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Abstract— The increasing penetration of wind generation 

impacts the reliability and stability of power systems. This paper 

investigates and analyses the effect of PID controller parameters 

on the inertial response of a doubly fed induction generator 

(DFIG) wind turbine to support the frequency control of a power 

system in the event of sudden power changes. The goal of this 

review is to extensively determine the effect of PID parameters to 

compare and set a benchmark so that an adaptive control 

strategy can be developed for frequency regulation. A 

conventional inertial controller algorithm using the rate of 

change of frequency (RoCoF) and frequency deviation loops was 

investigated whilst the contribution of the DFIG to system 

inertial response and frequency control are examined. The paper 

considers the influence of supplementary inertial control loop 

parameters on the inertial response and power system frequency. 

The results indicate that the DFIG inertial controller scheme is 

able to provide appropriate frequency support. 

Keywords—wind energy generation; doubly-fed induction 

generator (DFIG); frequency control; inertia; kinetic energy; rate 

of change of frequency (RoCoF). 

I.  INTRODUCTION  

The challenge and necessity of a reduction in CO2 
emissions due to climate change concerns, as well as security 
and shortage of supplies such as fossil fuels, has meant that 
many countries have made commitments to increase the 
penetration of non-conventional and renewable generation, 
thus displacing centralized generation from traditional fuel 
sources, such as coal, oil and gas. Large-scale integration of 
alternate energy sources, although beneficial, can have 
unpredictable consequences which can challenge the stability 
of existing power systems, not least with widespread 
integration of wind power generation. In an electric power 
system, electrical generation must meet expected power 
demand and as such, power supply must be continuously 
balanced: power imbalance occurs as a result of mismatch 
between generation and load. Consequently, frequency change 
will arise and consideration of the RoCoF in particular is 
important because it is a problem that can lead to additional 
losses of generation and increase the risk of a potential system 
collapse.  Though minor mismatches exist on the grid, a 
significant imbalance in either magnitude or time span can be 
catastrophic for power systems, possibly resulting in black-out 
or equipment damage.  The major advantages of wind energy 
include sustainability, minimal CO2 impacts, and a more 
reliable source in comparison with other renewable energy 

resources. Wind energy has developed rapidly over the last 25 
years and is one of the most prominent renewable sources of 
electricity across the world [1]. 

Recently there has been an increased interest in doubly fed 
induction generator (DFIG) based wind turbines due to their 
wider operating range and efficiency across a range of wind 
velocities. Thus they are capable of a delivering power output 
at different wind speeds [2] . Many of the large wind turbines 
that are now commercially available are DFIG units. Operating 
a large number of DFIG based wind turbines can displace 
conventional synchronous generation and this in turn creates a 
range of new problems such as reducing system inertia and 
increasing the potential for greater RoCoF. In effect, this 
reduces the ability to control the frequency of the system due to 
the fact that the DFIG control system decouples the mechanical 
and electrical systems, thus preventing the generator from 
responding to system frequency changes. This is undesirable 
when there are a large number of DFIG wind turbines 
operating, especially in periods of low load and on smaller 
power systems (e.g., Ireland) [3]. 

The frequency of a power system with low inertia will 
certainly change rapidly for abrupt variations in generation or 
load, which reduces the control margin for system frequency. 
Therefore, modern variable speed wind turbines (VSWTs) do 
not participate in control of the system frequency. However, 
this problem should be solved properly to ensure reliable and 
stable operation of the power grid. 

Since the PID is an implicit element of DFIGs, this paper 
provides a timely review of the role of this controller in 
preserving inertia. This study therefore provides an 
investigation of the effect of the proportional-integral-
derivative (PID) controller parameters on system inertial 
response. Section 1 analyses the benefits of the fast response 
capability of a DFIG with no supplementary inertial control in 
the power control loop. With a supplementary loop added to 
the standard power control loop, the DFIG is shown to exhibit 
inertial response. The influence of controller parameters for 
different values is investigated in Section 2. Section 3 
compares the RoCoF and frequency deviation loops based on 
their effect on system frequency and the DFIG wind turbine. 
Literature published to date indicates that limited work has 
investigated the effect of changing controller parameters. 
However this paper concludes that significant performance 
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improvement can be made by appropriate adjustment of inertial 
controller parameters. 

II. FREQUENCY CONTROL 

The purpose of any control system is to maintain the output of 

a system at a specified value. In the case of power system 

frequency control, the objective is to tightly govern this 

primary parameter close (+/- 1%) to the nominal frequency 

(49.5 – 50.1, UK), [1]. Network frequency will change when 

the total active power generation differs from the total active 

power required by the load in the network. The system 

frequency is controlled by balancing the generation of power 

against load demand on a second-by-second basis. 

Conventional power plant with synchronous generation has 

the inherent capability to control the frequency, because it has 

a significant inertia constant [4].  

The response duties of a conventional power plant can be split 

into primary and secondary responses. The primary and 

secondary responses are defined as the additional active power 

delivered by automatic governor action from a generating unit 

that is available at 10 seconds and 30 seconds, respectively 

after the event and which can be sustained for 20 seconds to 

30 minutes [5]. Frequency deviations of < 0.05 Hz are usually 

considered small although these could be significant 

depending on interconnection and operating conditions. The 

IEEE recommends that frequencies within ±0.036 Hz around 

the nominal frequency be considered as nominal [6]. 

Usually wind turbines operate to maximize their output power 

under all possible conditions.  Consequently the DFIG cannot 

provide any further increase in active power output and 

therefore participate in secondary response services of 

frequency deviation which conventional generators can do. 

However, a DFIG can provide transient primary frequency 

control in the interconnected power system by utilizing the 

kinetic energy in the inertia of DFIG [7]. 

III. PID CONTROLLER 

A PID controller is by far the most common control algorithm 

feedback loop in practice. The controller takes a measured 

value from a process or other apparatus and compares it with a 

reference set point value. The difference (or “error” signal) is 

then used to adjust some input to the process in order to bring 

the process (“measured”) value back to its desired set point. 

The PID controller adjusts the process output based on the 

history (integral) and rate of change (derivative) of the error 

signal, which gives more accurate and stable control [8]. In the 

following, a brief discussion of each of the three PID terms is 

provided from the perspective of application to a power 

system.  

A. Derivative Term: 

The derivative action predicts system behavior and thus 

improves settling time and stability of the system. The 

magnitude of the contribution of the derivative term to the 

overall control action is represented by the derivative gain, Kd 

[8].  This slows the rate of change of the controller output and 

therefore reduces the magnitude of the overshoot (produce by 

the integral action). The effect of Kd is most noticeable close 

to the controller set point. 

 In power systems, the derivative term acts to increase the 

decelerating torque of the wind turbine rotor speed 

(proportional 𝑑𝑓 𝑑𝑡⁄ ) to reduce rate-of-change of frequency 

and improve the stability. This control induces a temporary 

wind turbine inertial response and makes the wind turbine 

respond to frequency disturbances. The additional power 

output (P) from the kinetic energy (E) of DFIG wind turbine 

can be written as, [3], 

 

𝑃 =
𝑑𝐸

𝑑𝑡
= 𝐽𝑤

𝑑𝑤

𝑑𝑡
      (1) 

  

where 𝑃, 𝐸, 𝐽 and 𝑤 represent additional power output of the 

wind turbine, the kinetic energy stored in the rotating mass of 

the wind turbine, the moment of inertia of the wind turbine 

and the rotational speed of DFIG, respectively.          

When there is a reduction in the power system frequency from 

its operating value, the speed of the generator starts to drop. 

This can be considered as a deceleration torque 𝑇𝑑𝑒𝑐 , acting on 

the on the rotating mass. The rotor speed of the DFIG can 

usually vary between 0.8p.u and 1.2P.u. The kinetic energy 

from the rotating mass of wind turbine is released rapidly 

through the power electronic converter. The decelerating 

torque can be constructed by differentiating the kinetic energy 

(1 2𝐽𝑤2⁄ ) released by the mass and then by dividing the 

equivalent power by the rotation speed w. Therefore the 

decelerating torque is proportional to 𝑑𝑤 𝑑𝑡 ⁄ and thus 

to 𝑑𝑓 𝑑𝑡.⁄  This reduces the rate of change of frequency and 

helps increase the frequency nadir [9]. 

B. Proportional Term: 

A higher proportional controller gain (Kp) will have the effect 

of reducing the rise time and will reduce but never eliminate 

the steady-state error. As the gain is increased, the response 

will become faster but at the cost of higher overshoot in the 

output response [8]. 

In power systems, this controller represents the governor or 

droop control. This control strategy is similar to the primary 

frequency control used in conventional generators.  The 

amount of additional active output power produced by the 

wind turbine is proportional to the difference between the 

measured and the nominal frequency. The droop controller 

regulates the active power output and greatly improves the 

frequency nadir and also the frequency recovery process 

following a disturbance [10]. 

C. Integral Term: 

The contribution from the integral term is proportional to both 

the magnitude and duration of the error. The integral term 

accelerates the movement of the process towards the set point 

and eliminates the residual steady-state error that occurs with a 

purely proportional controller [8]. The optimal speed of the 

non-conventional generator, after the transition period is over, 

can be regained by using a PI controller. The constants (Kp, 

Ki) of a PI controller should be chosen in order to allow fast 

speed recovery with a shorter period of transition variation 



 

 

 

[11]. By contribution in the frequency regulation, in case that 

the speed is admit to decrease for longer event, then the wind 

turbine machine may come in to the stage of stalling. 

Therefore, when the power system frequency reaches a new 

steady state that is marginally less than normal value, the 

frequency deviation is controlled by the load damping as well 

as generator’s speed-droop results. The integral term is outside 

the scope of this work and is not considered here. 

   

IV. THE INERTIAL CONTROLLER  

From the viewpoint of a power system, the inertia is the 

resistance to changes in the system frequency. Inertial 

response is the reduction in the rate of change of frequency 

obtained when the stored kinetic energy is released which is 

the energy stored in the rotating mass of the generators given 

by (1). 

 

𝐸 =
1

2
𝐽𝑤𝑟

2   ..... 

Where 𝐽 is the inertia of the generator in 𝐾𝑔. 𝑚2 and 𝑤𝑟  is its 

rotational speed in 𝑟𝑎𝑑 𝑠.⁄  
 

In conventional power systems, a constant inertia H in seconds 

is the maximum time that the generator can provide full output 

power from its own stored kinetic energy typically in the 

range of 2-9 seconds [2].  

Constant inertia H is defined by (2). 

 

𝐻 =
𝐽𝑤𝑟

2

2𝑆
 …. 

Where 𝑆 is the nominal apparent power in MVA of the 

generator [2], [12]. The moment of inertia does not cause 

power imbalance but it does affect the system’s response to 

those disturbances and the frequency control methodology 

used to recover from these disturbances. A significant amount 

of research on inertial controller has been carried out to 

regulate the frequency of a power system. The basic form of 

inertial control loop involves using the RoCoF [3], [4]. The 

RoCoF and frequency deviation loops were used to improve 

the frequency support of DFIG [9], [13], [14]. When the 

system frequency changes e.g. due to generator tripping or 

sudden increase in load, the output active power of DFIG 

should respond to it quickly through the supplementary inertia 

controller. The inertial controller for the DFIG-based wind 

turbine works as follows. When the power system frequency 

drops below its nominal value for any disturbance such as 

sudden increase in load, the inertial response control loop (the 

active power reference generated by the RoCoF loop ∆𝑃𝑖𝑛 and 

active power reference generated by the frequency deviation 

loop  ∆𝑃 ) sends additional active power ∆𝑃𝑟𝑒𝑓  to the DFIG 

active power reference  𝑃𝑟𝑒𝑓  control loop as shown in Fig.1. 

Therefore,  ∆𝑃𝑟𝑒𝑓  become positive and consequently 𝑃𝑟𝑒𝑓  

increases. Thus, the kinetic energy stored in the rotating mass 

in the DFIG is released and consequently the rotor speed of 
DFIG 𝑤𝑟  decreases according to (3) [2]. 

𝑃𝑚 − 𝑃𝑒 = 𝑃𝑚 − (𝑃𝑀𝑃𝑃𝑇 + ∆𝑃 + ∆𝑃𝑖𝑛) = 𝐽𝑤𝑟
𝑑𝑤𝑟

𝑑𝑡
…..  

Where  𝑃𝑚,  𝑃𝑒 ,  𝑃𝑀𝑃𝑃𝑇   represents mechanical power 

electromagnetic power and maximum power point tracking 

respectively.  
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fsys , fnom: system frequency and nominal frequency 

R: droop gain of the loop 

Fig. 1 Inertial controller schematic for the DFIG [15] 

 

V. SIMULATION STUDIES 

Simulations have been carried out in Matlab/Simulink to 

validate the inertial controller scheme and to illustrate the 

capability of DFIG to simulate system inertia in case of any 

disturbance such as sudden increase in load. A four machine 

power grid is used, which consists of three conventional 

power plants (M1, M2, M3), two combined loads (L1, L2) and 

a DFIG-based wind farm rated at 300 MW (1.5 MW each). 

The M1, M2, M3 are rated at 400 MW, 400 MW and 500 MW 

respectively whereas the two loads L1 and L2 are rated at 800 

MW each. The wind speed is assumed to be 12 m/s whilst the 

DFIG is originally under the MPPT control.  

 

CASE STUDY 1: Comparative study of the DFIG inertial 

response with and without inertial controller 

A. DFIG with no inertial controller 

In this case, the load increased by 10% at t = 50s, as a 

consequence of the power imbalance (the generation power 

against the load demand). This causes changes in the power 

system frequency. 

The system frequency drop is shown in Fig. 2(a). Since there 

is no additional inertial control added to the power control 

loop, the rotor mechanical speed is decoupled from the grid 

frequency. As a result, the DFIG showed no or minimal inertia 

and the power system frequency rapidly drops to around 

59.5541 Hz. The increased load is eventually compensated by 

the conventional plant. However, system frequency then 

overshoots to around 59.8398 Hz due to the integral gains of 

the speed controllers in the conventional generators. 



 

 

 

 

 

Without any inertial control on the wind power plant, the rotor 

speed remains constant and also the active power of the DFIG 

remains constant at 0.6482 pu as the conventional generators 

increased their generation to stabilize the effect of additional 

loading as shown in Figs. 2(b) and 2(c). 

 

B. Inertial response of the DFIG 

Similar to case A, the load is increased suddenly from 1600 

MW to 1760 MW at 50s. An additional inertial control now is 

introduced to the power control loop. It can be noticed from 

Fig. 2 that when the system frequency decreases, an additional 

power ∆𝑃𝑟𝑒𝑓  is added to the active power reference 𝑃𝑟𝑒𝑓 , by 

increasing the torque set points of the DFIG wind turbine thus 

raising the electromagnetic torque. As the wind speed is 

constant, mechanical torque remains unchanged, whilst the 

rotor decelerates as shown in the torque equation below, [2]:  

 

𝑇𝑚 − 𝑇𝑒 = 𝐽
𝑑𝑤𝑟   

𝑑𝑡
   …. (4) 

 

Therefore, kinetic energy will be released in this situation. Fig. 

2(a), depicts that the system frequency nadir is improved from 

59.5541 to 59.6468 Hz, because of the sudden increase in the 

electrical active output power. Since the DFIG mechanical 

torque power is smaller than its electromagnetic torque power, 

the rotor speed will decrease as shown in Fig. 2(b).  In Fig. 

2(c), The DFIG increases its output active power from 0.6482 

to 0.74 Pu. In summary, as can be observed, without support 

from wind generation, the frequency response has a significant 

drop, the inertial control improves the frequency nadir whilst 

reducing this frequency decrement rate. If the frequency 

continues to drop, and if the electromagnetic power remains 

larger than the mechanical power then the wind turbine will 

stall. Therefore, in power systems where frequency changes 

considerably, the DFIG stator output active power should be 

actively controlled so as not to cause wind turbine stall. 

 

CASE STUDY 2: The effect of controller parameters of DFIG 

on inertial response during the transient event. 

A. Influence of inertial controller parameter, Kd (RoCoF 

loop) on inertial response. 

Fig. 3 represents the influence of the controller parameter (Kd) 

on the system’s response using the RoCoF loop. When the 

load increases at t = 50s, power system frequency drops as 

shown in Fig. 3(a) which also illustrates frequency responses 

for different values of Kd. As the gain, Kd increases, the 

RoCoF becomes effectively smaller and the frequency nadir 

increases slightly as given in Table 1 thus improving 

frequency regulation. At the same time, the rotor speed 

reduces whilst the inertial response increases as depicted in 

Figs. 3(b) and 3(c). However, in this case, the total energy 

released is less as compared to when both RoCoF and 

frequency deviation loops were simultaneously employed (see 

Case Study 3 for further explanation).  From Fig. 3(c), it can 

be observed that at t = 53.9s, the active output power of the 

DFIG wind turbine continues to decrease rather than reverting 

back to its normal operation. Therefore any power that is 

temporarily awarded to the grid is recovered later to bring the 

 
(a) Power system frequency 

 

 
(b) Rotor speed variation 

 

 
(c) DFIG active power output 

 

Fig.2 Inertia response of DFIG with and without inertial control 
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rotor speed back to its optimal value. In other words, only a 

part of the accessible aerodynamic power is transmitted to the 

grid. In addition, the reduction in power causes a decline in the 

system frequency after t = 53.9s as shown in Fig. 3(a). In 

summary, it can be concluded that for a single loop inertial 

controller, the higher the value of Kd is, the better the power 

system frequency becomes.  

B. Influence of the droop controller (frequency deviation 

loop) parameter, Kp on the inertial response 

Fig. 4 depicts the influence of controller parameter Kp on the 

inertial response. The power system frequency for different 

values of Kp is shown in Fig. 4(a) which clearly illustrates the 

improvement in the frequency regulation as Kp increases. 

Moreover, as the gain value Kp increases, power system 

frequency will have less overshoot. The steady state error is 

also decreased, as expected, whilst Kp is increased. The 

frequency nadir, when Kp = 5 is 59.5822Hz as compared to 

the 59.6486Hz when Kp = 20 (see Table 2). Therefore the 

frequency deviation loop controller gain, Kp has a great effect 

on the frequency nadir. As Kp increases, the rotor speed 

decreases further (see Fig. 4(b)) and the wind turbine provides 

more kinetic energy as shown in Fig. 4(c) and Table 2. In 

summary, it can be observed, that for a larger value of Kp, the 

frequency regulation improves and the frequency nadir 

increased, however the drop in the rate of change of frequency 

is nearly the same.  

 

CASE STUDY 3: The implementations of DFIG wind 

turbines inertial controller 

A. Single loop inertial controller 

Fig. 5(a) illustrates the power system frequency under-

frequency event. In the case of the (single loop) inertial 

controller, the frequency drops to 59.5782Hz relative to 

59.5541Hz without any control action from the wind turbine. 

The RoCoF (𝑑𝑓 𝑑𝑡)⁄  controller works when there is a change 

in frequency and has a significant effect on the RoCoF due to 

the faster release of kinetic energy resulting from its 

proportional relationship to the derivative of the power system 

frequency thus reducing the RoCoF as shown in Fig. 5(d). 

However, the improvement in frequency nadir is rather small. 

In general, the single loop inertial controller is able to support 

the system frequency by decreasing the RoCoF but there is a 

room for the frequency nadir to be improved using a 

combination of RoCoF and droop loops as presented in the 

following.  

B. Double-loop inertial controller 

The frequency deviation loop controller plays a valuable role 

when there is a significant increase or decrease in the power 

system frequency. From Fig. 5, it can be observed that the 

inertial control algorithm of the DFIG that employs both loops 

has a greater effect than a single loop inertial controller. The 

frequency drops to 59.6486Hz (Fig. 5(a)) compared to 

59.5782Hz, in the case of a single loop. 

 

 
(a) Power system frequency 

 

 
(b) Rotor speed variation 

 

 
(c)  DFIG active power output 

Fig. 3 Inertial response of DFIG for different gain value of Kd 
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Table. 1 Inertial response, frequency nadir and rotor speed value for different 

values of control gains (Kd) 
 

No Kd Steady 

state 

error 

Inertial 

response 

Frequency 

nadir 

Rotor speed 

(min value) 

 (Hz) (pu) (Hz) (pu) 

1 0.5 -0.4446 0.6502 59.5554 1.1995 

2 1 -0.4433 0.651 59.5567 1.1995 

3 4 -0.4359 0.6584 59.5641 1.1983 

4 7 -0.4288 0.6655 59.5712 1.1972 

5 10.08 -0.4218 0.6724 59.5782 1.196 

 

The frequency nadir is raised significantly higher by the 

double-loop inertia controller. Thus, the inertial control with a 

frequency deviation loop, extensively enhances the frequency 

nadir as seen in Fig. 5(a). This increment in the frequency 

nadir is a result of the fact that greater total output power is 

released when both loops are used although, it does not have a 

significant impact on the RoCoF as shown in Fig. 5(d). 

Moreover, the oscillations and overshoot are damped, as 

compared to the single loop controller. Therefore, both RoCoF 

loop and frequency deviation loop were applied to support 

system frequency which has a positive effect when power 

system frequency deviation increases. Thus this method is 

broadly adopted for DFIG-based wind turbines. On the other 

hand, the implementation of the double-loop controller 

considerably improves the frequency nadir. This approach can 

effectively results in greater inertial response as shown in Fig. 

5(c). It cancels the accelerating torque in order to restore the 

inertia response by increasing the torque deceleration. 

However, by cancelling the torque acceleration, the machine 

will operate at a reduced speed. Thus the wind turbine is 

forced to operate away from the maximum power extraction 

curve. Finally, as mentioned earlier, the operating speed of the 

DFIG would need to revert back to its optimal value during 

the tertiary response [9]. 

 

VI. CONCLUSIONS 

 

This paper investigated and analysed the transient 

performance of DFIG wind turbines for frequency regulation 

in power systems. It can be learned from the results that DFIG 

wind turbines have the capability to support the system 

frequency and to emulate the inertia by adding supplementary 

controllers in the power electronic convertor of DFIG wind 

turbine machine. The frequency deviation loop gain, Kp and 

the derivative constant, Kd together have a significant 

influence on the inertial response and the operational 

robustness. Therefore, these controller parameters should be 

designed and chosen in order to allow the DFIG wind turbine 

to participate in supporting the system frequency. 

 

Also, the results demonstrate that the RoCoF loop controller 

has the ability to reduce the RoCoF. However, it only slightly 

improves the frequency nadir. It has been shown that when 

both RoCoF and droop loops are employed simultaneously, 

the frequency nadir improves significantly. Therefore, a 

combination of RoCoF and frequency deviation loops are 

widely adopted in DFIGs to support system frequency.  

 
(a) Frequency response for different Kp values 

 
(b) Rotor speed variation 

 
(c) Wind turbine active power  

Fig. 4 Influence of controller parameters Kp on inertial response. 

 

 

Table.2 Inertial response, frequency nadir and rotor speed 

value for different values of controller gains (Kp) of DFIG 

 (Kd = 10.08) 
 

No Kp Steady 

state 

error 

Inertial 

response 

Frequency 

nadir 

Rotor 

speed  

(min value) 

(Hz) (pu) (Hz) (pu) 

1 5 -0.4178 0.6756 59.5822 1.1901 

2 9 -0.3981 0.6953 59.6019 1.1824 

3 13 -0.3800 0.7132 59.62 1.1747 

4 18 -0.3592 0.7332 59.6408 1.1646 

5 20 -0.3514 0.7405 59.6486 1.1605 
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