gain parameters, as shown in Figure 7. Furthermore, the absolute
error is much lower than the one obtained with Ochoa and Martinez [18] tuning. Table 4
summarizes the main quality response metrics.
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Table 4. Comparison of the control performance metrics with different gain parameters following a
random input.

Benchmark [18]:
Kp = 2.294 and Ki = 1.458

Proposed Methodology:
Kp = 10.13 and Ki = 13.35

ISE (p.u.) 0.2043 0.2041
IAE (p.u.) 0.2648 0.2355

6. Conclusions

In this paper, an SPBA-based tuning methodology for diesel engine governors is
proposed. The main advantage of this proposed approach is providing a unique optimum
combination of controller gain parameters. If we increased or decreased the values of the
gain parameters from the proposed optimum values, then the system behavior tended
toward being worse in terms of increased oscillations, increased settling time and frequency
deviation. To test its effectiveness, it has been applied to the tuning of the WDPS on San
Cristobal Island. The simulated response exhibits an enhancement versus the original
tuning of this governor. In particular, three types of perturbations (step, ramp, and random
electrical torque inputs) that reflect the sudden loss of a wind generator, a steady wind
power decrease and wind variations, respectively, were considered. The quality of the
response was evaluated via calculation of several performance indices: the ISE, IAE and
the proposed index Z. Based on these indices, control gain parameters that reduce the
power system frequency deviation were obtained. Regarding these control factors, the
system shows better behavior for the IAE: with the obtained control parameters, the IAE
is reduced by 52%, 58% and 11% in response to step, ramp, and random electrical torque
perturbations, respectively. Furthermore, the maximum frequency deviation is reduced by
5.3% and 7.6% against step and ramp perturbations, as compared to the original response
of the San Cristobal WDPS tuning. In summary, the simulation results show the usefulness
of the proposed tuning methodology.
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