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Abstract—Electricity blackout can be treated as critical 

situation of any country in economical, political, and security 
point of view. Therefore, underfrequency load shedding is one of 
the most important protection systems, as in many cases it is the 
last measure for preventing system blackout after serious 
disturbances occur in the power system. First, the static analysis 
of Slovenian power system has been performed to determine 
most probable islands in Slovenian system. Next, the dynamic 
analysis of one of these islands has shown, that the frequency 
gradient alone can give very misleading information about the 
active power deficit in an island. Several other variables must 
also be taken into account. Finally, a draft of a gradient based 
underfrequency load shedding scheme is presented, which 
highlights the gradient use problems and shows the potential of 
considering second frequency gradient as an indication of turbine 
governor response. 
 

Index Terms—Load shedding, frequency response, island 
operation, dynamic analysis. 

I.  INTRODUCTION 
OTAL system collapse can in certain situations be 
avoided by isolating a certain part of the power system 

which finds itself in a so called island operation. Forming of 
an island can be a measure to avoid total blackout or it can be 
a consequence of undesirable events in a system, which cause 
transmission system elements outages. 

In recent years terrorist attacks throughout the world are 
becoming more frequent. Electrical power system is expected 
to be one of the possible targets, as a tremendous damage on 
many fields can arise from total or even partial system 
collapse. Following these assumptions, appropriate measures 
have to be taken trying to avoid the worst. The main purpose 
of a power system is to power the consumers with quality 
electricity. Therefore the main effort in forming the 
appropriate underfrequency load shedding (UFLS) mechanism 
has to be the minimization of load tripping. The preservation 
of islands is preferred in order to achieve this goal. 
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of Slovenia first the static analysis of Slovenian power system 
was made in order to get enough information about the 
vulnerability of the system. Basic conclusions that arise from 
the analysis are presented in this paper, while more detailed 
information is given in [6]. 

The main subject of this paper deals with the dynamic 
transition into the island operation. As the lack of active power 
generation in an island causes rapid frequency decline, an 
automation procedure must be applied to shed load before 
frequency reaches the lowest acceptable limit. 

While trying to define the most appropriate underfrequency 
load shedding scheme, the detailed analysis of parameters that 
influence the frequency trajectory has been performed. 
Frequency gradient was used in several papers ([1],[2]) to 
determine the initial active power deficit via frequency 
response model, presented in [3]. Our research has shown that 
certain other factors also can not be ignored or assumed to be 
constant, as frequency gradient can otherwise give very 
misleading information about the active power deficit in an 
island.  

In the following chapter the results of the static analysis are 
briefly discussed. Next, the determination of initial active 
power deficit via simple formula given by frequency response 
model is analyzed. The overview of detected influential 
factors which effect the frequency decay rate is presented. A 
chapter containing proposed UFLS scheme follows, along 
with the test results of using it in a small island (containing 
four generating units). Finally the conclusions will be drawn. 

II.  STATIC ANALYSIS 
Static analysis of Slovenian power system was performed 

in order to detect vulnerable points of Slovenian system and to 
make a list of possible islands, that might occur. The 
importance of predicting the island boundaries is discussed in 
chapter IV. In order to obtain the proper simulation results the 
whole Slovenian transmission system was modeled along with 
the 400 and 220 kV grid of the neighbouring countries. Many 
different combinations of undesirable events were simulated 
using load flow calculations. These events included most 
probable and also less probable outages in the circumstances 
of maintenance work on certain other system elements. In this 
way practically the worst case scenario was analyzed, as 
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events that are not included in the contingency analyses are 
also simulated. Considering thermal limits of transmission 
elements, such as power transformers and transmission lines, a 
sequential outages were simulated with the repeated load flow 
calculations. The authors are aware that the dynamic analysis 
of such events is necessary to obtain more accurate results, but 
also the results of the static analysis gives enough indication 
of possible islands. 

Five biggest islands, that are expected to arise, are depicted 
in Fig. 1. Smaller islands are also expected, most of them in 
the Gorenjska region. One of such islands is used as a test 
system for further analysis of dynamic transition into island 
operation.   

 
Fig. 1.  Bigger islands expected in Slovenian power system 
 

More detailed description of the analysis in question is 
given in [6]. 

III.  DETERMINATION OF INITIAL ACTIVE POWER DEFICIT 
The approximate frequency response of a power system can 

be calculated applying equation given in [3]. The formula is 
derived from introducing the equivalent generating unit. Its 
apparent rated power equals the sum of rated powers of 
individual units and the equivalent inertia constant is 
calculated as: 
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The quantities in (1) are: 
Heq - the inertia constant of an equivalent generating unit, 
Hi - inertia constant of the i-th generating unit, 
Sn,i - apparent rated power of the i-th generating unit, 
n - the number of all generating units replaced by an 

equivalent machine. 
Considering the equivalent generating unit, various authors 

based their initial active power deficit determination on the 
following simple formula:  
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The formula itself determines that frequency gradient 
(dΔω/dt) at t = 0, where t denotes time, depends only on 
inertia constant (Heq) in seconds and the active power deficit 
PSTEP in the system. In order to implement the use of (2) in 
practice, it is crucial to correctly recognize the quantities and 
their units. 

The system frequency ω in (2) is in per unit values, based 
on the nominal system frequency ωN. Converting from radians 
to Hertz, similar can be written for system frequency f, based 
on fN = 50 Hz. PSTEP on the other hand is also defined in per 
unit, but based on the system voltampere base, which is said to 
be equal to the sum of the ratings Sn,i of all generating units in 
the system, i.e. the rating of the equivalent generator (Seq): 
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Considering above equations, the active power deficit in 
MW (Pdef) can be written as: 
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Active power deficit Pdef is determined by four factors: 
– initial active power generation in the system (i.e. in the 

moment just before the system disturbance) PG0, 
– initial active power consumption (load) in the system 

(i.e. in the moment just before the system disturbance) 
PL0, 

– turbine governor reaction to a disturbance (depending on 
spinning reserve) ΔPtur, 

– active power load changing ΔPL due to voltage and 
frequency deviations from their prefault values. 

The generator and power network losses are not included, 
as they are not considered in further derivations.  

A.  Load’s Dependence on Voltage Deviations 
Equation (4) is theoretically relevant at t = 0. Neither 

frequency nor it’s gradient can be measured so quickly after 
the disturbance to meet this requirement. First reason is a 
certain time delay of measuring instruments. Second, at the 
time of island forming, many transient phenomena occur in 
the system, which reflects in the distorted measurements. 
Third, the boundaries of the island also can not be detected 
without some time delay, that is determined by a 
communication link capabilities between protection relays and 
the SCADA system. Island configuration must namely be 
known in order to calculate Heq and Seq. 

Even though the frequency can be correctly measured in a 
few voltage periods, the voltage drop in the meantime reflects 
on the load’s active and reactive power. One example that 
confirms this statement is the use of voltage drop in the system 
for determining the location of the disturbance ([4]). An 
importance of the voltage dynamics while measuring 
frequency changing was stressed also in [9]. In addition, many 
other authors ([7],[8],[10]) draw the attention on considering 
especially load’s voltage dependence. The load’s frequency 
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dependence on the other hand can be neglected, as frequency 
does not drop for more than 0.1 % during the measurement 
time delay. As already stressed, measurement should 
theoretically be made at t = 0 when the frequency does not 
deviate from its nominal value yet. 

Due to slow response of mechanical turbine valves 
controlled by a turbine governor, compared to a frequency 
decay rate, it can be concluded that turbine output remains 
constant when (4) is relevant. Its influence on initial active 
power deficit can therefore be neglected. 

One of possibilities to mathematically model the load’s 
voltage dependence is: 
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where PL and QL represent the current values of system 
load’s active and reactive power, PL0,i and QL0,i i-th load’s 
initial active and reactive power just before the disturbance, Ui 
the current voltage on the i-th load bus, U0,i the voltage of the 
i-th load bus in the steady state just before the disturbance, m 
the number of load busses in the system, αi the factor depicting 
active power dependence of the i-th load and βi the factor 
depicting reactive power dependence of the i-th load on 
voltage deviations. 

It is reasonable to assume that after load shedding is 
completed and the system stabilizes, the remained load to a 
great extent reaches its initial value of active and reactive 
power. Therefore, in the process of determining the initial 
active power deficit, the effect of voltage drop on Pdef must be 
eliminated. Neglecting system losses, Pdef can be written as: 

Lturdef PPP −=  (6) 

where PL stands for current system load active power and 
Ptur for the sum of a pre-disturbance mechanical power on the 
turbine (Ptur,0) and the additional turbine power due to 
governor reaction ΔPtur (it is said to be neglected at t ≈ 0). 
Inserting the load characteristics (5) in (6) we retrieve the 
value that we consider as required total shedding amount in 
MW: 
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For practical reasons, it is more appropriate for 
underfrequency relays to have the information about the 
percentage of the total load that needs to be tripped. Therefore 
the deficit is expressed as a percentage of total loading in the 
system, just before the disturbance occurs: 
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Ptrip represents the percent value of active power deficit in 
an island which directly determines the required total shedding 
amount, that would completely annul the imbalance between 
generation and consumption. The first summand in (9) 
represents the calculated active power deficit without 
considering load decrease ("Deficit - Part 1") and the second 
summand the modification ("Deficit - Part 2"), that eliminates 
the influence of voltage drop on calculated active power 
imbalance. 

The change in frequency gradient due to voltage deviations 
is considerable, and depends also on the initial loading of the 
system PL0. This can be seen from (10), that can be retrieved 
by considering (4) and (7). 
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Similar role as "Deficit - Part 2" has in (9), f2’ has in (10). It 
is evident that f2’ can not be determined without knowing the 
initial system loading PL0,i, factor αi and voltages on load 
busses.   

The importance of considering f2’ has been shown using 
one of the small islands, expected to arise in the Slovenian 
power system in case of a serious blackout threat. This island, 
depicted in Fig. 2 was also used as a test system for proposed 
UFLS scheme. 
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Fig. 2.  Test system (island) with four generating hydro units and four load 
centers. 

 
The test was performed in such a way, that the initial 

system loading PL0 was varied from 90 MW to 150 MW, 
while the active power deficit MW value (ΔP) was kept 
constant by increasing generation. As simulations were 
repeated for four different values of ΔP, columns of four 
different colors are depicted in Fig. 3.  

From Fig. 3 it is evident, that not only ΔP, but also PL0 
determine the frequency gradient. Higher the system loading, 
higher the gradient for the same ΔP value. For conditions with 
higher PL0 the value of f2’ can become a substantial part of the 
total value of frequency gradient (e.g. for ΔP = 80 MW and 
PL0 = 150 MW f2’ represents almost 23 % of total frequency 
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gradient). If the load was defined as a constant active and 
reactive power, the use of f2’ would no longer be needed. It is 
necessary to stress that in reality, factors αi and βi are usually 
different than zero and vary not only from one part of the 
system to another but also from time to time. 
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Fig. 3.  Value of f2’, depending on initial system loading, and initial active 
power deficit in MW 

IV.  PROPOSED UFLS SCHEME 

A.  Gradient curves 
From the derivations made so far it can be concluded that 

the following parameters of the island have to be known, if the 
frequency gradient is to be used for determination of the initial 
active power deficit: 

– the boundaries of the island (connected generation units 
with their parameters and load busses in the island), 

– island’s load bus voltages, 
– the characteristics of connected load (factors αi), 
– the pre-disturbance loading of the system in MW. 
Especially the latter is difficult to obtain and represents at 

the same time also the key factor for determination of the 
required shedding amount. This is the reason, why it is 
reasonable to estimate it in another way. It is suggested that a 
preceding analysis of the whole system in question is done, 
which would give as the result the list of most probable islands 
(as is briefly described in chapter II.). Even though authors in 
[1] express a certain concern about a feasibility of such 
studies, we find it necessary for using frequency gradient in 
order to improve the currently used UFLS schemes. 

First, an estimated value of system loading should be 
acquired from the process of predicting the system load 
carried out by the system operator. Next, for each expected 
island and predicted system load, the so-called "gradient 
curves" are to be calculated. These curves give the linear 
relation between active power deficit in percent and the 
measured frequency gradient. As certain parts of the system 
could find themselves in different islands, a few different 
curves should be used by the same relays. 

A gradient curve is a linear function of the frequency 
gradient, but is strongly dependent on the following 
parameters: 

– loading of the system PL0, which determines the 
steepness of the curve, 

– voltage profile of the system and the load characteristics 
αi, which together define the parallel location of the 
curve. 

Mathematically, this can be written as: 

21 g
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where g1 = g1 (Seq, Heq, PL0,i) and g2 = g2 (Ui, αi). Functions 
g1 and g2 can be derived from (4) and (9): 
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The principle of determining the gradient curve is 
graphically depicted on Fig. 4.  

 
Fig. 4.  The principle of a "gradient curve" 

 

It can be observed that frequency gradient measurement 
alone can give misleading information about the active power 
deficit, as long as PL0, bus voltages Ui and factors αi are 
unknown. Therefore, the gradient curve should be defined 
according to the above mentioned parameters. This is one of 
the major concerns arising when using the frequency gradient 
for determination of initial active power deficit. 

B.  Load shedding 
Once the initial active power deficit Ptrip is calculated via 

gradient curve, the procedure of step-by-step load shedding 
must be applied. The load shedding is based on value of Ptrip 
and follows listed guidelines: 

– frequency must not drop under lowest acceptable value 
of 47.5 Hz, 

– frequency overshoot is not desired, 
– bigger shedding steps are scheduled prior to lower 

shedding steps (it is reasonable to lower the frequency 
decay rate as soon as possible in order to give the turbine 
governor enough time to react), 

– total load shedding amount must be minimized (to keep 
supplied as much load as possible), 

– monitoring the second frequency gradient gives us the 
information about the turbine governor, voltage control  
and load changing response, 

– individual shedding steps should not interfere with one 
another (shedding steps should not be too close together). 

It should be noted that not more than 20 % of the spinning 
reserve can be obtained in the first few seconds following the 
island formation ([5]). Shedding steps in the proposed scheme 
are adjusted accordingly. 

The threshold for the first load shedding step is determined 
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to be at 49 Hz. Frequency of 47.5 Hz was used as the lowest 
frequency acceptable limit and 50.0 Hz as the overshoot 
milestone. For the first shedding step only 60 % of Ptrip has 
been selected. Using this value, frequency gradient changed 
sufficiently in all simulated cases. If there is no spinning 
reserve available or it is less than 40 % of Ptrip, additional 
checkpoints have to be introduced in the continuation. 
Locations of these checkpoints were selected corresponding to 
the frequency thresholds of the currently used UFLS scheme 
in the Slovenian power system (48.8 Hz, 48.4 Hz and 48.0 Hz) 
and can be reached only if the frequency decreasing continues. 

In every checkpoint two conditions are examined: 
– condition 1: gradient increase with regard to previous 

checkpoint has to exceed a certain predefined value (10 
% is used in our case): 
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– condition 2: second frequency gradient has to exceed a 
certain positive constant ε (10-5 is used in our case): 

ε≥2

2

dt
fd k  (15) 

Denotations k and k-1 represent current and preceding 
checkpoint, respectively. If both conditions are satisfied, the 
shedding step at the current checkpoint is left out, otherwise it 
is executed. If conditions are not met in any of three 
checkpoints, the shedding is executed in a sequence 20 – 10 – 
10 % of Ptrip. In order the scheme to be reliable, another (final) 
shedding step is introduced at 47.5 Hz. It is executed only if 
frequency reaches this limit, while its amount is equal to the 
sum of all shedding steps left out during frequency fall. 

In this manner frequency can not drop under 47.5 Hz, as 
the previous analyses have confirmed that Ptrip is estimated in 
"better more than less" manner. The proposed scheme, 
graphically shown in Fig. 5, therefore crucially depends on the 
initial active power deficit estimation and consequently on a 
gradient curve determination. 

V.  EXAMPLE OF USING PROPOSED UFLS SCHEME 
The examples presented in this chapter have been carried 

out applying software for simulating electric power system 
dynamics. As a test system, a dynamic model of a small island 
in Slovenia was built (Fig. 2). The effectiveness of the 
proposed UFLS scheme has been estimated by comparison to 
currently used UFLS scheme in Slovenian power system, 
which is based merely on measuring the value of frequency. 
Also, shedding in a predefined amounts takes place at certain 
threshold, which are summarized in Table I. 

The results of different initial system loading PL0 are 
presented, namely PL0 = 152 MW (study case 1) and PL0 = 81 
MW (study case 2). In Table II the results of the existing and 
the proposed UFLS scheme are presented. As can be noticed 
from the results on one hand the considerable amount of load 
can be prevented from tripping compared to existing UFLS 
scheme (in study case 1 up to over 40 % improvement 

compared to the currently used scheme - at Ptrip = 40 % - time 
domain simulation is shown in Fig. 6). On the other hand, in 
all situations the system survives, i.e. no blackout occurs. The 
proposed UFLS scheme does not shed load in a predefined 
pattern, but according to the estimated value of deficit, which 
is done via gradient curve. In this way no “guessing” about the 
total shedding amount takes place. 

 
Fig. 5.  The overview of a proposed UFLS scheme based on the preceding 
determination of island boundaries. 

 

TABLE I 
CURRENTLY USED UNDERFREQUENCY LOAD SHEDDING SCHEME IN 

SLOVENIAN ELECTRIC POWER SYSTEM 

Stage Frequency 
[Hz] Measure 

I. 49.0 10 % of load shed 
II. 48.8 additional 15 % of load shed 
III. 48.4 additional 15 % of load shed 
IV. 48.0 additional 15 % of load shed 

 
 

By not shedding load at certain checkpoints, where the 
conditions 1 and 2 are satisfied, it is possible to shed less load, 
as the shedding criteria is determined in a way that tries to use 
as much turbine governor response as possible. The main 
contribution here is the use of a second frequency gradient. It 
namely reflects the velocity of changing frequency trajectory 
and directly reflects the impact of frequency and voltage 
regulation along with the load changing on frequency 
trajectory. In order to assure, that proposed shedding strategy 
would be more efficient than currently used scheme in all 
cases (from Table II it is evident that this is not the case at the 
moment), additional studies of second frequency gradient use 
are in progress and the current retrieved results are optimistic. 

VI.  CONCLUSION 
After presenting the analysis results it is possible to 

summarize, that many factors influence the initial frequency 
gradient in the process of transition into island operation. Not 
only previously known inertia constant, rated power of 
connected generators and current MW deficit influence, but 
also initial system loading, voltage profile of the system and 
consequently the load voltage characteristics. Only by 
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knowing all of these parameters it is possible to determine a 
gradient curve, that precisely defines the relation between 
initial frequency gradient and initial active power deficit. 
Without information just mentioned the gradient could provide 
strongly misleading information about the island active power 
deficit value. 

 

TABLE II 
COMPARISON OF SIMULATION RESULTS USING CURRENTLY USED UFLS 

SCHEME AND THE PROPOSED UFLS SCHEME 

Ptrip 
[%] 

Shedding amount [%] 
Currently 
used UFLS 

scheme 
Study case 1 

Proposed 
UFLS 

scheme 
Study case 1 

Currently 
used UFLS 

scheme 
Study case 2 

Proposed 
UFLS 

scheme 
Study case 2 

20 10.0 12.0 0.0 0.0 
25 10.0 15.0 10.0 15.0 
30 25.0 17.9 10.0 18.0 
35 25.0 20.9 25.0 21.0 
40 40.0 23.9 25.0 24.0 
45 40.0 26.9 25.0 27.0 
50 40.0 34.9 25.0 30.0 
55 55.0 38.4 40.0 33.0 
60 55.0 41.9 40.0 36.0 
65 55.0 65.0 40.0 39.0 
70 blackout 70.0 55.0 42.0 
75 blackout 75.0 55.0 45.0 
80 blackout 80.0 55.0 56.0 

 

 
Fig. 6.  The time domain simulation of currently used (dashed line) and 
proposed (solid line) UFLS scheme at Ptrip = 40 % 

Such dependence of frequency gradient makes it 
impossible to construct an universal UFLS scheme that would 
be suitable for every power system without certain parameters 
modification. Beforehand analyses are needed to correctly 
parameterize the underfrequency relays in order to shed the 
appropriate load amount for each predefined island.  

The proposed UFLS scheme takes advantage of the 
information that is accesible via measuring second frequency 
gradient, namely the level of different regulation influense on 
frequency trajectory (i.e. turbine governor, voltage control). 
The scheme has been tested on a small test system and shows 
considerable improvements compared to shedding amount of 
currently used scheme in the Slovenian power system. 
Besides, by using the proposed scheme power system blackout 
can always be avoided. Further work on the subject will 
include mostly more detailed analysis of the second frequency 
gradient and its use in further reduction of load shedding 
amount. 
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