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Abstract—An adaptive under-frequency load shedding 
scheme for an island power system is presented. This scheme 
monitors the frequency at the each generation bus in the 
system and employs a modified swing equation to estimate the 
power imbalance in the system following a disturbance and 
shed load accordingly at the feeder level. A reduced order 
system frequency response model was also developed and used 
to study the transient performance of the proposed scheme. 
The results presented illustrate this adaptive scheme is 
predictable and effective at curtailing the frequency deviation 
following the loss of the largest infeed on the Trinidad & 
Tobago power system. In all the cases studied, the power 
imbalance was found to be within 2% of the actual and the 
frequency recovered to within 99.5% of nominal in less than 8 
seconds. 

Index Terms—Under-frequency Load Shedding (UFLS); 
Adaptive Control; Wide Area Monitoring and Control; System 
Frequency Response (RFS). 

I. INTRODUCTION  

An under-frequency load shedding (UFLS) scheme is a 
remedial action scheme used in power systems to mitigate 
collapse following significant generation loss. This type of 
scheme is particularly important in small island power 
systems, such as those in the Caribbean, since such power 
systems typically have relatively large individual generating 
units in relation to the electrical size of the system and low 
system inertia. Thus, the loss of a unit generally results in a 
large power imbalance and consequently severe frequency 
excursion. Frequency remains constant as long as the active 
power supply and demand is instantaneously equal. 
Therefore, any shortfall in active power supply is drawn 
from the power system’s rotational kinetic energy, thereby a 
reducing the speed of the online generating units and hence 
system frequency. The reverse is also true.  

Low frequency operation of a power system for an 
extended period can lead to excessive turbine vibration, 
overheating of generator units and transformers as well as 
reduced plant output [1]. The latter can cause further unit 
trips, resulting in power system collapse. Such power 
systems may not be equipped with automatic generation 
control and therefore an automatic UFLS scheme is generally 
the last resort again system collapse. 

This paper presents an adaptive UFLS scheme for an 
island power system. Case studies were performed on the 

Trinidad and Tobago power system to assess the adequacy of 
this UFLS scheme design.  

II. FREQUENCY CONTROL 

The control of frequency in isolated power systems, such 
as an island power system, is often accomplished by means 
of droop response and/or manual control of online units 
providing spinning reserve [2]. However, an automatic 
UFLS scheme is typical added to offset the cost of spinning 
reserves and to prevent a system collapse in the event the 
primary means of control fails to arrest a declining system 
frequency. Automatic UFLS schemes are generally 
categorized as either conventional (static) or adaptive. 

A. Conventional or Static UFLS schemes 

The conventional UFLS scheme is widely used and is 
considered static by design, since it consists of a number of 
fixed demand blocks that are shed once the frequency falls 
below the respective predefined thresholds [3]. Its 
widespread use is a consequence of its simplicity and the 
limited capability of traditional field devices. Due to the 
replacement of many of these field devices with 
microprocessor based devices, grid operators have been 
showing an inclination to replace or augment absolute 
frequency threshold settings with rate of change of 
frequency settings in the traditional static scheme [4, 5]. The 
latter can be considered, a hybrid static UFLS scheme. 

 
Static UFLS schemes, however, suffer from being too 

deterministic [4] whereas the contingency which they are 
design to respond to is not. Furthermore, the decline of the 
system frequency following a loss of generation is not a 
smooth rate of decline but rather oscillatory in nature due to 
the interaction of the remaining generators. This implies that 
the use of the rate of change of frequency measurement is 
unreliable [3]. The fundamental weakness identified with a 
static scheme, however, is that a mismatch generally occurs 
between the demand shed and the generation deficit, which 
often results in over- or under-shedding [2-8]. 

B. Adaptive UFLS schemes 

Ideally, an adaptive UFLS scheme is expected to detect 
an under frequency condition, determine the magnitude of 
the imbalance and quickly remove load equal to the 
imbalance to return the power system to a state of 
equilibrium. This imbalance is mainly determined from the 
swing equation of the equivalent system [1] and [5-8] 
according to (1).  
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  (1) 

where ∆P is the power imbalance in per unit, H is the 
equivalent system inertia, fo is nominal frequency and dfc/dt 
is the rate of change of frequency at the centre of equivalent 
inertia. However, the value of H decreases as a result of the 
event, therefore this equation will always overestimate the 
power imbalance if the value of H prior to the loss of 
generation is used. Nonetheless, it was demonstrated in [5-
8] to be superior to the conventional scheme. 

Two approaches have been put forward for the real time 
estimation of the generation shortfall, these being a 
distributed approach [1, 2] and a centralized approach [5-8]. 
The distributed approach is challenged by the oscillatory 
nature of the power system and the inability to accurately 
determine and coordinate the load shed located elsewhere in 
the system. These limitations are easily overcome with the 
centralized approach; however a reliable communication 
network is necessary for operation.  

III. STATIC UFLS IN AN ISLAND POWER SYSTEM 

Trinidad and Tobago (T&T) is a twin island republic 
lying just off the northeastern coast of Venezuela. The T&T 
power system has an approximate peak power demand of 
1350 MW and no interconnection to the grids of 
neighboring territories. As such, it suffers from all of the 
challenges highlighted in Section I. Thus, maintaining 
frequency within an acceptable tolerance (± 0.5%) of 
nominal system frequency (60 Hz) poses a serious challenge 
under conditions of large generation deficiency.  

 
Consequently, the grid owner and operator, the Trinidad 

and Tobago Electricity Commission (T&TEC), 
implemented a static UFLS scheme in the 1980’s to aid in 
the control of active power balancing under conditions of 
low frequency operation. This scheme is summarized in 
Table I. It was last comprehensively reviewed in 1989 at 
which time the system peak demand was under 600 MW.  

 
TABLE I.  T&TEC UFLS SCHEME 

Stage Trip 
Frequency 

(Hz) 

Time 
Delay 

(s) 

Reset 
Frequency 

(Hz) 

Demand 
Shed (MW) 

1 59.1 0.3 59.2 0-160 

2 58.9 0.3 59.0 60-80 

3 58.7 0.0 58.8 50-70 

4 58.5 0.0 58.6 95-125 

A. System Modeling  

To assess the performance of this scheme a transient 
model of the T&TEC system was required. Several methods 
are used throughout the literature for the analysis of an 
UFLS schemes. The preferred and most accurate method is 
a full-scale stability model of the given power system [3]. 
However, this requires information on all system 
parameters, which is (often) not readily available. An 
alternative approach often used [1, 4], is a system frequency 
response (SFR) model. This model is simpler, since it 
neglects all the non-linearity of the network by assuming 

that the generating units are connected to a single bus bar 
that is supplying a lumped demand. It has been proven in [9, 
10] to be effective at estimating the average system 
frequency following a disturbance. Another method is the 
exponential method, which considers only the inertia and 
damping and neglects the behavior of the governors. This 
result in gross inaccuracies following the initial rate of 
frequency decline and is therefore not widely employed [9]. 

Consequently, an SFR model of the T&TEC system was 
developed in MATLAB’s Simulink. This SFR model 
comprised a reduced order turbine-governor model, a 
combined load and inertia model and the UFLS model, as 
shown in Fig. 1. The input variable to the model (Pd) is the 
per unit disturbance defined such that: 

• Pd > 0 for a sudden loss of generation, 
• Pd < 0 for a sudden loss of load. 

The output of the model (df) is the per unit change in the 
average system frequency in response to a given 
load/generation imbalance in the system (Pd). The response 
of the governor model was limited to available spinning 
reserve. 

 
Fig. 1: SFR Model of T&TEC power system with UFLS. 

B. Simulation and Results 

Simulation was carried out in the Simulink environment 
for the loss of the largest infeed under minimum, average, 
and maximum loading scenarios. For this, actual dispatch 
data obtained from T&TEC was used, since the SFR model 
does not allow for load flow determination. From the 
dispatch data, the individual machine rating (MVAi), H-
constant (Hi) and output (MWi) under a minimum, average 
and maximum system demand were extracted, as shown in 
Table II. These were used to determine a running system 
rating (in MVA) and total system inertia (in MW-Sec); the 
magnitude of generation loss (MW/MVA) and the system 
inertia following a given event for each loading scenario.  

The system responses to the loss of the largest infeed for 
minimum, average, and maximum demands are shown in 
Fig. 2. At minimum demand the load shed was sufficient to 
bring the frequency back into the normal operating 
frequency band (59.7 – 60.3 Hz). However, at average and 
maximum demands the UFLS was overly conservative 
shedding 38 and 54% more than the amount of generation 
lost respectively. This is due to the large variability of the 
stage 1 demand block (0 – 160 MW) of the UFLS scheme. 
However, this scheme also suffers from the additional 
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weaknesses of: 1) repeated disruption of the same demand 
blocks and 2) the inability to exempt critical loads, such as 
hospitals, due the relatively large block sizes. 

TABLE II.  T&TEC’S GENERATION DISPATCH DATA 

Unit  
 

MVAi  Hi 

(sec) 
Si * Hi MWi 

Min.  
MWi 

Avg. 
MWi 

Max. 

POS #1 62.50 3.95 246.88 37 38 38 

POS #3 94.00 3.18 298.92 48 48 50 

PTLS #3 35.60 6.50 231.40 10 10 14 

PTLS #5 143.40 5.06 725.10 30 36 71 

PTLS #6 143.40 5.06 725.10 24 45 65 

PTLS #7 75.00 7.54 565.50 4 41 52 

PTLS #9 75.00 7.54 565.50 0 27 54 

PTLS #10 75.00 7.54 565.50 20 37 48 

PTLS #12 143.30 4.80 687.84 26 49 70 

PTLS #13 124.00 4.00 496.00 77 83 104 

PTLS #14 124.00 4.00 496.00 86 87 99 

TRI #1 106.20 5.90 626.58 70 70 70 

TRI #2 106.20 5.90 626.58 45 70 70 

TRI #3 106.20 5.90 626.58 70 70 71 

PEN #8 86.50 6.58 569.17 43 59 64 

PEN #10 86.50 6.58 569.17 43 57 59 

TGU #12 99.00 6.45 638.55 62 72 74 

TGU #20 180 3.66 658.80 62 74 74 

TGU #23 99.00 6.45 638.55 73 81 83 

COV #1 20.00 3.95 79.00 10 10 16 

COV #2 20.00 3.95 79.00 10 10 10 

COV #3 20.00 3.95 79.00 10 10 16 

Total 2024.60 5.33 10794.71 860 1084 1300 

Fig. 2: Frequency Response with Static UFLS scheme to the loss of the 
largest infeed at min., avg. and max. demands. 

The most immediate solution to this would be to redesign 
this scheme such that: 1) it adapts to the changing load 
conditions, 2) it allows for prioritization and/or exemption 

of critical loads, 3) it rotates the load shedding to equalize 
the probability across demand blocks, and 4) shed at the 
distribution feeder level to improve the matching the load 
shed with generation lost. 

IV. ADAPTIVE UFLS SCHEME  

The adaptive ULFS scheme, proposed here, uses a 
modified version of the estimate of power imbalance 
approach discussed in Section II above to determine the load 
shed requirement for all foreseeable system disturbances that 
can result in frequency excursions below 59.0 Hz. It was 
fund necessary to modified equation 1, similar to that done in 
[2], to enable the use of the most up to date system inertia 
value prior to a load-generation disruption. This was 
necessary to circumvent the need to determine the system 
inertia immediately following a loss of generation event, 
since it is unlikely to know accurately the inertia lost. 

This allows for the estimation of the magnitude of 
disturbance from knowledge of the total system inertia (MW-
Sec), and total system rating (MVA) prior to and the rate of 
change of the system frequency immediately following a 
disruption of the load-generation balance. This is proposed to 
be accomplished by the design architecture shown in Fig. 3 
below.  

 
Fig. 3: Conceptual design of the proposed adaptive UFLS scheme. 

This architecture calls for: 

A. Estimation of the Frequency at Generator Buses 

The frequency at generation buses throughout the system 
can be readily estimated from available alternating voltage 
signals at these buses. Microprocessor based relays installed 
at these buses are capable of estimating frequency with a 
high degree of accuracy, suitable for under-frequency load 
shedding, and can reliably transmit this information to the 
control centre using a real time communication protocol. 

B. Estimation of the rate of change of the system 
frequency  

The rate of change of the system frequency can then be 
estimated using a suitable numerical differentiation method, 
as in (2). 

  (2) 
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where, dfc(k)/dt – is the rate of change of the frequency at the 
kth processing interval, fc(k) – is the frequency sample at the 
kth processing interval, fc(k-1) – is the frequency sample at the 
previous processing interval, and ∆T– is the processing 
interval of the UFLS controller, located at the control centre, 
as shown in Fig. 3. 

 
However, to nullify the effect of oscillations that may be 

experienced in the frequency obtained at the generation 
buses during an any given event fc(k) can be derived using the 
equation for the frequency at the equivalent centre of inertia, 
shown in (3). 
  
  (3) 

where, fi(k) is the frequency taken at the ith unit bus bar at the 
kth processing interval and Hi is the inertia constant of the ith 
unit, assuming no local model oscillation occurs. 

C. Estimation of Equivalent System Inertia 

The equivalent system inertia is the total kinetic energy 
stored in the rotating mass of all the machines connected to 
the grid at any instant in time divided by the total MVA 
rating. This can be calculated using (4). 

  (4) 

where, Si is the apparent rating of the ith unit.  

D. Estimation of the Power Imbalance 

The magnitude of the power imbalance can then be 
estimated from the modified swing equation shown in (5) 
and (6).  

 
  (5) 
  
 
 
  (6) 
 
where, fo is the nominal frequency.  

E. Load Shed Assignment 

A two stage load shed assignment is proposed, as shown 
in Table III. This is much like the static scheme except that 
individual distribution feeders will be disconnected to 
satisfy the load shed requirement. The first stage is designed 
to shed 95% of the estimated power imbalance. This 
assignment was found to be optimal in terms of available 
load relief and spinning reserve and is expected to safely 
curtail a declining frequency for all foreseeable generation 
loss events. On the other hand, the 15% assignment of the 
second stage is intended purely to provide a margin of safety 
against errors in the estimation approach. 

TABLE III.  ADAPTIVE UFLS SCHEME 

Stage Trip Frequency (Hz) Demand Shed (MW) 
1 59.4 95% of Power Imbalance 

2 59.2 15% of Power Imbalance 

F. Measurement of System Demand 

The measurement and reporting of demand data from a 
large number of distribution feeders is essential in this 
scheme. This information can be readily obtained from 
microprocessor based relays or demand meters installed at 
the feeder level. A real time communication protocol is not 
required here, since the demand of individual feeder will not 
change significantly within sample period compared to the 
total load shed requirement. Thus a data transmission rate of 
one sample per second would be adequate. 

G. Simulation and Results 

A model of this adaptive scheme was developed and 
integrated into the Simulink model of the T&TEC power 
system. Since this scheme is designed to shed at the 
distribution level, it was assumed that the average feeder 
demand during minimum, average and maximum demand 
condition is 2.88, 3.61, 4.33 MWs respectively. The scheme 
was then assessed in the same way as T&TEC’s static 
scheme, in Section III above. The response in this case is 
shown in Fig. 4.  

 
Fig. 4: Frequency Reponse with Adaptive UFLS Scheme to the loss of the 

largest infeed at min., avg. and max. demands. 
 

In all the cases the frequency recovered and settled into 
the normal operating frequency band. The scheme estimated 
the power imbalance with less than 2% error of the actual 
power deficit and shed only stage 1 for all cases, as shown 
in table IV. The error in the load shed amount compared to 
the actual value was less than 5% for all the cases, as the 
load shed in the simulation is the cumulative sum of several 
discrete blocks. As such, the scheme will naturally shed 
more than the defined 95%, as shown in Table IV, since it 
cannot shed a fraction of a feeder. This is another reason for 
not employing a 100% load shed assignment at stage 1.  

TABLE IV.  POWER IMBALANCE ESTIMATION RESULT 

Demand 
Condition 

Actual 
(MW) 

Estimated 
(MW) 

%Error Shed 
(MW) 

%Shed 

Min. 86 85.33 0.78 83.23 97.54 

Avg. 87 86.20 0.92 83.03 96.32 

Max. 104 102.20 1.73 99.59 97.45 
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H. Rotation and Prioritization of  Load Shed  

Load rotation and prioritization was ignored during 
simulation. However, for implementation, load shedding 
could be realized as follows: First, the UFLS controller 
would list the feeders with their respected measured 
demands. The order of the list would be automatically 
determined by the following considerations: 

1. The manually programmed feeder priority. Feeders 
will be prioritized based on the priority scheme 
defined in Table V below, where feeders with the 
lowest priority (Rating 1) will appear first in the 
list and those with the highest priority (Rating 4) 
appearing last.   

2. A random variable will be used order each group of 
feeder appearing in the prioritized list generated. 
This will be performed automatically each time the 
scheme operates to equate the probability of load 
shed across all the feeders. 

TABLE V.  LOAD SHED PRIORITY 

Priority Categories Examples 
1 Residential - 
2 Commercial & Light 

Industries 
- 

3 Essential Services water, telephone, traffic con. 
4 Critical Loads hospitals, schools, airport  

V. DISCUSSION 

Overall, both the schemes were able to successfully 
curtail decaying system frequencies and alleviating the 
system from extended duration of low frequency operation 
for all the cases studied. The results showed that the 
adaptive scheme was better at 1) reducing the severity and 
duration of the frequency excursion from nominal and 2) 
minimizing the amount of load shed to approximately equal 
to power imbalance. The adaptive scheme was also more 
consistent and thus more predictable and effective in 
curtailing the decaying system frequency for the cases 
studied. On the other hand, the static scheme illustrated a 
high tendency to overcompensate. This was expected and 
can be attributed to the schemes designed being based on the 
maximum demand and its inability to shed load based on 
knowledge of the magnitude of the disturbance as opposed 
to simply relaying on the absolute level to which the 
frequency has fallen.  

VI. CONCLUSION 

In this paper, an adaptive under frequency load shedding 
scheme for an island power system was presented. The 
proposed scheme uses the initial rate of change of frequency 
and a modified swing equation to estimate the generation 
shortfall following a load/generation disturbance. A wide 
area methodology was adopted to monitor the frequency at 
all generating buses and for the controlled load shedding of 
a list of the distribution feeders. A method to prioritize and 
rotate the list of feeders was also discussed.  

Transient assessment showed that the proposed adaptive 
UFLS scheme was able to repeatedly estimate the power 
imbalance with an error of less than 2% of the actual. For all 
the cases studied, the adaptive UFLS scheme shed more 

than 95% of the estimated value in a single stage to 
successfully recover the frequency to within the normal 
tolerance set out by the system operator, with no issue of 
over-shedding as experienced with the static scheme.   

The implementation of this scheme is possible with 
microprocessor based devices that are now in widespread 
use, a wide area digital communication network and a fast 
communication protocol such as that defined by IEEE 
C37.118. The challenge, however, is that by virtue of its 
design the scheme is sensitive to communication failures. It 
is also sensitive to the failure of the UFLS control device. 
However, the architecture presented here is conceptual and 
therefore care would need to be taken to develop a reliable 
and redundant architecture when implementing this scheme. 

VII. FURTHER WORK 

Further work will involve the investigation of the scheme 
using a full-scale model of the T&TEC power system and 
online setup and monitoring of the power imbalance aspect 
using synchrophasor technology.  
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