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Abstract 
An electrical network constantly faces unforeseen 
events such as faults on lines, loss of load and loss of 
generation. Under-frequency load shedding and 
generator tripping are traditional methods used to 
stabilise a network when a transient fault occurs. 
These methods will prevent any network instability 
by shedding load or tripping the most critical gener-
ator at a calculated time when required. By execut-
ing these methods, the network can be stabilised in 
terms of balancing the generation and the load of a 
power system. A hybrid control scheme is proposed 
where the traditional methods are combined to re-
duce the stress levels exerted on the network and to 
minimise the load to be shed. 
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1. Introduction 
When a transient fault occurs in a power network, 
the voltage drops almost instantaneously. This re-
flects clearly in the active and reactive loads of the 
network and creates a mismatch between the total 
generation and total load. This information was ver-
ified at power stations in South Africa. There are dif-
ferent types of network disturbances, namely: i) 
transmission line faults, ii) loss of load, iii) loss of 
generation, and iv) loss of transformers [1]. Transi-
ent stability is one of the most vital aspects to take 
into consideration when designing a power system. 
Transient stability takes place within a short period 
of time, making it impossible for operator to alleviate 
its occurrence. It should therefore be considered 
during the design phase of the network [1-2]. 

One of the main issues that industry is facing to-
day is network instability in a power system that 
might lead to the loss of voltage and decrease of fre-
quency, resulting in blackouts. Blackouts occur 
every day in different parts of the world [3], but can 
be prevented by making use of techniques such as 
generator excitation control, generator-tripping 
schemes, braking resistors, fast-valving, eliminating 
time, removal of charge and series capacitors [4]. 

This investigation focuses on a comparison be-
tween an under-frequency load shedding (UFLS) 
scheme and a hybrid control scheme which consists 
of combining generator-tripping with UFLS. The 
benefit of the hybrid control scheme is that less load 
is shed and the stress levels on the network are sig-
nificantly lower when a transient fault occurs. 

Transient instability can be discovered and con-
trolled by making use of the following techniques: 
solving the state space differential equations [4]; di-
rect methods, such as area-based centre of inertia 
(COI)-referred frame and the energy function con-
cept [5]; catastrophe theory [6]; artificial neural net-
works [7]; pattern recognition techniques [8]; and 
hybrid techniques combining neural networks and 
pattern recognition [9]. 

Functioning of electrical networks continually 
faces occurrences such as generation outages and 
faults. Glavic and Van Cutsem [10] present a survey 
on different voltage instability detection methods. 
Voltage instability recognition has two approaches, 
namely data concentrated at one location, and 
wide-area monitoring. Investigating voltage security 
monitoring, the voltage reliability assessment index 
as the slope of the ∆QV curve of each bus was es-
tablished, where ∆Q characterises the change of re-
active power and ∆V the change in voltage of each 
bus. The system becomes unstable at the specific 
bus when the index approaches zero. By measuring 
the difference between the voltage reliability indexes 
of all the buses in the network, the bus with the low-
est reliability index is the bus expected to become 
unstable. 

Hu and Venkatasubramanian [11] developed al-
gorithms that identify the fast parting of the phase 
angles through synchrophasor data collected by 
phasor measurement units (PMUs) at specific buses 
in a network. When the system becomes unstable, 
the most suitable action is taken in a specific area, 
e.g., tripping unstable generators or shedding load. 
The two algorithms were based on the phase angle 
and the energy function concept. For the phase an-
gle method, the COI-referred frame [11] was utilised 
to establish whether the generators were accelerat-
ing or decelerating away from the network. When a 
generator’s rotor angle exceeded a specific set point, 
generator tripping or load shedding control was im-
plemented. A generator tripping (acceleration of an-
gle) or load shedding (decelerating of angle) scheme 
was applied, when a generator surpassed the thresh-
old. Sherwood et al. [5] provide an explanation of 
the phase angle method as well as a detailed expla-
nation on the energy function concept. The energy 
function algorithm formulated using kinetical and 
potential energy was developed in a similar way to 
the phase angle algorithm. The results indicated 
whether the generator’s rotor angle accelerated or 
decelerated away from the power system. 

The work by Hashim et al. [12] was also based 
on the rotor angle method, but took into account 
each generator’s rotor speed in each area. It was 
found that, when the COI-referred frame index of 
each area goes above a defined set point, the gen-
erators lose synchronism with the power system and 
goes out-of-step (OOS) [12]. Wahab and Mohamed 
[13] proved that the area-based COI-referred frame 
index method can recognise transient instability 
when a fault occurs by determining the weakest area 
in the electrical network. 

Many different UFLS schemes exist and can be 
divided into the traditional [14], semi-adaptive, self-
adaptive [15], and computer-aided algorithm [16]. 
Zhang et al. [17] developed an algorithm to deter-
mine the location of the load to be shed by using the 
rate of frequency change and voltage sensitivity. The 
voltage stability was to determine the location of the 
load to be shed. After an amount of load was shed, 
the stability of the network was recovered. 

In Terzija’s [18] research, the main problems 
were established: i) estimation of magnitude of the 
disturbance, ii) disturbance localisation, iii) deriva-
tion of control, and iv) distribution of control actions 
throughout the power system. The first two prob-
lems were identified as estimation problems and the 
final two as control problems. Seyedi et al. [19] con-
ducted research on a new centralised adaptive load-
shedding algorithm to mitigate power system black-
outs. Instead of ranking the voltages of all buses be-
fore deciding on the location of load shedding, the 
change in reactive power and voltage (∆QV) margin 
was calculated. The UFLS and under-voltage load 



43    Journal of Energy in Southern Africa • Vol 28 No 4 • November 2017 

shedding (UVLS) scheme were combined to prevent 
any false trips in the network. Some other aspects 
were also considered in this research, such as using 
the swing equation to estimate the disturbance mag-
nitude, the rate-of-change of frequency, and the 
load shedding speed. 

Dong and Pota [20] conducted research on a fast 
transient stability assessment using large step size 
numerical integrations using the K-T formulation to 
develop the numerical integration. By using larger 
step sizes than usual, the results obtained were much 
faster, so that transient stability detection could be 
done online and monitored with an energy manage-
ment system. Solving sets of simultaneous differen-
tial and algebraic equations in a time domain with-
out system reduction was used to determine the first 
swing in an electrical network by Dong and Pota 
[21]. It was found that computational speed was sig-
nificantly less than those of the contemporary meth-
ods and techniques based on Lyapunov’s direct 
method [21]. The proposed method was proven to 
be a significant improvement because of its ability to 
incorporate different modelling requirements such 
as: automatic control executions, successive contin-
gent events, effect of loads, and different machine 
models. 

Excitation control was implemented on a transi-
ent first swing by Fouad et al. [22], where the tran-
sient energy function was developed by making use 
of excitation control and applying it to two networks 
for testing purposes. 

This investigation concludes that it is highly rec-
ommended and needs to be considered when de-
signing a power system because of the reduction in 
load shedding and stress exerted on the power net-
work when a transient fault occurs. 

2. Proposed methodology 
2.1 The COI-referred frame index 
It is assumed while conducting this research that (i) 
all the generators in each area of the power system 
are running in synchrony before any fault occurs, 
and (ii) one generator represents all the generators 
in a specified area. The COI- referred frame index is 
used to track the stability of the power system. 

The algorithm applied is derived from the re-
search conducted by J. A. Ning et al. [3], where the 
phase angle values were applied to determine the 
instability in the two-area network of the Institute of 
Electrical and Electronics Engineers (IEEE). In this 
study, however, all simulations were based on the 
IEEE 39-bus network. The phase angle algorithm 
was performed in two stages by calculating each 
area of the network’s angle stability and the entire 
network’s angle stability. The area-based COI-re-
ferred frame method 𝛿𝛿𝐶𝐶𝐶𝐶𝐶𝐶 can be formulated as in 
Equation (1). 

     𝛿𝛿𝐶𝐶𝐶𝐶𝐶𝐶 = ∑ 𝛿𝛿�𝑖𝑖𝐻𝐻𝑖𝑖
𝑁𝑁
𝑖𝑖=1
∑ 𝐻𝐻𝑖𝑖𝑁𝑁
𝑖𝑖=1

  (1) 

where Hi is the inertia constant, δ�i is the rotor angle 
and N is the total number of areas. Measuring the 
rotor angle and the inertia of a generator is complex, 
so the high voltage side phase angle can be utilised 
as an estimation to the rotor angle, whereas at the 
high voltage side of the generator inertia of the gen-
erator can be estimated by active power injections. 
Making use of voltage phase angle and active power 
of the generator, all areas in the power system can 
be formulated as in Equation 2.   

     𝛿𝛿𝑐𝑐𝑖𝑖 =
∑ 𝛿𝛿𝑗𝑗

𝑖𝑖𝑃𝑃𝑗𝑗
𝑖𝑖𝑁𝑁

𝑗𝑗=1

∑ 𝑃𝑃𝑗𝑗
𝑖𝑖𝑁𝑁

𝑗𝑗=1
 (2) 

where 𝛿𝛿𝑗𝑗𝑖𝑖 and 𝑃𝑃𝑗𝑗𝑖𝑖 denote the phase angle and the ac-
tive power at bus 𝑗𝑗 and area 𝑖𝑖. 𝛿𝛿𝑐𝑐𝑖𝑖 refers to the COI-
referred frame index in that specific area. This will 
be the same when calculating the COI-referred 
frame for the whole system in Equation 3. 

     𝛿𝛿𝑐𝑐 = ∑ 𝛿𝛿𝑐𝑐𝑖𝑖𝑃𝑃𝑖𝑖
𝑁𝑁
𝑖𝑖=1
∑ 𝑃𝑃𝑗𝑗

𝑖𝑖𝑁𝑁
𝑗𝑗=1

  (3) 

The area equivalent rotor angle can subse-
quently be demonstrated in the COI-referred frame 
according to Equation 4. 

     𝛿𝛿𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶 =  𝛿𝛿𝑐𝑐
𝑖𝑖 −  𝛿𝛿𝑐𝑐  (4) 

At chosen areas in the network these values are 
collected from phasor measurement units (PMUs). 
More precise referred angles can be acquired by in-
creasing the number of PMUs in the system. These 
measurements are then concentrated at a central 
point by applying synchrophasor technology where 
the data can be recorded and used for technical re-
view. 

It can be assumed that area 𝑖𝑖 is moving towards 
separation from the whole network when the COI 
angle 𝛿𝛿𝑐𝑐𝑖𝑖 of each area starts to expand beyond a pre-
determined threshold from the COI angle 𝛿𝛿𝑐𝑐 for the 
whole network. When generators are separated 
from their networks, there are two principal controls 
that can be applied, namely: generator tripping and 
load shedding. Generator tripping can be applied 
when the generator angle increases (accelerates) 
away from the network beyond a pre-determined 
threshold, whereas load shedding can be applied 
when the generator angle decreases (decelerates) 
beyond a pre-determined threshold. 

2.2 Traditional UFLS scheme 
To implement the UFLS scheme, the following steps 
need to be executed [13]: 
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(i) Calculate the amount of anticipated load (L). 
This parameter plays an important role for the 
protection to be provided. If a power system is 
balanced, there will be no anticipated load. The 
anticipated load is expressed per unit by Equa-
tion 5. 

           𝐿𝐿 =  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿−𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺

  (5) 

(ii) With the calculated anticipated load as ob-
served in Equation 5, the total amount of load 
to be shed (LD) can be calculated by Equation 
6. 

           𝐿𝐿𝐿𝐿 =  
𝐿𝐿

1+𝐿𝐿
−𝑑𝑑(1−

𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚
𝑓𝑓𝑛𝑛

)

1−𝑑𝑑(1−
𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚
𝑓𝑓𝑛𝑛

)
  (6) 

where d is the load reduction factor, 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 is the 
minimum allowed frequency, which is normally 
used as 49.3 Hz, and 𝑓𝑓𝑛𝑛 is the nominal fre-
quency. 

In the second step, consider a dynamic sim-
ulation by making use of the COI-referred 
frame index as described in Section 2.1. By cre-
ating multiple three phase faults on different 
lines, unstable states can be determined. 

(iii) To see where the load should be shed, deter-
mine the voltage on all buses and shed the load 
according to the severity of voltage decline after 
a three-phase fault was created. 

(iv) After all loads were ranked in (iii), the total load 
to be shed as given by Equation 6 (LD) can now 
be divided into sections: 20%, 20%, 30%, and 
30%. The first UFLS phase to be implemented 
will be at the most critical buses, where the volt-
age decline is the highest. 

(v) Finally, run the dynamic simulation with the 
proposed UFLS scheme. By simulating an un-
balanced system with a fault clearing time of 
100 ms, implement the UFLS scheme stage 
one. If the power network stabilises, stop the 
UFLS scheme; if the network does not stabilise, 
implement stage two, then three and finally four 
until the network stabilises. 

2.3 Proposed hybrid scheme  
The proposed hybrid scheme consists of combining 
UFLS with generator tripping. All stages listed in 
Section 2.2 will be carried out, but generator trip-
ping will be implemented at stage one. If the network 
does not stabilise, the UFLS control scheme will be 
implemented. The hybrid scheme reduces the total 

load to be shed and will also reduce the stress ex-
erted on the network. 

3. Execution of the proposed methodology 
3.1 The COI-referred frame index 
The COI-referred frame index was applied on the 
IEEE 39-bus power system, also known as the 10-
machine New-England power system. The IEEE 39-
bus power system is made up of 10 generators of 
5620 MW, 12 transformers, 46 transmission lines, 
and 19 loads of 6278 MVA. 

The main reason for the COI-referred frame in-
dex is to determine if and when the network reaches 
an unstable state. It will also obtain the dynamic ro-
tor angle performance of each generator in its spe-
cific area in the power system during disruptions 
with a time domain simulation method. Three-
phase faults were simulated at different points in the 
power network to simulate the rotor angle’s re-
sponse. These faults were performed to see if and 
when a generator goes out-of-step (OOS). The local 
and remote circuit breaker of the line will be opened 
to isolate the line when a three-phase fault occurs on 
a particular transmission line in the network. 

If a rotor angle of a generator overreaches ±180° 
in approximately two seconds, the power system is 
said to be unstable [13]. The area-based COI-re-
ferred frame index method is applied to detect the 
weakest areas in the network in advance where, as 
a result, corrective actions can be carried out to keep 
the network stabilised, i.e., generator tripping or 
load shedding. 

Figure 1 displays the IEEE 39-bus network di-
vided into three areas. The areas were chosen in re-
lation to the coherency of the generators when sub-
jected to a three-phase fault [23], [24]. When a fault 
occurs, the network can stay stable or become un-
stable, depending on the type and duration of the 
fault. 

3.2 The UFLS and hybrid control scheme 
In this section three case studies will be considered, 
each in a different area to indicate the effectiveness 
of the proposed control schemes. 
 
Case 1. A three-phase bolted fault was simulated 
between bus 2 and 25 with a fault duration of 100 
ms. After 100 ms, the fault was cleared and the COI-
referred frame index method provided information, 
as seen in Figure 2, indicating whether the network 
is stable or unstable. In this case, Figure 2 shows that 
the network becomes unstable. The first response 
was to implement the traditional UFLS scheme. 

According to the frequency of the network, the 
UFLS scheme was implemented at 49.3 Hz. By sim-
ulating the frequency of the power system, it was de- 
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Figure 1. Institute of Electrical and Electronics Engineers 39-bus network areas [24]. 

 

Figure 2. Three phase fault between bus 2 and 25. 
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termined that at approximately 0.8 seconds the fre-
quency went below 49.3 Hz. More simulations were 
done to establish the amount of load to be shed in 
order to stabilise the network; it was found to be 
1662.58 MVA. Figure 3 shows that the network sta-
bilised and did not exceed 80 degrees in magnitude. 
The next simulation was to implement the hybrid 
control scheme, i.e. generator tripping first and then, 
if the network did not stabilise, implementing the 
UFLS scheme. To implement generator tripping, 
which generator goes OOS first must initially be 
identified. As Figure 2  shows, area one got OOS first. 

Figure 4 shows generator nine went OOS first in 
area one; following that generator nine should, 
therefore, be tripped at the first control stage and 
load shed for the remaining stages if necessary. Note 
that, by implementing the hybrid control scheme in-
stead of the traditional UFLS scheme, the stress level 
on the network is much lower. In this case, there was 
no need to implement load shedding after stage one 
was implemented (generator tripping), as shown in 
Figure 5.  

A comparison between Figures 3 and 5 shows 
that the network was experiencing much less stress 
by implementing the hybrid control scheme.   

 
Case 2. In area two a three-phase fault was created 
between bus 16 and 17 with a fault duration of 
100ms. After the fault was cleared, the COI-referred 
frame index was used to establish the status of the 
network as seen in Figure 6, which shows that the 
network became unstable after the transient fault. 
The UFLS would be implemented first to see if the 
network would stabilise. 

Because the traditional UFLS scheme was being 
implemented, the load needed to be shed at 49.3 
Hz. By simulating the frequency for this specific sce-
nario in area two, the power system went below the 
minimum frequency at 0.4 seconds. More simula-
tions indicated that the network would stabilise 
when 1265 MVA load was shed. Figure 7 shows that 
the network stabilised after implementing the UFLS 
scheme and did not exceed 95 degrees in magni-
tude.

 

Figure 3. Under frequency load shedding scheme implemented. 

  



47    Journal of Energy in Southern Africa • Vol 28 No 4 • November 2017 

 
Figure 4. Generators rotor angles in area one. 

Figure 5. Hybrid control scheme implemented. 
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Figure 6. Three phase fault between bus 16 and 17. 
 

Figure 7. Under frequency load shedding scheme implemented. 
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Because the UFLS scheme information was es-
tablished, the hybrid control scheme could be imple-
mented. The hybrid control scheme was executed in 
the same manner as in case one. First it had to be 
established which generator is most critical and, in 
this case, Figure 6 shows that area two goes OOS 
first. With this information, it could now be deter-
mined which generator went OOS first in that spe-
cific area. According to Figure 8, generator five went 
OOS first; therefore, by using the hybrid control 
scheme, generator five should be tripped in the first 
stage. If the network does not stabilise, UFLS should 
be implemented until the network stabilises. 

By implementing only stage one (generator trip-
ping) with this specific scenario, the network did not 
stabilise but did so after implementing stage two 
(load shedding). Stage two consists of 20% of its sur-
rounding buses according to the voltage decline; 
therefore generator tripping and load shedding were 
necessary in this case. Figure 9 illustrates that the 
stress levels were just above 75 degrees using the 
hybrid control scheme whereas in Figure 7 with the 
traditional UFLS scheme it was at 95 degrees. Thus, 
by implementing the hybrid control scheme, less 
stress was exerted on the network. 

 
Case 3. A three-phase fault was simulated on the 
line between bus 8 and 9 as indicated in Figure 1, 
area three, with a fault duration of 100ms. The sta-
tus of the power system was determined by the COI-

referred frame index method illustrated in Figure 10, 
which, by examination, showed that the network 
went OOS. 

The UFLS would now be implemented to stabi-
lise the network thus: load shedding will take place 
if the frequency exceeds 49.3 Hz. The frequency of 
the power system was simulated and exceeded the 
minimum frequency at 0.65 seconds. It was found 
that the amount of load to be shed was 1298.46 
MVA to stabilise the network. Figure 11 indicates 
that the network stabilised with a stress level of just 
above 125 degrees. 

The next step was to simulate the same three-
phase fault but implement the hybrid control scheme 
to stabilise the electrical network. As seen in the pre-
vious case studies, the starting point was to identify 
the area that went OOS first as well as the generator 
in that area; in this case Figure 10 shows that area 
three went OOS first. 

There was only one generator in area three, thus 
generator one should be tripped at the first stage. If 
the network did not stabilise after stage one was im-
plemented, the hybrid control scheme would con-
tinue, implementing load shedding. After the first 
stage was implemented, the network stabilised with 
a stress level of 100 degrees. An inference can be 
made by comparing Figures 11 and 13 that the 
stress level on the network was less when using the 
hybrid control scheme.  

 

Figure 8. Generators rotor angles in area two. 
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Figure 9. Hybrid control scheme implemented. 

 

Figure 10. Three-phase fault between bus 8 and 9. 
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Figure 11. Under-frequency load shedding scheme implemented. 

Figure 12. Generators rotor angles in area three. 
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Figure 13. Hybrid control scheme implemented. 

 
4. Conclusions 
The traditional under-frequency load shedding 
(UFLS) scheme was compared with the proposed 
hybrid control scheme, where generator tripping 
was implemented at stage one and UFLS at stages 
two, three and four until the network stabilised. It 
was found that by implementing the proposed hy-
brid control scheme less load needed to be shed to 
stabilise the network. Also, the stress level on the 
network was significantly less by implementing the 
hybrid control scheme rather than the traditional 
UFLS scheme and by implementing the hybrid con-
trol scheme instead of the traditional UFLS scheme, 
less load needs to be shed, resulting in less stress ex-
erted on the electrical power system. 
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