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Abstract: The Altai-Uliastai regional power system (AURPS) is a regional power system radially 

interconnected to the power system of Mongolia. The 110 kV interconnection is exceptionally long 

and susceptible to frequent trips because of weather conditions. The load-rich and low-inertia 

AURPS must be islanded during interconnection outages, and the under-frequency load shedding 

(UFLS) scheme must act to ensure secure operation. Traditional UFLS over-sheds local demand, 

negatively affecting the local population, especially during the cold Mongolian winter season. This 

research paper proposes a novel methodology to optimally calculate the settings of the UFLS 

scheme, where each parameter of the scheme is individually adjusted to minimise the total amount 

of disconnected load. This paper presents a computationally efficient methodology that is illustrated 

in a specially created co-simulation environment (DIgSILENT® PowerFactoryTM + Python). The 

results demonstrate an outstanding performance of the proposed approach when compared with 

the traditional one. 

Keywords: frequency control; improved harmony search; metaheuristic algorithm; Mongolian 

power system; optimisation; under-frequency load shedding 

 

1. Introduction 

The power system continuously deals with power imbalances coming from fluctuations caused 

by imbalances between generation and demand. However, when the power system faces a severe 

power imbalance, such as the one caused by an abrupt increase of demand or a sudden disconnection 

of single/multiple generation units, several emergency control actions must be taken. One of those 

emergency control actions is under-frequency load shedding (UFLS) [1]. Its primary purpose is to 

stop the frequency from declining and to try and re-establish the balance between power demand 

and power generation by disconnecting an appropriate amount of load [2]. 

The classical automatic UFLS scheme uses under-frequency relays (UFRs), which are designed 

to operate any time the frequency drops below a predefined threshold using the instantaneous value 

of the local frequency [3]. The classical load shedding (LS) is performed at the same location where 

the frequency is sensed, and it can be done over one or multiple steps. The implementation of the 
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classical UFLS scheme implies identifying the most severe possible power imbalance and estimating 

the total amount of load disconnection, ensuring the frequency recovers above a minimum 

permissible value [4]. Once the total amount of LS is calculated, the parameters of the UFRs (number 

of load shedding stages, block size of load to be shed, frequency threshold and the time delay for 

each stage) must be set [5]. Typically, power system operators determine the fixed settings of UFRs 

using a trial and error procedure based on experience [3]. 

All parameters of UFRs require careful calculation, but the block size of LS and the number of 

LS steps require special attention. If these two parameters have inappropriate settings, it can cause 

undesirable results: (i) over-frequency conditions and/or loss of power service continuity produced 

by excessive LS at the initial stages of the frequency response and (ii) inability to arrest the frequency 

drop, leading to further loss of generation units or even system-wide blackout, produced by 

underestimated load shedding in the initial stages. Therefore, the total amount of LS is an extremely 

important factor for security and economic operation of a power system [6,7]. 

The main disadvantage of implementing the UFLS scheme using the traditional method is that 

errors can easily be made at the time when parameters of the UFRs are set. This is because the number 

of parameters to compute increases as the number of UFRs connected to the system increases, thereby 

becoming a complex problem and increasing the risk of inappropriate performance. 

Although there are a vast number of methodologies to implement the traditional UFLS scheme 

that propose several sets of parameters depending on the country/company utility requirements [8–

11], recent methods have focused on solving the problem of calculating the UFR parameters using 

computational algorithms. Authors of [12] used the genetic algorithm to minimise the LS and the 

dynamic frequency deviation of the power system. In [13], an adaptative UFLS scheme based on an 

artificial neuronal network (ANN) was proposed to estimate the power imbalance and then define 

the settings of UFRs. In [14], a methodology that combines UFLS with online fuzzy control strategy 

was presented to reduce the LS value. The authors of [15] introduced a method to compute the 

optimal values of load shedding, frequency threshold and time delay considering the high 

penetration of renewable generation resources. In [16], a technique was presented to assess the 

optimal load capacity and load disconnection sequence during a power system emergency. The 

particle swarm optimisation (PSO) algorithm has been implemented to estimate the amount of power 

imbalance and then calculate the size of LS [17], to solve a multi-objective function and determine the 

optimal amount of LS [18], and to compute the optimal amount of LS in an islanded operation 

scenario [19]. The trajectory sensitivity technique has been used to minimise the total LS cost of the 

power system [20]. Meanwhile, wide-area measurements (WAMs) have been used to create an 

intelligent UFLS scheme. For instance, the authors of [21] introduced a method based on artificial 

intelligence (AI) techniques and WAMs to calculate the optimal UFLS settings, [22] proposed an 

intelligent under-frequency and under-voltage scheme using WAMs to recover the frequency and 

voltage and the authors of [23] presented an adaptative UFLS model based on WAM information to 

set up an emergency LS strategy. Furthermore, several techniques are focused on addressing the 

effect of the measurement time delay on the performance of UFLS schemes [24–26]. A detailed 

literature review of the UFLS scheme is out of scope of this paper. For further information, the authors 

of [27] have presented a comprehensive analysis of UFLS schemes available in the literature. 

The main drawback of most of the previous methodologies is that they assume the settings are 

the same for all UFRs as it can be a practical way to simplify the optimisation problem. However, that 

assumption can overestimate the total amount of load shedding and the frequency recovery because 

each load has a different active power value. Even if all the UFRs are set with the same block size of 

load shedding, the resulting load to be disconnected will be different. This fact can produce an over-

frequency condition. 

Moreover, another drawback of several methodologies, such as [14,18,19,21,22], is that they 

simplify the optimisation problem by considering only the block size of LS as a control variable and 

keep the number of load shedding stages, frequency threshold and time delay as fixed values. 

However, not considering all parameters of UFRs limits the solution of the optimisation problem and 
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can produce a wrong estimation of the optimal settings because the number of load shedding stages, 

frequency threshold and time delay have an impact on the frequency response. 

The main objective of this research paper was to overcome the disadvantages of existing 

methodologies by introducing a novel method to optimally calculate the settings of the UFLS scheme. 

In this new approach, the principal parameters of the UFRs (number of load shedding stages, block 

size of load shedding, frequency threshold and the time delay for each stage) are considered in order 

to minimise the total amount of disconnected load. The significant contributions unfolding from this 

paper are listed below: 

• The proposed methodology was formulated to consider and individually adjust each parameter 

of each UFR (number of load shedding stages, block size of load shedding, frequency threshold 

and the time delay for each stage) of the UFLS scheme. Thus, it allows all parameters that impact 

the frequency response to be taken into account, therefore obtaining the optimal settings and 

avoiding over/under load disconnection. 

• A co-simulation framework (DIgSILENT® PowerFactoryTM + Python) dedicated to performing 

optimisation of the UFLS scheme was developed by implementing the improved harmony 

search metaheuristic algorithm in Python and using time-domain simulations and discrete 

events from DIgSILENT® PowerFactoryTM. 

• The optimal UFLS scheme was tested in the Altai-Uliastai regional power system of Mongolia. 

It was modelled in DIgSILENT® PowerFactoryTM using the data of the real system. Simulation 

results showed the optimal UFLS scheme had superior performance compared to the traditional 

scheme currently installed in the Altai-Uliastai regional power system. 

• The optimal settings of the UFLS scheme were assessed by carrying out a sensitivity analysis to 

ensure the optimisation reached the optimal solution. 

The remainder of the paper is organised as follows. Section 2 presents a brief description of the 

Mongolian power system as well as the Altai-Uliastai regional power system. Section 3 introduces 

the implementation principles of the traditional UFLS scheme and describes the main characteristics 

of the Altai-Uliastai regional power system’s UFLS scheme. Section 4 gives a detailed description of 

the formulation of optimal UFLS proposed in this research work. Section 5 depicts the methodology 

used to implement optimal UFLS, including a brief review of the optimisation method used. Section 

6 describes the test system and the case studies used to assess the proposed methodology. Section 7 

presents the results and the sensitivity analysis of the optimal setting. Finally, Section 8 presents the 

principal observations and conclusions. 

2. Mongolian Power System 

2.1. Overview of the MPS 

The Mongolia power system (MPS) is an unbundled grid containing five regional power systems 

(RPS) as shown in Figure 1: (i) Central (CRPS), (ii) Western (WRPS), (iii) Altai-Uliastai (AURPS), (iv) 

Eastern (ERPS) and (v) Southern (SRPS). The MPS produces around 85% of its total electricity using 

coal-fired power plants, and the remaining 15% is supplied by renewable energy sources (RES), 

including hydro, wind and solar power plants. Furthermore, the MPS is composed of nine thermal 

power plants, three wind power plants, five solar power plants and three hydropower plants. The 

interconnection between the five RPS of the MPS is through 220 and 110 kV overhead transmission 

lines [28,29]. CRPS is the most extensive local energy system and is connected to AURPS, ERPS and 

SRPS through a 110 kV transmission line. In addition, CRPS has an interconnection with the Russian 

power system through a 220 kV double-circuit transmission line. 
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Figure 1. Representation of the Mongolia power system (MPS) indicating the main generation and 

transmission infrastructure. 

The weather of Mongolia strongly influences the power consumption in the MPS, and the grid 

is operated considering two main seasons: winter and summer. Winter season is considered to start 

from the second half of September and lasts until the first half of May. In this season, temperatures 

reach values below −35 C, and it is necessary to use central heating system. This causes high demand 

and requires a large number of generation units to be on service; therefore, the total rotational inertia 

of the MPS is high. On the other hand, the summer season starts in the second half of May and lasts 

until the first half of September. During this time, the central heating system is stopped, and the 

power demand reaches its minimum values. As the demand is reduced, several big power plants are 

scheduled to be out of service for maintenance purposes, and the total rotational inertia significantly 

decreases. 

2.2. Altai-Uliastai Regional Power System 

AURPS is as one of the five RPS of the MPS; it started to operate in 2009. It consists of six 

hydropower plants supplying electricity to 31 provinces and two towns. The largest hydropower 

plant of AURPS is Taishir with an installed capacity of 11 MW. Figure 2 depicts the main power 

generation and transmission infrastructure (actual model used in this paper). 
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Figure 2. Representation of Altai-Uliastai regional power system (AURPS) indicating the main 

hydropower plants and transmission infrastructure. 

The hydropower production at Altai-Uliastai depends on the water levels, and it operates on an 

average load of between 3.5 and 4.1 MW. The AURPS generates 49%–55% of the total consumption 

in the region, and the remaining percentage is imported from CRPS through the Murun-Telmen 110 

kV transmission line. During the winter season, the small hydropower plants are out of services due 

to the freezing of rivers; therefore, the power supply in AURPS is critically dependent on power 

importation from CRPS. A summary of the power balance at AURPS during summer and winter 
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seasons are shown in Table 1 [29]. It is important to observe that the interconnection between AURPS 

and CRPS is essential as it provides 38.4% and 83.40% of the total demand for summer and winter 

seasons, respectively. 

Table 1. Winter and summer operational scenarios of AURPS. 

Season Inertia/Demand Level 
Production, PG 

(MW) 

Demand, PD 

(MW) 

Power Import from 

CRPS, Ptie (MW) 

Summer  High/Low 4.6 6.25 2.4 

Winter  Low/High 3.0 11.99 10.0 

The winter season is a special concern because of low local generation and high demand, making 

the disconnection of the Murun-Telmen transmission line a critical loss of infeed. 

3. Under-Frequency Load Shedding Scheme 

3.1. Definition of UFLS Scheme 

The implementation of the traditional UFLS scheme is based on setting the values of the 

parameters of all UFRs installed in the power system. The UFRs are mainly characterised by four 

parameters (see Figure 3) [4]: (i) the number of stages (Ns) or steps in which the UFR will disconnect 

the locally connected load, (ii) the block size of LS (∆P) that will be disconnected at each stage (this 

value is based on the total load that is locally connected), (iii) the frequency threshold (fT) at which 

the load must be shed in each stage and (iv) the time delay (td) between activating the consecutive 

stages. 

DPNs

DP

t
DP1

td1 td2 td3 tdNs

DP1

DP1+DP2

DP1+DP2+DP3

0

fT1

f
fT2 fT3 fTNs

DP2

DP3

DfT1 DfT2 DfT(Ns-1)

=1

Ns

k

k

PD

 

Figure 3. Power–frequency–time (P–f–t) schematic representation of the settings of an under-

frequency relay (UFR). 

Assuming that the power system has NUFR UFRs installed, the settings of the i-th UFR (i = 1, 2, 

…, NUFR) are mathematically described as follows: 



 = D D D D
 1, 2, , ,

1
... ...

s
s

i i i k i N i
N

P P P PΔP  (1) 


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 1, 2, , ,

1
... ...

s
s

i T i T i Tk i TN i
N

f f f fF  (2) 



 =
 1, 2, , ,

1
... ...

s
s

i d i d i dk i dN i
N

t t t tT  (3) 

where ∆Pk,i defines the block size of LS, fTk,i represent the frequency threshold and tdk,i is the time delay 

of the k-th stage in the i-th UFR. The process to calculate the four settings of each UFR becomes 

complex as the number of UFRs installed in the power system increases. This complexity is due to 

the fact that 3 × Ns parameters must be computed for each UFR, and the total number of parameters 

to be computed in the power system is (3Ns + 1) × NUFR. 
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The correct performance of the UFLS scheme relies on the appropriate calculation of a set of 

settings, and this is dependent on considering (appropriately) the power system dynamic. Therefore, 

several factors must be considered in the procedure to implement the UFLS scheme. The UFLS must 

limit the maximum frequency deviation (∆f) as well as the depth of the frequency response (fnadir) to 

protect the turbine generator units from prolonged under/low-frequency conditions. Consequently, 

it is essential to coordinate the UFLS scheme with under-frequency protection of the turbine 

generator units. Moreover, the UFLS must consider a reasonable margin between the nominal 

frequency (f0) and the frequency threshold of the first stage (fT1) to avoid activating the UFRs on non-

emergency frequency conditions. After the UFRs action, the frequency will settle at a certain value 

depending on the initial overload and the load reduction per frequency reduction. Thus, UFLS must 

consider the actions of other controllers and/or the actions of system operators to avoid over-

frequency scenarios after UFR activation. All these considerations raise the necessity of adopting 

techniques that facilitate the computation of UFR parameters and obtaining optimal settings to 

ensure the security of the power system by avoiding over/under shedding when the UFRs are 

activated. 

3.2. UFLS Scheme in AURPS 

The MPS uses a decentralised conventional UFLS scheme based on an automatic static UFR 

(ANSI number 81) taking measurements at each local placement. The traditional UFLS scheme at 

AURPS is adjusted to arrest the frequency before 47 Hz by disconnecting a maximum of 55% of the 

total demand, thus avoiding activation of under-frequency protection of the generation units, which 

are set at 46 Hz. Typically, the frequency threshold (fT) is in the interval from 49.4 to 47.2 Hz, the time 

delay (td) is adjusted between 6 and 18 cycles and the number of steps is nine. Table 2 shows the 

settings used in the existing UFLS scheme in AURPS. 

Table 2. Actual traditional UFLS settings of AURPS. 

UFR Location Element ΔP (%) fT (Hz) td (s) 

Baynshand Load 28 48.0 0.15 

Baynhairhan Load 55 47.8 0.15 

Jargalant Load 50 47.8 0.15 

Uildwer Load 87 47.8 0.15 

Harzat Load 55 47.8 0.15 

Uliastai Line Open 48.8 0.10 

Guulin 1 Line Open 48.0 0.15 

Biger garaa 1 Line Open 48.0 0.10 
1 Out of service in the winter season. 

4. Optimal UFLS Scheme 

The UFLS scheme can be formulated as a mathematical optimisation problem seeking to obtain 

the optimal settings of the UFRs by considering an objective function. In this research paper, the 

objective of computing the UFLS settings at AURPS was to minimise the total load disconnection and 

at the same time ensure the security of the power system by stopping frequency decline after a 

significant system frequency disturbance. The formulation of the UFLS optimisation problem 

consisted of defining the mathematical expression for the objective function by considering a set of 

variables that impacts the frequency response and the operational requirements of the power system. 

4.1. Frequency Quality Metrics 

The metrics of the frequency during the primary frequency response (typically within the first 

10–30 s after a frequency event occurs) are the time (tmin) at which the frequency reaches its maximum 

depth, called minimum instantaneous frequency (fmin) or frequency nadir, and the value at which the 

frequency settles, known as steady-state frequency (fss) [30,31]. After a system frequency disturbance, 
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in addition to the amount of rotational inertia available in the power system, the action of the UFRs 

directly influences the metrics of the frequency response, namely, the total amount of load shedding, 

the frequency threshold and the time delay impact on the values of fmin and tmin. Meanwhile, the total 

amount of load shedding mainly determines the level at which the frequency will settle (fss). 

Therefore, in a general approach, the UFLS parameters Ns, ∆P, fT and td, the interval between two 

frequency thresholds (∆fT) and even the best placement of the UFRs can be taken as frequency control 

variables at the time to formulate the UFLS as an optimisation problem. 

The four main settings of each UFR—number of stages (Ns), block size of load shedding (∆P), 

frequency threshold (F) and time delay (T)—are used as frequency control variables to solve the UFLS 

optimisation problem. Therefore, the frequency control variables vector (xFC) is mathematically 

written as follows: 

 

 =
 FC 1 2

1 ( 3 )
... ...

UFR
UFR s

i N
N N

x x x x x  (4) 


=    = 1 3

    1,2, ,
s

i i i i UFRN
i Nx ΔP F T  (5) 

and ∆Pi, Fi and Ti are defined in (1)–(3), containing a total number of frequency control variables of 

N = 3NFR × Ns. 

Transmission system operators (TSOs) define several boundaries for UFR parameters according 

to the operational requirements of the power system. As a consequence, the frequency control 

variables are bounded as follows: 

 

   =

 

min max

min max

min max

             1,2, ,

i

i UFR

i

i N

ΔP ΔP ΔP

F F F

T T T

 (6) 

where ∆Pmin, Fmin and Tmin are the minimum limits of the block size of LS, frequency threshold and 

the time delay, respectively. Moreover, ∆Pmax, Fmax and Tmax represent the maximum limit of the block 

size of LS, frequency threshold and the time delay, respectively. 

4.2. Objective Function 

The main objective of optimising the settings of UFRs is to minimise the total amount of load 

shedding after an under-frequency disturbance occurs in order to recover the frequency into 

allowable values and avoid over/under LS conditions produced by wrong settings of the UFLS 

scheme. The objective function is defined as the sum of all active power disconnected by the UFRs, 

and it is written as follows: 

( )
= =

   = = D    FC FC , ,
1 1

min ( ) min
UFR sTN N

LS k i L i
i k

f P P P
x x

x x  (7) 

where PL,i is the total active power of the load controlled by the i-th UFR, ∆Pk,i is the block size of LS 

(% of PL,i) at the k-th activated stage of the i-th UFR and NsT is the number of triggered stages during 

the under-frequency event. Be aware that NsT can be smaller or equal to Ns. 

4.3. Operational Frequency Requirements 

Although the main purpose of optimising the settings of the UFRs is to minimise the total 

amount of load shedding (PLS), the frequency of the power system must fulfil specific operational 

requirements after the action of the UFLS scheme, i.e., frequency quality metrics being inside certain 

limits. Therefore, the operational frequency requirements are included in the optimisation problem 

as a set of inequality constraints based on two frequency quality metrics: minimum frequency (fmin) 

and the steady-state frequency (fss). 
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4.3.1. Minimum Frequency 

After a disturbance, if the frequency falls too deep, the under-frequency protection (UFP) of the 

synchronous generator can be activated and premature generator tripping before system load 

shedding may occur, ultimately leading to unnecessary system collapse. Therefore, it is essential to 

coordinate the UFLS scheme with the UFP of generators. This can be done by ensuring that the 

minimum frequency (fmin) does not reach the operating zone of the UFP of generators. This condition 

can be written as follows: 

( )    





 =
 

= −  =

FC ,1 ,2 , ,
1

, ,

... ...   

     1, ,

UFR
UFR

i N
N

i limit min i UFR

g g g g

g f f i N

g x
 (8) 

where flimit represents frequency limit before the operating zone of UFP of the generators. 

4.3.2. Steady-State Constraint 

Turbine generator units have load operating limitations during abnormal frequency conditions 

to avoid exposing the turbine blades from stress and increasing their lifetime. For instance, at 50 Hz 

nominal frequency, turbine generator units must be protected from prolonged operation below 49.2 

Hz [32,33]. Consequently, the continuous operation of turbine generator units requires the steady-

state frequency (fss) to be inside specific limits as follows: 

 
,min ,maxss ss ss
f f f  (9) 

where fss,min and fss,max are the minimum and maximum limits of fss. This restriction is formulated as 

two inequality constraints as follows: 
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and 
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
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 
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The vector G(xFC) contains the inequality constraints defined in (8), (10) and (11), and it is defined 

as follows: 

( )   
 =  FC FC FC FC 1 3

( ) 0
FRN

G x g (x ) g (x ) g (x )  (12) 

where the total number of inequality constraints of the UFLS optimisation problem is Nineq = 3NFR. 

5. Optimisation Framework 

This section is dedicated to giving a brief description of the improved harmony search 

metaheuristic algorithm used to solve the UFLS problem. Furthermore, the optimisation framework 

developed to calculate the optimal UFLS scheme, which mainly consists of the interface of 

PowerFactoryTM+ Python, is presented. 

5.1. Optimisation Algorithm: Improved Harmony Search (IHS) 

IHS is a metaheuristic algorithm based on the harmony search algorithm proposed by Geem et 

al. [34]. The IHS algorithm is focused on the musical composition process. It mimics the procedure 

that musicians follow to improvise new pitches and create harmonies until they find the best 

harmony. The improvised pitches are represented by the set of variables of the optimisation problem, 

and the best harmony is the set of variables that produces the optimal solution by evaluating the 
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objective function [34]. First, the IHS algorithm is initialised by randomly creating a harmony (set of 

pitches), the harmony is used to evaluate the objective function and it is stored in a memory called 

harmony memory (HM). Then, a new harmony is improvised using the following criteria: selecting 

new pitches from the HM or creating them randomly. The new harmony is compared against the 

worst harmony stored in the HM; the HM is updated if the new harmony is better than the worst 

harmony in term of objective function evaluation. The IHS algorithm stops until it reaches a 

predefined number of improvisations (NI) [35]. This algorithm requires several parameters to be 

initialised: (i) the number of improvisations (NI), which determines the number of times the objective 

function will be evaluated; (ii) the harmony memory size (HMS), which defines the number of 

harmonies that will be stored in the HM; (iii) the harmony memory considering rate (HCMR), which 

is the probability of choosing the new pitches from HM; (iv) the pitch adjustment rate (PAR), which 

is the maximum (PARmax) and minimum (PARmin) probability of adjusting the new pith when it is 

selected from the HM and (v) the maximum (bwmax) and the minimum (bwmin) bandwidth distance 

[35]. 

5.2. Co-Simulation Framework: PowerFactory+ Python 

The optimal UFLS scheme formulated in Section 4 was solved using the IHS algorithm, and the 

practical implementation required co-simulation between two subsystems: one dedicated to 

obtaining the system frequency response of the power system and another dedicated to iteratively 

solving the numerical optimisation problem (see Figure 4). 

PowerFactory Enviroment

Python Enviroment Start

Set boundaries of UFRs parameters 
( Pmin,  Pmax, Fmin, Fmax, Tmin, Tmax)

Set parameters of IHS algorithm 
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Figure 4. Co-simulation framework for optimal UFLS scheme. 

The core of the co-simulation framework for optimal UFLS scheme is the optimisation process 

inside the python environment. It was implemented in the general-purpose programming language 

Python, and the IHS algorithm was taken from a scientific Python library (PyGMO), built to bring 

massive parallel optimisation interface [36]. The framework was complemented using DIgSILENT® 

PowerFactoryTM, which performed time-domain simulations and produced time-series of the 

electrical variables (frequency, active power) and discrete events (insert a disturbance, activation of 

UFRs). 

The optimisation was performed using Python in an automatised close loop with 

PowerFactoryTM. For each improvisation, the UFR settings were taken from the optimisation output 

and placed on the UFRs in the power system model inside PowerFactoryTM. Then, a time-domain 

simulation, including the discrete events, was performed by PowerFactory. The dynamic response of 

the frequency and trigger signal of each stage of UFRs were interpreted at a high level by Python and 
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used to compute the objective function and evaluate the frequency operational requirements. The 

simulation stopped when the pre-set number of improvisations (NI) was reached. The pseudocode 

of the IHS algorithm is presented in Algorithm 1. 

6. Description of the Test System 

The real model of the AURPS was implemented in DIgSILENT® PowerFactoryTM version 2020, 

and it was used to obtain the optimal settings of UFRs of the UFLS scheme. The schematic single-line 

diagram of the AURPS is shown in Figure 5. It consists of 46 loads, 39 lines, 25 two-winding 

transformers, six three-winding transformers and 13 synchronous generators. 

Algorithm 1. Improved Harmony Search Algorithm. 

1: Initialise the IHS parameters: k, NI, HMS, HMCR, PARmin, PARmax, bwmin and bwmax. 

2: HM = random(HMS, n)  % Initialise the harmony memory 

3: while (k < NI):  

4:      for j in range(0, n) 

5:          if rand(0,1) ≤ HMCR  %Harmony memory selection 

6:                j = randint(1, HMS) 

7:                xnew = HM(j,:) 

8:              PARk = PARmin+(PARmax−PARmin/NI)∗k 

9:              if rand() ≤ PARk    % pitch adjustment 

10:                bwk = bwmax∗exp((In( bwmin/bwmax)/NI)∗k) 

11:                xnew = xnew+rand(−1,1)∗bwk 

12:         else     % Random selection 

13:                 xnew = rand(xL, xU) 

14:         x(k,:) = xnew 

15:         if f(x) ≤ f(xworst)   %update the harmony memory  

16:               xworst =  x  

17:     k = k+1    %Stopping criteria 

18: end 
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Figure 5. Schematic single-line diagram of Altai-Uliastai regional power system (AURPS). 

The AURPS is radially interconnected to CRPS, and its power demand–supply highly depends 

on the power import from CRPS. Because the interconnector is exceptionally long, it is susceptible to 

frequent trips due to weather conditions. During interconnection outages, AURPS must be islanded 

and secure operation tried to be kept by activating the UFLS scheme. At this point, the islanded 

AURPS has a significant lack of power generation, and depending on the operational season (summer 

or winter), the inertia/demand levels significantly changes, directly impacting the UFLS performance. 

Currently, the traditional UFLS scheme of AURPS considers the same settings of UFRs for both 

operational seasons (summer and winter). However, the system operating conditions change 

significantly during winter compared to the summer season, as depicted in Table 1. During the winter 

season, local power production decreases 34.78%, and the power consumption increases 94.84% 

compared to the summer season. The decrease in power production and the increase in power 

demand in the winter season creates a significant reduction of system inertia. These operational 

conditions make the AURPS extremely vulnerable to any system event, and the UFLS scheme must 

be carefully adjusted to ensure secure operation of the AURPS. Consequently, in this paper, the 

settings of UFRs were computed for two operational scenarios: (i) high inertia—summer season, 

characterised by a high inertia level and low demand, and (ii) low inertia—winter season, 

characterised by a low inertia level and high demand requiring special attention in calculating the 

setting of UFRs. 

The most significant frequency disturbance in the AURPS is the sudden disconnection of the 

Murun-Telmen 110 kV transmission line, causing a critical operational condition due to significant 

infeed loss. Therefore, this frequency event was used as the worst possible disturbance in AURPS. 

The sudden disconnection of the Murun-Telmen 110 kV transmission line was applied at t = 1.00 s. 

The UFRs installed in the loads were based on a multi-step UFR, function ANSI 81, and the UFRs 

installed in the lines used the model SEL-751A provided in the DIgSILENT® PowerFactoryTM Global 

Library. The UFRs of the loads only had one stage as in the real network; therefore, Ns = 1. 

The boundaries of the frequency control variables were set following the technical and 

operational requirements of AURPS. fmin must not reach values below 47 Hz to avoid intervention of 

the UFP of the generators that are pre-set at 46.0 Hz; therefore, flimit = 47 Hz. The continuous operating 

range of the generation units must be kept between 49.8 and 50.2 Hz; therefore fss,min = 49.8 Hz and 

fss,max = 50.2 Hz. The frequency threshold (fT) should be between 47.6 and 49.4 Hz; therefore, Fmin = 47.6 
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and Fmax = 49.4 Hz. td should be at least six cycles (0.1 s) and should not exceed 18 cycles (0.3 s); 

therefore, Tmin = 0.1 s and Tmax = 0.3 s [29]. 

The set of parameters of IHS algorithm were set as those reported in the literature [37] as: HMS 

= 1.0, HMCR = 0.90, PARmin = 0.35, PARmax = 0.99, bwmin = 1 × 10−5, bwmax = 1.0 and NI = 500. 

7. Results 

This section is dedicated to presenting the outcomes of assessing the optimal UFLS for high 

inertia—summer season and low inertia—winter season scenarios and discussing the results. 

Furthermore, sensitivity analysis is carried out to evaluate the optimal settings. 

7.1. Optimal Settings of UFLS Scheme 

7.1.1. High Inertia—Summer Season 

The optimal setting of the UFRs for high inertia—summer season scenario obtained by 

computing the IHS algorithm are depicted in Table 3. Moreover, the objective function defined in (7), 

evaluated through 500 improvisations, is shown in the convergence curve in Figure 6. The optimal 

settings of UFRs produced a minimum load shedding of PLS(xFC) = 3.144 MW, which was reached in 

improvisation 303. 

Table 3. Optimal UFLS settings of high inertia—summer season scenario of AURPS. 

UFR Location Element ΔP (%) fT (Hz) td (s) 

Baynshand Load 17.845 48.124 0.248 

Baynhairhan Load 43.595 48.644 0.244 

Jargalant Load 12.477 48.401 0.219 

Uildwer Load 29.740 48.784 0.210 

Harzat Load 9.733 47.986 0.188 

Uliastai Line Open 49.317 0.220 

Guulin Line Open 48.720 0.105 

Biger garaa Line Open 48.661 0.126 

 

Figure 6. Convergence curve of optimal settings of UFRs for high inertia—summer season. 

The dynamic response of the system frequency using the optimal settings of the UFLS scheme 

was computed and compared with the traditional UFLS scheme in AURPS. Figure 7 shows the 

frequency response comparison between the optimal UFLS and the traditional UFLS after the 

disconnection of the Murun-Telmen 110 kV transmission line. Moreover, Figure 8 depicts the active 

power of the loads and lines and also shows the trigger sequence of the UFRs during the outage. 



Energies 2020, 13, x FOR PEER REVIEW 13 of 19 

 

 

Figure 7. Frequency response in AURPS after disconnection of the Murun-Telmen 110 kV 

transmission line for high inertia—summer season scenario. 

 

Figure 8. UFRs action in high inertia—summer season scenario: (a) active power; (b) trigger signal of 

the UFRs. 

From Figure 7, it can be observed that the traditional UFLS scheme produced an over-frequency 

condition that caused the frequency to reach values above 53 Hz, which could result in activation of 

the over-frequency protection of the synchronous generators. The frequency quality metrics were 

computed to verify the positive improvements of the optimal UFLS scheme in the frequency response 

compared with the traditional UFLS, and the results are presented in Table 4. The optimal UFLS 

scheme prevented an unnecessary load shedding of 1.056 MW. It improved fmin by reducing the 

frequency depth by 0.232 Hz and avoided an over-frequency of continuing operation by settling the 

frequency at 49.8 Hz. The optimal setting of UFRs fulfilled the technical and operational constraints 

defined in (12). 

Table 4. Frequency quality metrics of high inertia—summer season scenario. 

UFLS Type PLS (MW) fmin (Hz) fss (Hz) tmin (s) 

Traditional 4.200 47.279 50.368 1.990 

Optimal 3.144 47.511 49.800 2.160 

7.1.2. Low Inertia—Winter Season 

The disconnection of the Murun-Telmen 110 kV transmission line becomes extremely dangerous 

for the AURPS in low inertia—winter season scenario because demand is the maximum and small 

hydropower plants are out of service. Therefore, it is crucial to optimally compute the proper UFR 

settings. 



Energies 2020, 13, x FOR PEER REVIEW 14 of 19 

 

The convergence curve of the objective function defined in (7) is presented in Figure 9. The IHS 

algorithm reached the minimum value at improvisation 348, indicating that optimal settings of UFRs 

depicted in Table 5 produced a minimum load shedding of PLS(xFC) = 4.803 MW. 

Table 5. Optimal UFLS settings of low inertia—winter season scenario of AURPS. 

UFR Location Element ΔP (%) fT (Hz) td (s) 

Baynshand Load 84.818 49.003 0.264 

Baynhairhan Load 5.049 47.661 0.275 

Jargalant Load 72.712 48.816 0.108 

Uildwer Load 5.001 48.382 0.161 

Harzat Load 74.248 49.108 0.150 

Uliastai Line Open 49.120 0.187 

 

Figure 9. Convergence curve of optimal settings of UFRs for low inertia—winter season. 

The optimal settings of the UFRs were evaluated by performing dynamic simulation of the 

AURPS model, applying a frequency event by disconnecting the Murun-Telmen 110 kV transmission 

line. Figure 10 shows the frequency response comparison between the traditional UFLS and the 

optimal UFLS. Using the traditional UFLS caused the minimum frequency to reach values below the 

frequency limit (flimit = 47 Hz). This condition was caused by the inertia reduction, the increase in the 

power demand and the UFR parameters having the wrong setting. In contrast, the frequency 

response was improved by using the optimal settings, thereby avoiding activating UFP of the 

generators and a possible system collapse. 

 

Figure 10. Frequency response in AURPS after disconnection of the Murun-Telmen 110 kV 

transmission line for low inertia—winter season scenario. 

The active power disconnected and the trigger sequence of the UFRs during the outage are 

depicted in Figure 11. Before the UFR action, the negative value of active power in Uliastai indicates 

that the power flow direction has changed during the outage. 
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Figure 11. UFR action in low inertia—winter season scenario: (a) active power; (b) trigger signal of 

the UFRs. 

Table 6 presents the frequency quality metrics of the optimal UFLS and traditional UFLS scheme. 

The optimal setting of UFRs significantly improved the frequency response by taking fmin out of the 

operating zone of UFP of generators, thus reducing the frequency depth by 0.978 Hz. Moreover, it 

prevented the unnecessary disconnection of 0.29 MW, and the frequency constraints defined in (12) 

were fulfilled. 

Table 6. Frequency quality metrics of low inertia—winter season scenario. 

UFLS Type PLS (MW) fmin (Hz) fss (Hz) tmin (s) 

Traditional 5.093 46.164 49.955 1.775 

Optimal 4.803 47.142 49.804 2.038 

7.2. Sensitivity Analysis 

The optimal UFLS scheme formulation was focused on obtaining a set of optimal parameters 

(Ns, ∆P, fT, td) for the UFRs that produce the minimum load disconnection during a frequency event 

and at the same time satisfy some frequency requirements. A sensitivity analysis was carried out to 

ensure that the resulting settings were optimal. This was done by decreasing the optimal block size 

of load shedding (∆P) in all UFRs to demonstrate that another set of parameters (Ns, ∆P, fT, td) did not 

exist for the UFRs that would cause minimum total load disconnection (calculated using (7)) and 

would satisfy the operational frequency requirements defined in (12). 

The sensitivity analysis consisted of decreasing ∆P from 1% to 5% of its optimal values and 

observing the frequency quality metrics to ensure the set of parameters would meet the mentioned 

frequency constraints. The results of the sensitivity analysis are presented in Figure 12. 

 

(a) 
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(b) 

Figure 12. Frequency response by decreasing ∆P from 1% to 5%: (a) high inertia—summer season; (b) 

low inertia—winter season. 

The sensitivity analysis for high inertia—summer season scenario, presented in Figure 12a, 

showed the steady-state frequency settled between 49.795 and 49.774 Hz for 1% and 5% of ∆P 

reduction, respectively, violating the constraints defined in (10), which determines that fss,min must be 

greater or equal to 49.8 Hz. Moreover, the minimum frequency was between 47.384 and 46.222 Hz 

for 1 and 5% of ∆P reduction, respectively. Even though, for 1% of ∆P reduction fmin satisfied (10) and 

(11), the constraint of steady-state was not fulfilled. Meanwhile, for low inertia—winter season 

scenario, neither of the constraints defined in (12) were satisfied due to the minimum frequency 

falling below the frequency limit (flimit = 47 Hz) and the steady-state frequency being lower than fss,min 

for all percentages of ∆P reduction (see Figure 12b). Therefore, it has been proved that the UFLS 

parameters of high inertia—summer season and low inertia—winter season scenarios are optimal. 

8. Conclusions 

The optimal UFLS scheme developed in this paper allows computation of the optimal settings 

of UFRs and minimisation of the total amount of load shedding. Moreover, the set of frequency 

constraints that are defined to ensure the operational frequency requirements are satisfied, and the 

sensitivity analysis demonstrates that the calculated parameters of UFRs are globally optimal. This 

methodology can be used to calculate optimal settings of the UFLS scheme of any power system and 

allows the user to choose which variables they want to include in the optimisation process. 

The computation of the UFR parameters of the UFLS scheme is carried out by applying a new 

approach that calculates the parameters of each UFR instead of assuming that UFRs have the same 

parameters. In this new methodology, the IHS metaheuristic algorithm is used; the set of frequency 

constraints defined in the optimal UFLS scheme allowing the minimum frequency as well as the 

steady-state frequency to be limited into desired values, even in significantly deteriorated operational 

scenarios, such as the ones with low inertia and high demand. This represents the main advantage as 

an unnecessary load shedding is prevented, and it is ensured that the frequency will be within the 

operational requirements of the power system. 

The proposed optimal UFLS scheme was tested on the model of one regional power system 

belonging to the Mongolian power system, obtaining satisfactory results. The optimal UFLS scheme 

is suitable for replacement of the traditional UFLS scheme of AURPS as it was calculated using real 

data to model AURPS in DIgSILENT® PowerFactoryTM and to perform the optimisation. Moreover, 

the optimal UFLS scheme overcomes the current UFLS scheme of AURPS, providing optimal settings 

for two operational scenarios: high and low inertia.  
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