
 Design and analysis of an UFLS scheme for low-inertia based power grid 

Abstract— A Significant change to power systems’ dynamic 
behavior, especially frequency responses, following a 
contingency event is a major concern due to the high 
penetrations of low/inertia-less renewable energy sources. Power 
system inertia can be getting weaker with the integrations of 
renewable energy into the grid. As a result, sometimes the under 
frequency load shedding (UFLS) schemes fail to protect the 
frequency decline below the threshold limits with conventional 
settings. This paper addresses this problem and analyse the 
impacts of penetration of renewable energies into the power 
systems. Furthermore, a modified load-shedding method is 
proposed by considering the rate of change of frequency 
(ROCOF) and the total system’s damping factor. Then a 
comparison study between proposed method and other methods 
(conventional and MILP) is presented. A 13-bus real power 
system is considered as test bus and several case studies are 
conducted using the Python based PSS/E simulation software 
platform. From the simulation results it is found that, the 
proposed load shedding method successfully restricts the 
frequency decline within a safe limits and thereby, avoids the 
possibility of major blackouts.  

Index Terms—Blackouts, Under Frequency Load Shedding 
(UFLS), System Frequency Response (SFR), Rate of Change of 
Frequency (ROCOF), solar power plants, synchronous 
generators 

I. INTRODUCTION

Power system blackouts have become one of the 
major concerns in recent years as they have an enormous 
impact on the socio-economic welfare. Due to the integration 
of large-scale intermittent converter-interfaced renewable 
energy sources, e.g. photovoltaic (PV), double-fed induction 
generator (DFIG), wind turbine etc., the current system’s 
dynamic characteristics have started to change significantly. 
Though power-system stability has been recognized as an 
important problem since the 1920s, recently it has drawn 
wider attraction due to recent changes in the dynamic 
behaviors of power systems. Due to the replacement of 
existing large generators by wind turbines, Photovoltaic units, 
and other renewable energy sources, the inertia of the system 
is reduced significantly, which contributed to increase the rate 
of change of frequency (ROCOF). As a result, probability of 

losing stability and reliability of the power grid is getting 
higher and more unpredictable in recent years. 

Power systems usually operate around their stability 
limits, focusing more on economic objectives for operation. 
An unstable condition following a credible contingency event 
can lead cascaded tripping of generators, which might cause a 
major blackout in the system. In order to avoid the cascade 
tripping of generators, study of a system’s frequency 
responses and adopting necessary schemes accordingly is 
mandatory to gain frequency stability under various 
contingencies. Frequency stability can be defined by the 
ability of a power system to continue at a stable frequency 
following several contingencies [1]. It can be achieved by 
matching the total generations and loads, with minimum 
unintentional loss of loads. There are two techniques 
commonly used to maintain grid stability- i) one method is to 
design a controller for DG sources (PV or Wind plant) or 
conventional generators in a way that they will operate at 
their normal power rating and provide the maximum power, 
when the system needs excess power to maintain grid 
stability [2, 3] and ii) the other one is to use under-frequency 
load shedding (UFLS) schemes.  

UFLS is the most adopted and widely used 
technique to avoid the frequency declination after a 
disturbance. When any power imbalances occur between load 
and generation due to a sudden increase of load or generation 
shortage, the UFLS scheme can bring the frequency back into 
a safe operation limit by disconnecting possible minimum 
number of loads. The UFLS scheme is a conventional load 
shedding scheme where the amount of power deficit is not 
considered in load shedding design. Rather it is designed for 
the worst possible contingencies which may fail to protect the 
frequency stability with the addition of more renewable 
energy sources into the system. In order to overcome the 
aforementioned problem, an adaptive UFLS scheme comes 
into play to estimate the appropriate amount of load-shedding 
by using the frequency derivatives as a measure of the power 
deficit amount. In [4] an adaptive UFLS technique is 
proposed for an islanding distribution network which exhibits 
a frequency overshoot at the end of the frequency excursion 
process due to improper load shedding. In [5, 6] a new 
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method of under- frequency load shedding is presented where 
the power deficit amount is considered but only the nadir 
frequency is focused upon. The steady-state response is 
necessary to evaluate the performance of that scheme. An 
optimized UFLS model is proposed following the 
optimization of the system frequency response (SFR) model 
for a large power system in [7]. In [8] a smart integrated 
adaptive centralized control method is proposed to minimize 
the UFLS by using the rate of change of frequency (ROCOF) 
measured from the Phasor Measurement Unit (PMU). 
Although the above methods provide some interesting results, 
none of them considered the impact of a changing frequency 
response due to the addition of renewable energy in the grid. 
Moreover in [9], a load shedding scheme is proposed where 
the power deficit amount and the impact of renewable energy, 
especially uncertainty of wind power generations is 
considered to solve the given problem. However, the 
frequency response of the grid with the allowable maximum 
power deviation amounts are not investigated. 

By addressing the impact of high penetration of 
renewable energy on the conventional UFLS schemes, this 
paper proposes an improved load-shedding scheme. The 
proposed scheme considers worst-case scenario, which 
minimizes the amount of load shedding and eliminates the 
frequency-overshoot problem. In addition, a conventional 
UFLS scheme is developed and implemented in the test 
network and the deficiency of conventional load shedding 
scheme in the presence of renewable energy while arresting 
the frequency decline has also been addressed. The proposed 
load-shedding scheme is tested in a 13-bus real power 
network, which is a portion of the Bangladesh power grid 
network. From results it is found that the proposed method 
ensure stable frequency in the presence of low inertia based 
renewable energy. The rest of the paper is organized as 
follows: Section II describes the modeling of the proposed 
system; Section III presents a description of the test system; 
in Section IV case studies are presented, and finally Section 
V discusses the results followed by a conclusion in Section 
VI.   

II. MODELING OF PROPOSED SYSTEM

The proposed UFLS scheme is designed by utilizing the 
formulation of swing equation. To design load shedding 
scheme properly, the amount of shortage of power or the 
power deficit, is required to be measured. The amount of 
power deficiency can be measured in two different ways. One 
is by detecting the status of breaker nearest to the generator 
and if the breaker is open, the most recent power output of 
that generator can be used as a measure signal. The other 
method is to calculate the deficit of power by using the swing 
equation [9]. In a renewable-source-connected grid system, 
the power may be shorted due various reasons, such as 
sudden loss of synchronous machines, lack of wind power, 
lack of sun light etc. In this paper, the second method is 
considered to measure the amount of deficiency of the power 
output. In order to determine the amount of load to be shed, 
the center-of-inertia frequency [9] can be calculated as: 

 (1) 

where N is the number of connected generators; is the 
inertia constant of each generator in seconds, and the 
frequency of each generators in Hertz. 
The amount of load to be shed can be minimized by utilizing 
the spinning reserve of the system, which depends on the 
generators’ capacity. The total spinning reserve can be 
calculated by: 

 (2) 
Where  is the number of connected generator,  the 
maximum capacity of the ith generator, and  the actual 
generated power of the ith generator. 
Then power deficit amount can be calculated by: 

 (3) 

Where  is the power deficit;  the rate of 

change in center-of-inertia frequency deviation;  is the 
nominal frequency which is 50 Hz in our case, and 
finally    is found by 

 (4) 

In other way, the deficiency of the output power can be 
estimated by using the information of disconnected sources 
as: 

 (5) 

Where  is the power imbalance and  the number of 
disconnected source and  is the 
disconnected power of the generators. Then actual amount of 
load shedding can be evaluated as:  

 =  (6) 

The primary frequency control can be started at frequency 
level 49.8 Hz [10]. But it can be varied depending on the 
level of required protection. In Bangladesh, the lack of 
spinning reserve was one of the main reasons for the 
September 2014 blackouts. Therefore in the proposed load-
shedding scheme, the spinning reserve is considered as zero 
(i.e. ). The impact of load damping (D) is also 
considered, which can reduce the load shedding amount. 
When an imbalance of power occurs due to disturbance, the 
amount of power deficiency is calculated from equation (3). 
Since the zero spinning reserve is considered in this work, so 
the total load shedding would be equal to the power deficit 
following (6). However in the proposed UFLS scheme, the 
system’s total damping impact is considered, and will be 
calculated by the following equations [11]: 



 (7) 

where  is the total damping factor;  is the load-frequency 
sensitivity factor (value 2 is considered here); and  is the 
equivalent speed governor droop which can be calculated by: 

 (8) 

where  is the speed droop constant of  generators. In the 
proposed load shedding method, the maximum allowable 
frequency deviations is considered ±0.5 Hz. By taking this 
limit into consideration the formula to calculate the total 
amount of load shedding can be revised. Therefore, the total 
allowable power deficit amount can be calculated as: 

 (9) 

where  ;  is the 

amount of maximum allowable power deficit;  is the total 
system damping factor. Now the total amount of load 
shedding will be: 

= -  (10) 
After any imbalance of power or any disturbance in the 
power system by using (3) the power deficit is calculated by 
using the breaker status of synchronous generators and 
center-of-inertia frequency. By considering the total system 
damping factor the necessary amount of load shed is 
calculated and the amount of load shedding in each of the 3 
stages is distributed according to [6]. It is worth mentioning 
that, by taking the total system damping factor into account 
the amount of actual load shed can be minimized. 

III. TEST SYSTEM MODEL

In this paper, a small portion from the Bangladesh power 
network is considered to implement the proposed UFLS 
scheme. This system consists of 7 synchronous generators 
(G1-G7) and 5 loads. The detail parameter of the system can 
be seen in [16]. The single line diagram is shown in Fig. 1. 
The total load on the system is, PL=434.46 MW and QL=149 
MVAR and the total generations capacity is, PG= 590 MW. 
Transformer and the transmission lines is included in the 
reduced admittance matrix [17]. The generators are equipped 
with slow excitation system (IEEE-DC 1A) [14] and the loads 
are considered as static loads. In order to perform dynamic 
simulations and according to the recommendation of [13], 
constant current and constant impedance models are 
considered for the active and reactive components of static 
load modelling. Generators G1, G4, and G6 are replaced by 
constant power solar model to perform the dynamic 
simulations in the presence of renewable energy. The 
electrical models of the PV system with their associated 
control systems in PSS/E are taken from [15].  

G1

G2

1

2

3 9

4

5

6

10

G4

8

G3

7

G5

11

G6

12

G7

13

Solar power
system

G1
Synchronous
generator

Bus Line
Load

Fig. 1 Test Network 

IV. SIMULATION RESULTS

In a conventional UFLS settings the load shed amount is set 
out by considering the worst contingency condition or 50% of 
generation outage. According to IEEE guidelines for UFLS, 
load shedding can be done in 3 to 5 stages. Distribution of 
load shedding blocks among those steps can be performed in 
a manner like smaller blocks of load can be shed in earlier 
stage and increase the size of blocks with the increment of 
load shedding stages. In order to avoid more load shedding in 
the middle of contingencies, the total amount of load 
shedding is distributed into three blocks in which smaller 
blocks are kept in the primary stages. The above process is 
used to set the conventional UFLS parameters and the 
summary of the settings are given in Table 1: 

TABLE I CONVENTIONAL SETTINGS FOR UNDER FREQUENCY 
RELAY 

Frequency 
(Hz) 

Load shed (in P.U) Time (Sec) 

49.4 0.14 0.2 
48.6 0.16 0.2 
47.9 0.19 0.2 

The frequency excursion with the conventional settings 
without any renewable penetration is shown in Fig. 2.  

Fig. 2 Frequency responses before renewable energy penetration with 
conventional setting 

However, with the integration of 27% of renewable energy 
sources, the conventional load shedding scheme exhibits the 
following frequency responses for different contingencies 
shown in the Fig. 3. 



Fig. 3 Frequency responses after 27% renewable energy (Solar energy) 
penetration with conventional setting 

The proposed UFLS scheme re-assessed the amount of load 
shedding and the traditional scheme is redesigned. The 
following case studies are carried out in order to see the 
impact of load shedding on the frequency excursion process 
and to observe the performance of the proposed UFLS 
scheme. 

Case-1: Outage of 44% of generations in an islanded network 

In this case study, the highest possible generation losses are 
considered. The conventional load shedding scheme failed to 
arrest frequency within the threshold limit (47.5 Hz) in the 
presence of renewable energy sources as shown in Fig. 4. 
This case study is performed to investigate whether the 
proposed load shedding can successfully arrest frequency 
excursion within the threshold limit or not. In this case, the 
test network is modelled with 27% of solar energy sources as 
constant power model. After the load flow study the 
frequency responses following a generation loss (44% of total 
generation) at bus-13 is considered. In order to distribute the 
amount of load shedding, the procedure described in [9] is 
taken into account. In this process, the frequency deviations 
and the amount of load to be shed is calculated through 
microprocessor-based controller (which needs to be 
programmed). The controller sends the load shedding signals 
to the relay according to load priorities to disconnect the load. 
For UFLS functioning the assumption is made that the load 
shedding control action will be done from one point. The 
overall time would take around 200 ms [9] for the relay pick-
up time and time required for assessing the amount of load to 
be shed by sending signal to the breakers to disconnect that 
load. The modified UFLS settings and frequency response are 
shown in Table-II  and Fig. 4. 

TABLE II  PROPOSED SETTINGS FOR UNDER FREQUENCY RELAY 
FOR 44% OF GENERATION LOSS 

Fig. 4 Frequency responses of different stages of load shedding after 27% 
renewable energy (Solar energy) penetration with the proposed setting for 1st 
contingency 

Case-2: Outage of 20% of generations in an islanded network 

The performance of the proposed load shedding scheme is 
tested for a middle contingency. In this scenario, the 
generators from bus -3 and bus-7 are disconnected and the 
performance is evaluated. The modified UFLS settings and 
the frequency responses are shown in Table-IIIII and Fig. 5 

TABLE III   PROPOSED SETTINGS FOR UNDER FREQUENCY RELAY 
FOR 20% OF GENERATION LOSS 

Fig. 5 Frequency responses of different stages of load shedding after 27% 
renewable energy (Solar energy) penetration with the proposed setting for 
2nd contingency 

Case-3: Outage of 8% of generations in an islanded network 

In this case study, no load shedding is required by the 
proposed UFLS scheme at all as the frequency deviations are 
within the maximum limit due to the lowest contingency. Fig. 
6 shows the frequency response due to 8% of generation loss 

Fig. 6 Frequency responses of different stages of load shedding after 27% 
renewable energy (Solar energy) penetration with the proposed setting for 
3rd contingency 

Frequency (Hz) Load shed (in P.U) Time (Sec) 
49.4 0.21 0.2 
48.6 0.17 0.2 
47.9 0.09 0.2 

Frequency 
(Hz) 

Load shed (in P.U) Time (Sec) 

49.4 0.07 0.2 
48.6 0.05 0.2 
47.9 0.03 0.2 



V. RESULTS & DISCUSSION

The safety operating limit for the synchronous generators is 
50.5-49.5 Hz for a 50 Hz power system [12]. Although it 
varies according to manufacturer’s specifications, in most 
cases, synchronous machines will instantly trip at 47.5 Hz. 
Therefore, the frequency excursion process should not allow 
the frequency below that level to avoid the synchronous 
generators to trip, which might lead to possible blackouts. 
With the integration of renewable energy sources into the grid 
the ROCOF becomes more sensitive and responsive to the 
disturbances. It is observed that, the UFLS with conventional 
settings suitably works for distributed synchronous 
generators, but it fails to arrest frequency declination when 
the large-scale renewable energy sources are integrated into 
the grid. Moreover, the proposed UFLS method has also been 
compared with another offline based UFLS method described 
in [18]. In Table- IV, the comparison of the proposed settings 
with the conventional settings and another proposed UFLS 
setting(MILP based) has been summarized for different 
contingencies (44%, 20% and 8% of gen loss) based on the 
simulation results. Then in Fig.7 ,8 and 9  comparison studies 
of frequency excursion process of conventional method, 
UFLS method proposed in [18] and the proposed on-line 
based UFLS method (considering load damping factor) have 
been shown for 3 contingencies.    

TABLE IV   COMPARISON BETWEEN THE PROPOSED AND 
CONVENTIONAL (CONV.) /MILP UFLS SETTINGS 

Conv./MILP Proposed Conv./MILP Proposed Conv./MILP Proposed 

Gen. loss (%) 44 44 20 20 8 8 

Nadir Freq. 
(Hz) 

46.91/47.72 47.88 48.48/48.70 48.56 49.51/49.51 49.51 

Steady state 
Freq. (Hz) 

49.43/49.89 49.5 50.42/49.63 49.52 49.51/49.51  49.51 

Load shed 
(MW;MVAR) 

166; 
64.79/215.03; 

76.03 
221; 86 

166 ; 
64.79/77; 

29.79 
64; 27 None None 

From Table- IV, it is observed that the conventional UFLS 
settings can easily arrest frequency declination without any 
renewable energy penetration. On the other hand, although 
the conventional UFLS settings successfully arrest frequency 
for 20% and 8% generation loss, they fail to arrest frequency 
for 44% generation loss even with 27% penetration of 
renewable energy. The nadir frequency falls below 47.5 Hz 
which may lead to a cascade tripping of remaining 
synchronous generators. This causes more imbalance between 
power generation and consumption. The ROCOF becomes 
more sever in such condition which may lead to possible 
blackouts. On the other hand MILP based UFLS scheme also 
succeeded to restrict frequency declination beyond threshold 

limits. But for middle contingency it curtails more load than 
the proposed load shedding scheme. Moreover, an off-line 
based load shedding scheme has predefined load curtailment 
strategy which may fail to restrict frequency decline due to 
the uncertainty nature of loads. Whereas, in the proposed 
UFLS scheme load shedding amount and feeder to be shed 
are decided by the instant power deflection, which will try to 
avoid access or less load shedding and successfully bring 
back the frequency within the desired state. Hence, the 
proposed load shedding scheme provides excellent outcomes 
for the given contingency conditions which allow the power 
system to survive from possible major blackouts. In fact, the 
proposed load shedding scheme is applicable to any 
contingency that make the power system to be more robust to 
survive against any major blackouts. It is also worth to 
mention that for middle contingencies the proposed load 
shedding scheme exerted less amount of load shedding than 
the conventional settings. But in case of higher contingencies 
(44% gen. loss), due to the steeper response of ROCOF the 
proposed method executes more amount of load shedding 
though it is successful to restrict frequency falling within 
47.5Hz and thereby, avoiding blackouts. 

Fig.7 Frequency responses following 44% of generation loss 

Fig.8 Frequency responses following 20% of generation loss 

Fig.9 Frequency responses following 8% of generation loss 



VI. CONCLUSION

The proposed UFLS scheme is based on the detection of the 
power deficit from the ROCOF. In order to minimize the 
amount of load shedding and to put the steady state frequency 
within the acceptable limits the total system damping factor is 
considered to calculate the amount of load shedding. Using 
the ROCOF to determine the load-shedding amount is one of 
the methods of calculating the amount of actual power 
imbalance. The conventional UFLS scheme, MILP based 
UFLS method and the proposed UFLS scheme are applied to 
a test network. The simulations are carried out by using 
Python based PSS/E simulator. The deficiencies of the 
conventional UFLS scheme are analyzed and a modified 
UFLS scheme is proposed to overcome the shortcomings of 
the problems related with the conventional scheme. 
Moreover, the frequency response and amount of load 
shedding are compared with the proposed UFLS scheme to 
evaluate the performance. In this paper, load shedding are 
carried out randomly, however, a priority based optimized 
load-shedding scheme may provide better performance. 
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