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Abstract— This paper investigates the positive changes in the 
system frequency response indicators caused by the 
implementation of a set of optimal settings of an under-
frequency load shedding (UFLS) scheme. The optimal UFLS 
scheme is optimised by minimising the total amount of load 
shedding and considering the recovery process of the system 
frequency into its operational values after several losses of 
generation and satisfies the requirements of the UFLS standard 
(PRC-006-SERC-02). The idea of implementing the optimal 
UFLS scheme is to identify how changes the minimum 
frequency, minimum time, rate of change of frequency and 
steady-state frequency when the amount of load shedding 
change. The optimal UFLS scheme formulation starts with 
identifying the variables to control with the optimisation and its 
respective bounds. Then, the objective function is formulated in 
terms of the total load shedding, and finally, the restrictions and 
requirements of the systems are written as inequality 
constraints. The optimal UFLS is evaluated in the IEEE 39-bus 
system. The simulations results demonstrate the suitability of 
the optimal UFLS to improve the frequency response indicators. 

Keywords— frequency control, frequency response indicators, 
optimisation, under-frequency load shedding. 

I. INTRODUCTION 
The frequency stability is concerned with the ability of a 

power system to supply its load after a disturbance involving 
a generation-load imbalance at a frequency within an 
acceptable range [1]. The sudden disconnection of large 
generation units causes a significant power imbalance 
between the power generation and the load demand. This 
active power imbalance produces a fast drop in the system 
frequency generated by the deficit of power supply [2]. If the 
control actions are not appropriately designed, the frequency 
can drop to values considered unacceptable or even trip a 
cascade event putting the power system in risk of instability 
and subsequent blackout. Moreover, if the system frequency 
reaches unacceptably low values, there is a small-time 
window to implement emergency actions. If the size of the 
system frequency disturbance is large, the scheduled power 
reserve may not be enough to restore the frequency and the 
power system operators may use emergency control and 
protection schemes to maintain power system frequency [3].  
An emergency control plan used by years is the well-known 
under-frequency load shedding (UFLS). The UFLS strategy is 
designed to balance the demand for electricity with the supply 
rapidly and to avoid cascading power system failure [4]. It is 
essential to coordinate the UFLS with under-frequency 

protection of the generator. Premature generator tripping, 
before system load shedding is complete, can lead to 
unnecessary system collapse [5]. The situation of frequency 
control and stability and the problem of adequate settings of 
UFLS is becoming more complicated with the increased 
penetration of renewables generation sources [6].  

The primary objective of UFLS schemes is to arrest 
frequency dropping in due time by shedding an appropriate 
amount of load, in order to recover the frequency into its 
nominal values [7]. Ideally, the UFLS must act as the primary 
option and by doing so, preventing the action of generation-
side under-frequency protections, which would finally lead to 
a cascading power outage [8]. In the traditional UFLS 
schemes, the settings of the UFLS relays are mainly based on 
the power system operator’s knowledge of the power system 
performance during major frequency events. However, 
although the frequency is recovered into its nominal values, 
the UFLS settings are not optimal, and they end up 
disconnecting more load than necessary.  

The UFLS is becoming a very attractive research topic in 
recent time to deal with several problems related to extremally 
reduced inertia scenarios, the market pressure to minimise the 
reserve margins and the operating the tie-line near to the limit 
of capacities. Many different approaches are reported in the 
scientific literature. [9] combines UFLS with online fuzzy 
control strategy to reduce the load shedding value, [10] uses 
wide are measurements system (WAMS) in combination with 
under-frequency and under-voltage schemes to recover the 
frequency and voltage. Furthermore, [11] proposed an 
artificial neuronal network for estimating the amount of power 
imbalance in the grid. [12] recommend a method to compute 
the optimal values of load shedding, frequency threshold and 
time delay considering the high penetration of renewable 
generation resources. [13] proposes an adaptative UFLS 
model based on WAMS information to set up an emergency 
load shedding strategy and [14] depict a method for assess the 
optimal load capacity and load disconnection sequence during 
a power system emergency. The limitation of previous 
optimization applications is that it assumes all UFLS relay has 
the same parameters and is no clear in which load is 
implemented the UFLS.  

The limitation of most of the previous methodologies is 
that it assumes the settings are the same for all relays. This 
assumption can affect the total amount of load shedding since 
the amount of load shedding that each relay active depend on 
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the load value even when all relays have the same settings. 
The propose of this paper is to investigate the positive changes 
in the system frequency response indicators caused by the 
implementation of an optimal setting of a UFLS scheme. An 
optimal calculation process of the settings of the UFLS 
improves the power system reliability by minimising the 
unnecessary excessive load shedding and prevent the 
operation of under-frequency protections of the synchronous 
generator. However, this research paper introduces the 
problem of optimal settings of UFLS relayed using 
mathematical optimisation. Then, the methodology is used to 
set the UFLS parameters on a test system, and the principal 
motive is to determinate how the optimal settings impact the 
frequency response indicators: minimum frequency, 
minimum time, rate of change of frequency and steady-state 
frequency. This paper is organised as follows: in Section II, 
the methodology to calculate the optimal UFLS scheme is 
described. Section III presents a description of the test system 
and the cases defined for assessing the UFLS scheme. Section 
IV describes the results obtained and present the main 
observations of the results. Finally, Section V presents the 
conclusion. 

II. OPTIMAL UFLS SCHEME FORMULATION 
The UFLS is explicitly dedicated to deal with under 

frequency events where there is a lack of generation or an 
excess of power demand. This section is dedicated to 
formulating the UFLS scheme as an optimization problem.  

A. Metrics: Frequency response 
The frequency response of a power system is typically 

analysed by using time-domain plots of the system frequency 
when the major event is applied, and its indicators are (see Fig. 
1): the minimum frequency (fmin) is the resulting value of the 
difference between nominal frequency (f0) and the maximum 
frequency deviation (∆fmax), i.e., fmin = f0−∆fmax. The minimum 
time (tmin) is the time at which the frequency reaches its 
minimum value and its maximum deviation. Moreover, the 
Rate of Change of Frequency (RoCoF) represents the speed at 
which the frequency changes, i.e., the amount of frequency 
change in one second, [ ] Hz sRoCoF df dt= . Finally, the 
steady-state frequency (fss) denotes the frequency value at 
which the RoCoF is zero. This value is typically reached after 
the inertia response and the governor action [4]-[12-13].  
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Fig. 1. Frequency response metrics (fmin, tmin,  RoCoFmax and fss). 

B. UFLS Settings 
UFLS relays are used to protect the system and keep the 

frequency of the system close to the nominal value shedding 
some of the system load.  UFLS relays can be classified into 
two categories[15]: (i) Fixed number of stages and time delays 
and (ii) Adaptative number of stages and variable shed 
demands. The traditional UFLS relay (such as ANSI 81L) falls 
in the first category and is extensively used in power systems. 

In this research paper, the UFLS relays are considered to have 
a fixed number of stages, but the setting will be optimised in 
the next subsections. Traditional UFLS scheme relies 
basically on four main settings: (i) block size of the dropped 
load (∆P) defines the amount of load to be dropped at all 
stages, (ii) the number of stages (NS) is an integer value that 
denotes the number of steps in which the load will be dropped, 
(iii) the frequency setpoint (fsp) is a pre-set frequency value at 
which the load must be shed in each stage and (iv) the time 
delay (td) between activating the consecutive stages. 

C. Optimisation Problem Definition 
The process to formulate the optimal settings of UFLS  

scheme in this paper is based in the following steps: First, the 
appropriate set of control variables are identified, those 
variables are selected to control the frequency response 
following a system frequency disturbance at the time the 
optimisation considered the main aspects of the UFLS relay 
features and respective bounds are defined for the relay 
settings. Then, the objective function to be minimised was 
written in terms of the control variables, and finally, the 
restrictions and requirements of the systems are written as 
inequality constraints. The full procedure of each step is 
described below.  

1)  Variables  
The control vector (x) is a vector used to specify the 

control variables to be used in the optimisation process:  
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where ∆Pij is the percentage load shedding of the i-th stage in 
the j-th UFLS relay, f1

sp,ij is the first frequency setpoint of the 
j-th UFLS relay and ∆fsp,kj represents the interval between two 
subsequent frequency setpoints. Moreover, NR is the number 
of UFLS relays installed in the power system, and NS is the 
number of load shedding stages in each relay.  

The control variables are bounded by its upper (u) and 
lower (l) allowable values as follows:  

 1 1 1
, , , 

, , , 

l ij u

sp l sp j sp u

sp l sp kj sp u

P P P

f f f
f f f

∆ ≤ ∆ ≤ ∆

≤ ≤

∆ ≤ ∆ ≤ ∆

  (2) 

where ∆Pl and ∆Pu, represents the minimum and maximum 
permissible percentage of load shedding, respectively.  f1

sp,l  
and f1

sp,u are the minimum and maximum limit frequency 
setpoint in the first stage, respectively. Moreover, f1

sp,l  and 
f1

sp,u are the minimum and maximum values allowed for ∆fsp. 
2) Objective function  

The idea of optimising the settings of the UFLS relays is 
to reduce, as much as possible, the amount of load shedding 
during the under-frequency event. Consequently, the purpose 
of the UFLS optimisation is determinate the minimum amount 
of load shedding required to recovers the steady-state 
frequency into its operating values. Therefore, the objective 
function is formulated as the sum of all active stages in each 
UFLS relay multiplied by active power in its respective load. 
The objective function is defined as follows:  

 
1 1

( ) min
SR nN

ij j
j i

f P P
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where Pj is the active power of the j-th load with UFLS relay 
and nS is the number of activated stages. ns is different from 
Ns (ns ≤Ns). 

3) Constraints    
The objective function defined in (3) is subject to certain 

restrictions to ensure the security of the power system and 
fulfil the technical requirements of the utility companies:  

a) Steady-state frequency (fss): after a massive loss of 
generation, the fss must remain inside the operating range of 
the synchronous generators, i.e., min max

ss ss ssf f f≤ ≤ . This 
restriction is formulated as two inequality constraints as 
follow 

 
max

1
min

2

( ) 0

( ) 0

= − ≤

= − ≤
ss ss

ss ss

g f f

g f f

x

x
  (4) 

b) Frequency setpoint (fsp): the fsp in each stage of the 
UFLS relays shall be inside the limits defined by the technical 
requirements of the utility companies, i.e., min max

sp sp spf f f≤ ≤ . 
Since the optimisation gives the first fsp of each relay and it is 
already bounded, it is necessary to define the inequality 
constraint for the minimum limit as follows: 

 min
3 ,( ) 0sp sp ijg f f= − ≤x   (5) 

III. CASE STUDY DEFINITION  
To investigates the positive changes in the system 

frequency response indicators caused by the implementation 
of an optimal setting of a UFLS scheme, the classical IEEE 
39-bus system is used. In this test system, generator G1 
represents the aggregation of several. The original model data 
come from the book titled “Energy Function Analysis for 
Power System Stability” [16]. The test system has been 
implemented in DIgSILENT® PowerFactoryTM 2020. The 
schematic single line diagram of the test system is shown in 
Fig. 2. The test system consists of ten generators, 19 loads, 34 
transmission lines, 12 transformers and 39 buses. The total 
active power generation is 6,140.81 MW, and the total power 
demand is 6097.10 MW [17]. The frequency response of the 
test system is excited by a frequency event, in this case, the 
sudden disconnection of generators G1 and G9 at t = 1.0s, 
these generators represent a loss of a generation of 29.8% of 
the total generation, ∆P = PG1+PG9. The UFLS relays are 
installed in all loads. In this paper, the 19 UFLS relays (NR = 
19) has four load shedding stages (NS=4). The time delay was 
set as td = 0.20s. The generators causing the disturbance (G1 
and G6) are highlighted with red colour, and the loads where 
the UFLS relays are installed are marked with blue colour in 
Fig. 2.   

Three cases are defined: Case I refers to the natural 
frequency response of the IEEE-39 bus system without any 
UFLS scheme. Case II study the frequency response of the test 
system considering the UFLS but using a traditional setting. 
Finally, Case III represents the frequency response of the test 
system, considering the optimal settings of the UFLS scheme 
defined in Section II. For all cases, it is observed the indicators 
of the frequency response: (i) fmin, (ii) tmin, (iii) RoCoFmax and 
(iv) fss. 

Due to the IEEE-39 bus system is representative of the 
North American system, the parameters of the UFLS relays 
must satisfy the SERC (South-eastern Electric Reliability 
Council) UFLS Standard: PRC-006-SERC-02 [18]: (i) fss shall 

be between 59.5 Hz and 60.5 Hz, (ii) fsp shall be no lower than 
58.4 Hz and not higher than 59.5 Hz, (iii) ∆fsp shall be at least 
0.2 Hz but no greater than 0.5 Hz and (iv) td shall be at least 
six cycles (0.1sec). 

1
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Fig. 2. Descriptive single-line diagram of the IEEE-39 bus system.  

Case I (No UFLS scheme): In this case, it is presented the 
dynamic response of the frequency when the disturbance 
occurs by disconnecting the generators G1 and G9, and there 
is not a UFLS scheme installed.  

Fig. 3 shows the frequency response measured in all buses. 
The inertia response acts to try to stop the frequency drop 
since there is not installed a UFLS scheme in the IEEE-39 bus 
system. Despite the action of the inertia response, the 
frequency drop cannot be arrested and continues dropping 
reaching values below the minimum allowable frequency and 
causing that the system becomes unstable. The minimum 
permissible frequency in 60 Hz nominal frequency,  is defined 
by the under-frequency relays settings of the synchronous 
generators that typically operates if the frequency reach vales 
from 58.4 Hz to 57.9 and the frequency does not recover 
within 30 seconds [19].  

 
Fig. 3. Case I (No UFLS scheme): Frequency response measured in the 39 
buses after the disconnection of generators G1 and G9.  

Meanwhile, Fig. 4 shows the RoCoF of all buses, the 
maximum RoCoF produced by the disconnection of 
generators G1 and G9 is presented in bus 29, and its value is 
RoCoFmax =32.885Hz/s at 1.012s. The high amount of the 
RoCoF is due to significant generation deficiency, i.e., the 
disconnection of generators G1 and G9 represents almost 30% 
of the total generation, and this size of the loss of generation 
causes that the total system inertia decreases.  From the results 
in Case I, it is evident that the power system requires a UFLS 
scheme to arrest the frequency drop and avoid the activation 
of the under-frequency relays that protect the synchronous 
generators. Moreover, a UFLS scheme is needed to recover 
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the frequency into the established fss limits, i.e., 59.5 ≤ fss ≤ 
60.5. 

 
Fig. 4. Case I (No UFLS scheme): RoCoF measured in the 39 buses after 
the disconnection of generators G1 and G9. 

Case II (Traditional UFLS scheme): This case presents the 
frequency response when a traditional UFLS scheme is 
implemented on all loads installed on the IEEE-39 bus system. 
The settings of the installed UFLS relays are selected to fulfil 
the requirements of the SERC UFLS Standard. The settings 
are presented in Table I. The block size of the dropped load 
(∆P) of each Stage are chosen such that the total load shedding 
covers the loss of generation, i.e., ∆P = PG1+PG9. Moreover, 
the minimum frequency does not take values below 58.4 Hz.  

TABLE I.  UFLS RELAYS SETTINGS USING CASE II (TRADITIONAL 
UFLS SCHEME) 

Stage ∆P (%) fsp (Hz) ∆fsp (Hz) td (s) 

1 15 59.3 0.3 0.2 

2 10 59.0 0.3 0.2 

3 10 58.7 0.3 0.2 

4 5 58.4 0.3 0.2 

Case III (Optimal UFLS scheme): shows the frequency 
response when the optimal UFLS scheme is used to obtain the 
parameters of the UFLS relays previously installed in the 19 
loads. The settings obtained from the optimal UFLS scheme 
are described in Table II.  

The convergence curve of the objective function defined 
in (3) after being evaluated 3,000 times is presented in Fig. 5. 
It is observed from iteration 2,351 the value of the objective 
function remains constant at ∆P=1,768.79MW; this indicates 
that the objective function reaches its minimum value and 
fulfil the constraints defined in Section II.C.3). 

 
Fig. 5. Convergence curve of the optimal UFLS scheme. Case III.  

From Table II, it can be observed that the settings are for 
the first and second stage of all relays, except relay in Load 24 
that also has settings for third stage and relay in Load 29 has 
settings only for the first stage. These results mean that it is 
only required to activate those stages to ensure the frequency 
recovering and fulfil the inequality constrains defined in (4). 
Furthermore, it is given the frequency setpoint of each stage, 
and those values satisfy the inequality constraint defined in (5) 

which determine that frequency setpoint must be 58.4 ≤ fsp ≤ 
(59.5-59.3).     

TABLE II.  UFLS RELAYS SETTINGS USING CASE III (OPTIMAL UFLS 
SCHEME) 

Relays 
Location 

∆P (%) fsp (Hz) 
Stage 

1 
Stage 

2 
Stage 

3 
Stage 

1 
Stage 

2 
Stage 

3 

Load 03 22.02 3.35 −− 59.40 58.93 −− 

Load 04 0.19 11.78 −− 59.43 59.10 −− 

Load 07 4.68 4.75 −− 59.31 58.91 −− 

Load 08 6.40 0.09 −− 59.44 59.06 −− 

Load 12 13.23 2.27 −− 59.31 58.89 −− 

Load 15 19.69 11.25 −− 59.44 59.00 −− 

Load 16 53.51 11.25 −− 59.38 59.01 −− 

Load 18 48.85 5.38 −− 59.45 59.01 −− 

Load 20 32.56 0.05 −− 59.34 59.02 −− 

Load 21 16.02 19.09 −− 59.49 59.13 −− 

Load 23 18.81 1.69 −− 59.41 59.15 −− 

Load 24 48.72 46.60 4.68 59.42 59.20 58.99 

Load 25 44.51 48.25 −− 59.47 59.06 −− 

Load 26 36.82 48.59 −− 59.45 59.07 −− 

Load 27 15.94 2.38 −− 59.39 58.90 −− 

Load 28 26.05 3.20 −− 59.46 59.01 −− 

Load 29 17.21 −− −− 59.37 59.02 −− 

Load 31 36.81 18.87 −− 59.35 59.00 −− 

Load 39 0.01 0.29 −− 59.45 59.04 −− 

IV. RESULTS AND DISCUSSION   
The dynamic simulation of the IEEE-39 bus system to 

evaluate the three cases defined above are presented in this 
section. The frequency response of Case I, Case II and Case 
III is shown in Fig. 6.  

 

Fig. 6. Frequency response for Case I, Case II and Case III after the 
disconnection of generators G1 and G9.  

The changes in the frequency depending on whether there 
is installed a UFLS scheme. Case I represent the worst case 
since there is not installed a UFLS scheme in the IEEE-39 bus 
system and therefore only the inertia response tries to stop the 
frequency drop. Despite the action of the inertia response, the 
frequency drop cannot be arrested, and the system becomes 
unstable. On the other hand, Case II improve the frequency 
response by reducing the fmin, tmin and recovering fss inside the 
established operating values. Moreover, it showed how it is 
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improved the frequency response when it is optimised the total 
load shedding in Case III.  The frequency response indicators 
and the total load shedding are summarised in Table III.  

TABLE III.  FREQUENCY RESPONSE INDICATORS AND TOTAL LOAD 
SHEDDING FOR CASE I, CASE II AND CASE III 

Case fmin  
(Hz) 

tmin  
(s) 

RoCoFmax 
(Hz/s) 

fss  
(Hz) 

∆P  
(MW) 

I values below 58.4 
Hz at 3.062s −32.885 Frequency 

instability −− 

II 58.092 3.995 −32.885 60.365 2438.84 

III 58.602 4.020 −32.885 60.157 1768.79 

In Case I, the frequency cannot be recovered by the inertia 
response and governor action taking values below the 58.4 Hz 
at 3.062s. This frequency value is outside of the  fss limits and 
reaches the frequency setpoint of the under-frequency 
protection of generators. Therefore, low-frequency values 
cause the system to become unstable.  In contrast, when the 
UFLS scheme is implemented, the frequency responds 
indicators depend on the UFLS relays settings. In Case II, the 
minimum frequency and minimum time are reached at 
fmin=58.092Hz and tmin=3.995s, respectively. Furthermore, the 
four stages were activated for all UFLS relays, and the load 
shedding is ∆P=2438.84MW which represents 40% of the 
total load. Thus, the steady-state frequency is improved and is 
fss=60.365 Hz. Meanwhile, using the settings obtained from 
Case III, the values of the minimum frequency and minimum 
time is at fmin=58.602Hz and tmin=4.020s, respectively. In this 
case, fmin is improved by 0.88% concerning Case II. In this 
case, Stage 1 is activated in all UFLS relays, Stage 2 is not 
activated only the UFLS relay installed in Load 29, and Stage 
3 is just activated in the relay installed in Load 24. Moreover, 
the load shedding is ∆P =1768.79MW, which represents 29% 
of the total load, and it decreases 11% whit respect Case II. 
Furthermore, the steady-state frequency remains inside the 
established limits, and its value is fss=60.157 Hz.  

V. CONCLUSIONS 
The main observations obtained from this research paper 

are the implementation of UFLS scheme in the power system 
is essential since it can avoid a possible frequency instability 
due to significant loss of generation event. Besides, the 
optimal settings in the UFLS scheme prevent an unnecessary 
load shedding since the total load shedding amount decrease 
significantly concerning the traditional UFLS scheme. 
Moreover, it is demonstrated that the impact of minimising the 
total amount of load shedding is directly reflected in the 
frequency response indicators. Thus, these indicators were 
improved by using the optimal UFLS scheme. The minimum 
frequency value as well as the maximum frequency deviation 
value decrease when the optimal UFLS scheme is 
implemented in contrast with the traditional UFLS scheme. 
Furthermore, the steady-state frequency in both cases is 
recovered inside predefined values, and the amount of load 
shedding does not impact the maximum RoCoF. However, its 
value increases depending on the size of the loss of generation 
since the total system inertia diminish. 
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