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Abstract— The Nordic power system is continuously changing, 

and it has been experiencing a growing replacing of conventional 
power plants with renewable power plants, this together with 
other factors are causing reduction of the total inertia of the 
Nordic power system. The application of technologies that 
emulates the dynamic response of the synchronous generators has 
been a feasible solution. This paper focuses on finding the bests 
control adjustment of the fast-active power injection/absorption 
(FAPIA) model by using an optimization algorithm. The FAPIA 
model has two frequency sensible control actions: a proportional 
control (K-f) and a derivative control (K-df/dt). The optimization 
problem is defined using the gains of the proportional and 
derivative control together with the volume of FAPIA model 
contribution as decision variables. Two objective functions are 
determined based on two system frequency response indicators: 
minimum frequency, the and steady-state frequency. A simplified 
version of the Nordic power system is implemented for system 
frequency response studies.  

Keywords— Fast active power injection/absorption, frequency 
control, frequency response indicators, low inertia, optimization. 

I. INTRODUCTION 

The constant evolving of the Nordic Power System (NPS) 
has raised several challenges related to frequency control. 
Particularly, one of the challenges that are facing the NPS is the 
reduction of the total system inertia [1], [2]. The total system 
inertia has been decreased due to the increase of the wind power 
plants installed in the NPS, closure of thermal power plants, 
closure of Swedish nuclear power plants and more than 50% 
increase of the capacity of the interconnector between the NPS 
and other power systems [3], [4]. It has been estimated that the 
total kinetic energy of the NPS will be below 120–145 GW∙s 
around 1–19% of the time, this value will be depending on the 
clime year [5], [6]. Therefore, it is essential to develop a simple 
and robust methodology that allows facing a low inertia 
problem.  

An alternative to deal with the low inertia in the NPS is to 
insert synthetic inertia (SI) to the system by using SI controllers 
[7]. The SI controller family uses a derivative function as its 
main controller; however, it has several disadvantages in wind 
turbine implementations and other forms of power converter 
interfaced technologies [8], [9].  

Consequently, an efficient procedure to deal with the low 
inertia and improve the system frequency is the fast-active 
power injection/absorption (FAPIA) controller. It is a frequency 

sensitive controller that imitate the inertia response of the 
synchronous generators by using a proportional (K-f) and 
derivative (K-df/dt) control actions [4]. The extremely fast 
response within 1 second and the very short time-delay related 
to measurement are two advantages that highlight the FAPI 
controller performance. 

This paper presents the concept of FAPIA controller and an 
intensive-search methodology to quantify the volume of FAPIA 
require to fulfil the future low inertia scenario of the Nordic 
Power System. However, finding the correct settings of FAPIA 
controllers and the total FAPIA volume represent a challenge. 
The principal objective of this research paper is finding the 
proper settings of FAPIA controllers in the low inertia scenario 
by using the interior-point optimization algorithm. Moreover, 
carried out an assessment of the frequency response indicator 
when the total system inertia decreases.  

The paper is organized as follows: A full description of the 
FAPI controller is presented in Section II. Section III presented 
a methodology applied to optimize the FAPI controller 
parameters. Two objective functions are defined base of two 
frequency response indicators: steady-state frequency and 
minimum frequency. Section IV describes the simplified model 
of the NPS used to evaluate the proposed objective functions and 
assed the frequency response indicators. Section V presents a 
discussion of the results obtained by assessing the frequency 
response indicators in low inertia he scenario. Furthermore, the 
optimization solution for the FAPIA controller parameters is 
described and evaluated. Section VI presents the main 
conclusion of this research paper.  

II. FAST ACTIVE POWER INJECTION/ABSORPTION 

The modern power converters (MPCs) based on voltage 
source converters can modify the active power production in a 
limited spectrum defined by the availability of energy in the DC 
side of the MPC [3][10], this MPC power converter is 
distinguished by its fast response [1]. The fast-active power 
injection/absorption (FAPIA) is a frequency response model 
that is activated by the controller in the MPC [11], [5]. The main 
purpose of using the FAPIA controller is to fast compensate the 
frequency deviation by (i) injecting active power when the 
system has an under-frequency condition and (ii) absorbing 
active power when the system has an over-frequency condition.  
In general, the FAPIA controller uses the frequency deviation as 
an input and the output is the active power to be delivered. The 
FAPIA controller follows the classic linear control theory and 



implement two control actions: (i) proportional control action 
and (ii) derivative control action. 

A. Proportional control action (K-f control) 

The proportional control action (K-f control) is a linear 
feedback control in which the active power injection is 
controlled by a correction factor (gain). The gain is proportional 
to the frequency deviation (f), i.e., the difference between the 
nominal frequency (f0) and the current measured frequency (f). 
The classical power-frequency (P-f) characteristic, considering 
a dead band and saturation, of the K-f control used in FAPI 
controller is shown in Fig.  1.  
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Fig.  1. Classical power-frequency (P-f) characteristic of the K-f control 
implanted un the FAPI controller. 

The K-f control action considering the deadband, shown in 
Fig.  1, can be mathematically described as: 
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The physical limitations of the MPCs are included by writing 
two physical restrictions as follows 
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The isolated effect of variating the Kp values in a range 
[Kp,min, Kp,max] is reflected on the P-f characteristic, in which the 
slope changes, this change is illustrated in Fig.  2. Moreover, 
Fig.  3 presents the power-time (P-t) characteristic considering 
Kp variations in the range [Kp,min, Kp,max].   
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Fig.  2. Classical P-f characteristics of the K-f control considering Kp variations, 
i.e., Kp[Kp,min, Kp,max]. 
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Fig.  3. Power-time (P-t) characteristics of the K-f control Kp variations, i.e., 
Kp[Kp,min, Kp,max].  

From Fig.  3, it can be observed that as the values of Kp 
increases the active power (P) delivered by the FAPIA controller 
also increases during frequency events outside the deadband. 
Moreover, high values of Kp tend to increase the speed at which 
P reaches its maximum limit, i.e., the FAPIA controller reaches 
its active power production limits faster than low values of Kp. 
Meanwhile, low values of Kp make the frequency response 
slower and lower. 

B. Derivative control action (K-df/dt control) 

The derivative control action (K-df/dt control) refers to the 
rate of change of the error concerning the time. The K-df/dt 
control is used to overcome the drawbacks presented in the K-f 
control. The K-df/dt control is mainly related to the rate of 
change of frequency (ROCOF), i.e., ROCOF= df/dt. Using this 
control action on the FAPIA controller allows that the FAPIA 
controller behavior emulates the dynamic of the synchronous 
generator.  

The active power injected/absorbed by the FAPIA controller 
during the system frequency disturbance is calculated using a 
mathematical expression analogous to the swing equation of a 
synchronous generator: 

 
 

d

df t
P K
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    (3) 

where Kd represents the gain of the derivative controller, 
sometimes called synthetic inertia (seconds) and f is locally 
measured frequency (p.u) and P represents injected/absorbed 
active power by the FAPIA controller.  

C. Combining control actions 

A combination of the K-f control and K-df/dt control would 
take advantage of the dynamic performance of both functions; 
it is mathematically formulated as: 

 p d

d f
P K f K

dt


      (4) 

where term Kp represents the gain of the K-f control of the 
FAPIA controller without considering saturation and deadband, 
and the term Kd represents the inertial contribution of active 
power which is proportional to the ROCOF of the system. 

The frequency responsive term Kp has a strong influence on 
the steady-state frequency, and the ROCOF mainly influences 
the Kd term after the disturbance. The effect of Kd term is 
equivalent to an increase in the system’s kinetic energy, and 
therefore it reduces the initial ROCOF.  



III. OPTIMIZATION OF THE FAPIA  

The frequency response of a power system can be 
significatively modified by the appropriate volume of frequency 
response. However, defining the appropriate settings of FAPIA 
controllers and the total FAPIA contribution can be represented 
as an optimization problem. In this section, an optimization 
approach is used to define the optimal values of the FAPI 
controllers: Kp and Kd and the total volume of FAPI contribution 
FAPI. The next section presents the system frequency response 
indicators and then the optimization problem is presented. 

A. System Frequency Response 

The system frequency response of a power system is mainly 
evaluated by employing the dynamic response (time-domain 
plots) of the system frequency caused by a disturbance in the 
power system. The system frequency response is evaluated by 
three main indicators[12], [13]:   

(i) Minimum frequency (fmin): The minimum value that the 
frequency reaches in the dynamical response after a 
disturbance.  

(ii) Steady-state frequency (fss): is the value in which the 
frequency settles (final value) after the dynamical response. 

(iii) The rate of change of frequency (ROCOF) represents the 
speed at which the frequency changes concerning with the 
time ROCOF = df/dt [Hz/s].  

B. Optimization approach 

The optimization problem in this paper is formulated as a 
continuous optimization problem because the decision variables 
are continuous. The decision vector x has three main decision 
variables, the Kd the gain of the derivative control action, Kp 
represents the proportional control action of the FAPIA 
controller, and the volume of FAPIA controller contribution is 
FAPIA. 

 
T
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Acting on the three decision variables, the active power 
contribution of the FAPI is defined, and the frequency response 
can be modified. 

The decision variables (xi) are restricted in order to fulfil two 
main conditions: (i) reduce the searching space and (ii) more 
important to keep the parameters inside realistic physical values. 
Therefore, the bound are defined as: 

  lower upperx x x  (6) 

where xlower,i and xupper,i define the upper and lower bounds of the 
i-th decision variable. 

The previous sections defined the main indicators to 
consider in the system frequency response. Now, those 
indicators are used to define the objective function. In this paper, 
two objective functions are examined: 

1) Minimizing steady-state frequency deviation 
The steady-state frequency (fss) is a very important indicator 

as it is defined by the droop used in the governors of the 
synchronous generators and the size of the system frequency 
disturbance (P). In this paper, the steady-state frequency 

deviation (fss) is minimized using the difference between the  
nominal frequency and the steady-state frequency. The objective 
function is written as: 

   0min minss ssf f f       (7) 

However, using the equation above the steady-state 
frequency will ideally back to the rated frequency, f0, and that is 
an unsatisfactory solution because the FAPIA controller will be 
used for frequency control not to overlap the Automatic 
Generation Control (AGC). The AGC is responsible for 
modified the active power injections of the synchronous 
machines at post-contingency to recover the steady-state 
frequency to the nominal frequency, f0. Consequently, this paper 
considers the FAPIA contribution to recover the steady-state 
frequency into a pre-defined frequency fset, and the objective 
function expressed in (7) now is written as: 

  min minss set ssf f f       (8) 

2) Minimizing the deviation of the minimum frequency  
The minimum frequency (fmin) is an important indicator of 

the frequency response. This indicator represents the minimum 
frequency that the power system reaches after a disturbance. In 
general, the synchronous generators maintain a continues 
operation when the frequency is inside its operative limits, i.e., 
fL ≤ f0 ≤ fU where f0 is the nominal frequency, fL and fU represent 
the lower and upper limit of frequency.  If the frequency reaches 
values below fL, the under-frequency protection of the 
synchronous generator can be activated.  

Therefore, minimizing the deviation of the minimum 
frequency (difference between fmin  and the fL), fmin, ensures that 
fmin will not take values below fL and therefore avoiding the 
activation of the under-frequency protection of the synchronous 
generators. The objective function to minimize the deviation of 
the minimum frequency is written as:  

   Lmin minmin minf f f       (9) 

IV. SYSTEM FREQUENCY RESPONSE MODEL 

The Nordic power system is composed of four countries: 
Norway, Sweden, Denmark and Finland. Typically, the NPS has 
a simplified model represented by three control areas (i) Area 1: 
Sweden, (ii) Area 2: Norway and (iii) Area 3: Finland. An 
illustrative diagram of the simplified NPS is presented in Fig.  4. 
Each control area is considered to have local generation and 
load, and interconnection transmission lines are included 
between Norway-Sweden and Sweden-Finland.  

FinlandNorway Sweden

Area 1 Area 3Area 2

1,3tieP 
1,2tieP 

 

Fig.  4. Simplified model of the NPS. Ptie is used to represents the incremental 
active power change during a system frequency event 

The details of the block diagram of a single control area are 
presented in Fig.  5. Ggov(s) is the transfer function of the 
governor, Gturb(s) is the transfer function of the hydro turbine 
and the term 1/Ms+D (where M is the equivalent moment of 
inertia and D represents the power demand of the frequency-



dependent loads) represent the transfer function of the generator 
and load.  
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Fig.  5. Block diagram of a single control area: The main controllers involved 
in the frequency response are represented in the control area. Pdist represents 
the system frequency disturbance. 

In this paper, the equivalent model of Area 1, Area 2 and 
Area 3 has been implemented using MATLAB® R2019b for the 
proposes of assessing the frequency response indicators and 
evaluate the two objective functions proposed in Section III. The 
full details of the model and the parameters are described in [6].  

V. SIMULATIONS AND RESULTS  

The implemented equivalent model of the Nordic Power 
system is used to assess the sensitivity analysis of the frequency 
response indicator in the scenario of low inertia. Moreover, the 
optimal settings for the FAPIA controller are obtained by using 
the two objective function defined in Section III.B.  

A. Sensitivity analysis of the frequency response indicators  

The frequency response indicators are affected by the 
decreasing of the total system inertia in the NPS. Therefore, this 
section is dedicated to carrying on a sensitivity analysis of the 
frequency response indicators. For this study, a sudden step 
increases in the load demand (P) is considered as a frequency 
disturbance.  

The frequency response is assessed by observing its 
indicators: (i) minimum frequency (fmin), (ii) steady-state 
frequency (fss) and (iii) maximum ROCOF. The load demand 
increase is P= 0.0280 p.u. and the nominal inertia is H0=4.84 
seconds. The nominal inertia is gradually decreased until the 
frequency response cannot be recovered and the NPS is 
unstable.  Fig.  6 show the behavior of fmin when the system 
inertia of the NPS is progressively reduced. From this figure, it 
can be concluded that as long as the system inertia is smaller, 
the frequency deviation increases and therefore fmin reaches 
lower values for the same frequency disturbance.  

 

Fig.  6. Minimum frequency (fmin) behavior by gradually decreasing the system 
inertia of the NPS.    

Meanwhile, if the system inertia is smaller, the maximum 
ROCOF increases for the same step increases in the load 
demand, it is shown in Fig.  7. Finally, the frequency response 

of the NPS is gradually deteriorated when the system inertia is 
decreasing. The unstable frequency response means that the 
kinetic energy stored in the rotating masses of the NPS is not 
enough to recover the frequency as it is presented in Fig.  8.  

 

Fig.  7. Maximum ROCOF behavior by gradually decreasing the system inertia 
of the NPS.    

 

Fig.  8. Frequency response by gradually decreasing the system inertia of the 
NPS.  

The sensitivity analysis highlights the downsides of having 
a low level of inertia in the power system and how it deteriorates 
the power system security in case of a disturbance. Moreover, 
for the test system, the minimum inertia that the NPS can tolerate 
is Hmin=0.6776 seconds which represent 14% of the nominal 
inertia (H0). 
B. Optimization solution of the two objective functions 

proposed 
This section is dedicated to evaluating the solution of the two 

objective functions proposed in Section III.B. The objective of 
evaluating the proposed objective functions is to obtain optimal 
setting of the FAPIA controller parameters (Kp, Kd and FAPIA) 
for a given disturbance. The interior-point optimization 
algorithm given in the MATLAB® R2019b is applied to solve 
the optimization problem. Details of the interior-point 
optimization algorithm are described in [14], [15]. The 
frequency disturbance is P= P= 0.0280 p.u., representing a 
sudden step, increases in the load demand. Moreover, the total 
system inertia is set 50% of the nominal inertia; therefore, H 
=0.5H0=2.42 seconds.  

1) Minimizing steady-state frequency deviation  
The objective function defined in (8) to minimize the steady-

state frequency deviation is evaluated. For illustrative purposes 
in this paper, the pre-defined steady-state frequency is  fset=49.9 
Hz.  

The optimization solution provides a decision variable 
vector as x = [2.5172 2.2628 2.5173] which represent the 
optimal settings of the FAPIA controller. The first element of 
the vector is the gain of the K-f control, Kp=2.5172. The second 
element represents the gain of the K-df/dt control, i.e., 
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Kd=2.2628. The third element of the vector is the volume of 
FAPIA controller, and it is FAPIA=2.5173.  

The FAPIA controller parameters are set using the results of 
the optimization, and a frequency disturbance is inserted in the 
NPS. The frequency response is shown in Fig.  9. The minimum 
frequency that the NPS reaches is  fmin= 49.836 Hz, the 
maximum ROCOF is -0.144 Hz/sec, and the steady-state 
frequency is fss = 49.9 Hz demonstrating that the optimal  setting 
of the FAPIA controller parameters are fulfilling the 
minimization equation describe in (8) and the steady-state 
deviation is ∆fss =0 Hz.  

 

Fig.  9. Frequency response using the optimal settings for minimizing the 
steady-state frequency deviation (∆fss).   

2) Minimizing the deviation of the minimum frequency  
The minimization of the minimum frequency deviation of 

the NPS is performed using the equation defined in (9). For this 
study, the lower limit of frequency is selected as fL=49.5 Hz; this 
value is chosen for illustrative proposes.  

The decision variable vector for the objective function 
defined in (9) that contains the optimal settings of the FAPIA 
controller is x = [0.7166  0.6927 0.7133]. The gain of the K-f 
control is Kp=0.7166, the gain of the K-df/dt control is 
Kd=0.6927, and the volume of FAPIA controller is 
FAPIA=0.7133.  

Fig.  10 present the frequency response for a frequency 
disturbance using the optimal settings for the FAPIA controller 
parameters. It is observed that the minimum frequency does not 
exceed the lower limit of frequency (fL) demonstrating that the 
optimal setting of the FAPIA controller are fulfilling the 
minimization equation describe in (9), in fact, the fmin that the 
NPS reaches is  fmin= 49.5 Hz and ∆fmin =0 Hz. The maximum 
ROCOF is -0.144 Hz/sec and  the steady-state frequency is fss = 
49.836 Hz.  

 

Fig.  10. Frequency response using the optimal settings for minimizing the 
minimum frequency deviation (∆fmin).   

VI. CONCLUSIONS 
The frequency response indicators are deteriorating in low 

inertia scenarios. Creating a sensitivity analysis of those 

indicators can help to prevent the minimum inertia in the power 
system in order to ensure frequency stability when a disturbance 
occurred. The optimal setting of FAPIA controller parameters 
obtained from the optimization solution fulfils the requirements 
of the pre-set frequency values for the two objective functions. 
The optimal setting of the FAPIA controller depends only on the 
pre-defended steady-state value and the pre-defended frequency 
limits in the dynamic response. Furthermore, using the two 
objective function allows ensuring that the two frequency 
response indicators (steady-state frequency and minimum 
frequency) do no exceeds certain pre-set values.  
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