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 The levelized cost of electricity production is highly dependent on the cost of fuel oil on the 
world market. In order to reduce the dependency on the fuel oil, many countries are adopting 
an energy transition towards distributed generation. Distributed generation can be 
described as various means of generating electricity at or near where it will be used. Such 
generating mode can be a solar PV system, wind turbine generator and other renewable 
energy sources. However, it entails lots of challenges as it uses power electronics devices 
as the power grid interface, which causes a reduction in the system inertia and at the same 
time affecting the frequency, thereby affecting the stability. To enhance this stability, 
appropriate control measures need to be adopted. This paper brings forward a novel 
approach for frequency control support of a wind turbine generator (WTG) in a diesel 
generation mix. The novelty of this research paper explained on the concurrent application 
of a Proportional derivative (PD) and a Proportional Integral Derivative (PID) for speed 
and frequency control in a WTG. The analysis of this experimental research was carried out 
through the modelling of the rate of change of frequency (RoCoF) using MATLAB / Simulink 
software. The results showed that the use of these controllers in presence of WTG provide 
frequency support to the system as the frequency varied within the acceptable limit of 
±0.5Hz. Additionally, this experimental research work also proved that the use of speed / 
governor control in form of the PID improved the RoCoF and provided an enhancement in 
the stability of the test system. Finally, this paper confirmed that the integration of WTG to 
the grid required the use of appropriate control algorithm for an efficient exploitation of 
this kind of renewable energy source. 
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1. Introduction   
COP 26 conference on the global climate established the 

importance on the reduction of the global temperature increase to 
1.5°C as a mitigating action against the greenhouse gases [1]. Ιn 
line with this agreement, many countries are adopting a 
distributed generation policy as means of reduction of 
greenhouses gases. Distributed generation (DG) covers the whole 
spectrum of different power generating technology such as solar 
PV, wind energy, biomass, etc. [2]. According to [3], the 
exploitation of distributed generation system is emerging in the 
global energy market. A direct impact of this alternative form of 

power generation results in a lower cost of power production from 
renewable energy sources. In this respect, countries such as 
Germany and Denmark are making enormous progress in 
promoting the distributed renewable energy system in their 
generation mix [4]. Globally, solar PV and wind energy power 
generation are the most preferred technologies coming out in the 
light, with wind energy considered as the leading renewable 
energy source [5]. The increasing use of wind energy in the 
generation mix brings along a shift towards using power 
electronics devices as grid interface. The power electronics 
interface devices have undergone rapid development with 
semiconductor switches such as insulated gate bipolar transistor 
(IGBT) are now being used. A direct impact of this transition will  
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result in reducing the inertia of the grid, which plays a primordial 
role in the stability of the grid. It is expected that the total inertia 
of the National Grid in UK will be reduced by up to 70% by 
2033/34 [6], [7]. To maintain a stable power grid with wind 
energy in the generation mix, it is required to avoid unnecessary 
frequency dip owing to the stochastic nature of the wind energy 
source.  Therefore, the frequency stability of wind turbine 
provides a hot topic for research. 

Previous research works carried on the subject show a replete 
of control mechanism on the frequency support. In [8], the authors 
introduced a low order system frequency model with high 
penetration of wind power plant. This method studies the power 
system frequency changes during the most critical time, which is 
≤ 30 s [9]. It was observed that initial conditions do not have a 
significant impact on the frequency response. However, the 
research paper in [8] highlighted on some major limitations of this 
experiment with regards to the effect of variable speed on the 
wind turbine generation system (WTGS). In [10], a comparative 
analysis between wind turbine generation (WTG) and a solar PV 
system was established. It was observed that wind turbine (WT) 
requires an extensive control mechanism to be able to provide a 
stable power as stability was not attained within the first swing. 
To further substantiate on the research for frequency control 
support for WT, an efficient control of inertia emulation and 
frequency support in presence of WTG was proposed in [11]. The 
experiment proposed a model free control (MFC) strategy for 
inertia emulation and frequency support of a diesel wind grid 
system. The MFC employs an approximation-based intelligent 
proportional integral derivative (PID) controller experiment. The 
online estimation technique [12] from input-output measurements 
is a key concept of MFC to approximate the complex system. It 
was concluded from this experiment that the use of MFC provided 
a precise inertia emulation and necessary frequency support. 
Other works on inertia emulation were carried out by [13]-[16].  

In [17], the authors adopted a novel approach of using small 
signal analysis for frequency response of WT.  The method 
depicts a Klein Rogers Kundur (KRK) two area, four generator 
system. The model was modified to accommodate an additional 
generator G5 on bus 13. It was concluded from this experiment 
that integration of wind energy without any frequency control will 
deteriorate the frequency response of the system. A proper control 
of the WTG provides necessary frequency support of the system. 
In [18], the feasibility of using a double fed induction generator 
(DFIG) to implement frequency regulation was investigated. It 
was observed that adjustable frequency wind turbines can 
undertake the frequency regulation responsibility of the power 
grid. A coordinated primary frequency regulation was considered 
as essential between the diesel generator (DG) and the WTG. In 
[19], an assessment of the impact of wind generation on system 
frequency control was made, where a time series sampling 
methodology was proposed over a timeframe period for assessing 
the impact of increased penetration of wind energy. It was 
concluded that future power system with an increasing 
penetration level of DFIG and greater levels of High Voltage DC 
(HVDC) interconnection will present significant frequency 
control challenges to system operators.  

The above expose clearly shows that integrating wind energy 
to the grid is indeed very challenging due to a reduction of system 

inertia. It gives a broader picture of the research carried out in the 
development of the frequency support. Inspired by these 
obstacles, the rationale of this work was to develop a novel 
approach of frequency support algorithm, through the concurrent 
use of a Proportional Derivative (PD) controller and Proportional 
Integral Derivative (PID) controller. 

The remaining of this research paper is structured as follows. 
Section 2 describes an overview of the system frequency response 
mechanism, while the methodology is detailed in Section 3. 
Section 4 showcases the simulations and results based on the 
principle laid down in Section 3. Section 5 treats about the 
discussion of the results obtained, whereas Section 6 concludes 
this research paper.  

2. Overview  

 This section explains the vital role played by the frequency to 
maintain a stable power with the grid.  As per [20], frequency 
stability is the ability of the power system to maintain a steady 
frequency following a transient occurrence, which leads to a 
power mismatch between generation and load. Therefore, it is 
required to avoid large rate of change of frequency (RoCoF) 
through application of necessary frequency control. The RoCoF 
is one of the indicators, which gives the soundness of the system 
frequency response (SFR).  

 A frequency control can act in three level steps namely [21] 

1. Primary Response 

2. Secondary Response 

3. Tertiary Response. 

Figure 1 shows the frequency response steps in the event of a loss 
of generation. 

 
Figure 1: Frequency response in the event of a loss of generation 

 Another indicator, which can evaluate the system frequency 
response (SFR) is the frequency nadir. The frequency nadir is the 
minimum frequency reached during a transient period. It is 
therefore primordial to understand the role of frequency in 
maintaining a sound network particularly in presence of 
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renewable energy sources like WTG.  The next section explains 
the relation between the power imbalance brought in by the 
frequency disturbance and the system inertia. It also shows that 
the RoCoF is dependent on the speed of the generator. Hence the 
importance of having a governor and speed control in the 
integration of a wind farm. 

3. Methodology 

Stability of power system is deeply impacted by large 
frequency deviation. In order to understand the impact of the 
frequency deviation on the power system, it is required to 
understand the swing equation, which gives the variation of the 
system inertia (H) with respect to the change in power 𝛥𝛥𝛥𝛥. 
Equation (1) gives the swing equation. 

 

                             (1) 

 

where  

ΔP: Accelerating power (pu) 

δ: Rotor angle (rad) 

𝜔𝜔𝑆𝑆: Angular speed (rad/s). 

H: Inertia (MJ/MVA) 

Pm: Mechanical power (pu) 

Pe: Electrical power (pu) 

According to [22], the acceleration of the prime mover 
caused by the unbalanced torque is governed by the equation of 
motion as in (2) 

                       (2) 

where  

J: Combined moment of inertia of generator and turbine (kg/m2) 

: Angular velocity of the rotor (mech. rad/s) 

t: Time (s)  

Given that kinetic energy of the rotating masses is represented by 

                                   (3) 

And that power is the rate of change of energy  

                          (4) 

As  

                                 (5) 

Substituting for J in (5) into (4) 

 x (dωm)/ dt.        (6) 

As ω = 2πf  

 x 2π (df/dt).         (7) 

Hence based on (7), the power imbalance brought in by the nature 
of wind directly impact on the system inertia (H) and the RoCoF 
(df/dt). Therefore, it is required to have a low RoCoF and 
additional synthetic inertia to counter the change in power. 

As per [23], the maximum power that can be harnessed from 
a WTG is governed by (8) below 

                               (8) 

where  

P: Power reaped from the WTG (W) 

ρ: Density of air (kg/m3) 

A: Area of blade (m2) 

V: Velocity of wind (m/s) 

Equating (8) and (4), the following expression can be obtained 

                              (9) 

Since ω = 2πf  

                           (10) 

 

Based on (10), the wind speed directly affects the rate of change 
of frequency, RoCoF. Therefore, in order to exploit maximum 
power from the WTG, it will be necessary to provide a stable 
power to the grid by developing a governor and inertia control.  

4. Simulations & Results 

Having established the mathematical models that govern the 
frequency stability and power quality of a WTG, it is required to 

𝛥𝛥𝛥𝛥 = 𝑃𝑃𝑚𝑚 − 𝑃𝑃𝑒𝑒 =
2𝐻𝐻
𝜔𝜔𝑠𝑠

𝑑𝑑2𝛿𝛿
𝑑𝑑𝑡𝑡2
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develop a power grid with integration of a WTG. A prototype grid 
in form of an IEEE 9-bus, with integration of a 2 MW WTG (G3), 
was used as a test case with a system frequency of 50 Hz. This is 
shown in Figure 2. 

 
Figure 2: Integration of a Wind Turbine Generator in a generation mix 

An initial experiment to assess the impact of integrating 
WTG, showed that large RoCoF occurred in the mix, which 
brought instability in the system.  Figure 3 shows the unstable 
characteristics of the generation mix with presence of WTG.  

 
Figure 3: Large RoCoF in presence of WTG 

In order to enhance the unstable nature of the system, 
Proportional Derivative (PD) and Proportional Integral Derivative 
(PID) controllers were connected in the WTG arrangement for 
rotor angle and speed control respectively. Such arrangement is 
shown in Figure 4. 

 
Figure 4: Arrangement of WTG with PD and PID Controllers 

Proportional Derivative (PD) Controller  

According to [24], a proportional derivative controller is a 
type of controller used where the output varies in proportion with 

the input signal. The block diagram of the PD controller used for 
the rotor angle controller is shown in Figure 5.  

 
Figure 5: Block diagram of a PD controller used in a WTG 

The output of the PD controller can be determined from the 
transfer function of the controller. The transfer function or gain of 
the controller gives the ratio of the output signal to the input 
signal.  The gain of the PD controller can be calculated based on 
the following equation 

 

Gs (s) = Kp( 1+ Td(s)).                          (11) 

where 

Kp: Proportional gain  

Td: Time derivative 

Proportional Integral Derivative (PID) Controller  

A proportional integral and derivative controller (PID) is a 
type of controller that uses three different controller types namely 
the proportional, integral and derivative controllers to set the 
output function.  A typical block diagram of a PID controller is 
shown in Figure 6. 

 
Figure 6: Block diagram of a PID controller 

It works by calculating the error margin between the set point and 
the measured point. Similar to the PD controller, the transfer 
function of the PID controller will provide the desired output of 
the controller. The transfer function of the PID controller can be 
calculated as per (12). 
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G(s) = Kp (1+Td(s) + 1/(Td(s)).                 (12) 

where 

Kp: Proportional gain  

Td: Time derivative 

The impact of the PI and the PID controllers was assessed 
through the temporal variation of the RoCoF over a period of 1s. 
The result in Figure 7 demonstrates that the contribution of the 
controllers brought about a reduction in the RoCoF. Hence, an 
enhancement in the stability of the system.  

 
Figure 7: Temporal variation of RoCoF 

Additionally, since a PID controller was used for the 
governor and speed control, the rate of change of frequency with 
respect to velocity was modelled. The contribution of the PID in 
the system brought a stabilization in the RoCoF. This is illustrated 
in Figure 8. 

 
Figure 8: Variation of RoCoF with speed 

5. Discussion 

The objective of this research work was to develop a novel 
approach of using concurrently PI and PID controllers for 
frequency support of a WTG connected in a diesel generation mix. 
The test case developed in this paper showed that the controllers 
can provide frequency support to the system by reducing the 
RoCoF and stabilizing the frequency variation, within ±0.5 Hz as 
shown in Figure 9. 

Additionally, this research work showed that this method proved 
to be more accurate than [25]. The virtual inertia control 
developed in [25] as a frequency support resulted in a frequency 
variation of ±0.8 Hz. Therefore, the concurrent use of PID and PD 
controllers may be the favoured way in enhancing the stability of 
a diesel and WTG generation mix.   

 
Figure 9: Temporal variation of frequency in presence of PI and PID Controllers 

6. Conclusion 

This paper discussed about the challenges of integrating a 
WTG to the grid. It also highlighted the role played by the 
frequency in arresting the extent of disturbance caused by the 
penetration of the WTG. Since a WTG is dependent on the 
external weather factor, any change in speed will result in a high 
rate of change of frequency, which will lead to power outage.  

This research work has also demonstrated that the 
synchronization of a WTG to a grid is very challenging as it 
requires extensive control, in the form of PI and PID controllers. 
A combination of these control strategies constitutes the novelty 
in the frequency support, through the confirmation of the 
experimental results obtained.  Therefore, it can be concluded that 
an extensive control concept is mandatory for an efficient 
exploitation of wind energy. However, the drawback in exploiting 
such type of renewable energy system will lie in the cost of 
investment. 

This research work can be further extended to the analysis of 
multi-swing stability.   
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