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A B S T R A C T   

The increasing penetration of renewable energy sources (RESs) is significantly impacting the performance of 
traditional control and protection schemes employed in power systems. The early detection and size estimation 
of loss of generation (LoG) events contribute to the timely provision of remedial actions required to preserve the 
frequency stability of the system. This paper proposes an effective method for locating and estimating the size of 
LoG events in power systems with high penetration of RESs. A system of linear equations for every candidate LoG 
location is formulated based upon KVL and KCL equations. Suitable nodal current sources are employed to model 
RESs and the candidate tripped generator in the superimposed circuit. The nodal current injections of RESs are 
estimated based on their power setpoints and available measurements provided by PMUs. The solution of the 
systems of equations established provides the LoG location and size using the least-squares method. The proposed 
method is more accurate than existing LoG identification methods that resort to frequency measurements and the 
knowledge of system inertia. Centralized under-frequency load shedding is presented as a potential application 
for the proposed method. Extensive simulations conducted on the IEEE 39-bus test system verify the effectiveness 
and accuracy of the proposed method.   

1. Introduction 

Renewable energy sources (RESs) are progressively integrated into 
power systems globally as a result of significant efforts to meet the 
carbon reduction targets imposed by environmental policies concerning 
climate change [1,2]. RESs are intermittent in nature and are connected 
to the power system via power electronics interfaces, thereby providing 
little or no inertia to the system [3]. This makes the inertia of the power 
system volatile with a highly reduced lower boundary [4]. This is seen as 
a pressing challenge for modern power systems, as inertia relates to the 
power system’s stiffness against frequency deviations caused by loss of 
generation (LoG) events [5–7]. 

Frequency nadir, which is the lowest frequency reached following an 
event, depends on how fast the remedial action is adopted to arrest the 
frequency decline. LoG events may lead to excessively low-frequency 
nadirs if the active power mismatch is not compensated promptly 
enough. This might trigger cascading trips of other generating units [8], 
thus jeopardizing system stability. 

Under-frequency load shedding (UFLS) is a well-established remedial 
action against large LoG events [5]. The key aim of UFLS is to recover 
the active power balance by disconnecting an appropriate amount of 
load from the power system. In conventional UFLS schemes, a certain 
amount of load is shed if the local frequency falls below a pre-specified 
threshold on its decaying trajectory after an LoG event [8]. Conventional 
UFLS is inherently slow, and thus, some adaptive UFLS schemes have 
been introduced over the past two decades to expedite the load shedding 
process. Relying upon the swing equation of the center of inertia, these 
methods assume relatively constant inertia for the system to estimate the 
size of LoG events [9]. In power systems with high penetration of re
newables, however, inertia is highly volatile. This makes the underlying 
assumptions of adaptive methods invalid [3]. For instance, a high rate of 
change of frequency (RoCoF) does not necessarily indicate a large LoG 
size. As a result, these methods might fail to prevent extremely low 
nadirs or may lead to over-shedding [10]. 

Most methods for locating and estimating the size of LoG events are 
based on frequency measurements. The assumption of [7] and [11] is 
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the availability of specific sets of frequency measurements to estimate 
the LoG size at any location. The recorded dynamic data of past events 
obtained from frequency disturbance recorders (FDRs) are compared to 
frequency deviations to approximate the size of LoG events in [12–14]. 
In [7], the frequency propagation speed (FPS) is employed to calculate 
the electrical distance between the LoG location and the FDRs. Refer
ences [15] and [16] incorporate a trigger algorithm based on the RoCoF 
for identifying LoG events. These methods assume the frequencies of all 
generating units are reliably collected at the control center, which is not 
always possible [17]. Furthermore, due to the measurement noise and 
the variation in the rotational speed of the remaining generation, RoCoF 
calculation loses accuracy for a couple of hundreds of milliseconds after 
the LoG event [18]. Therefore, there is an unavoidable time delay be
tween the LoG event and a reliable RoCoF measurement [18,19]. 

Another promising research avenue is using phasor measurement 
units (PMUs) to monitor frequency variations in real-time at different 
locations in the power system. In [20] and [21], the disturbance arrival 
time is utilized to estimate the FPS of LoG events, and then the location 
and size of the tripped generator are calculated. The complexity in the 
electrical distance calculation compromises the accuracy of the LoG 
localization by this approach. On the other hand, [22] and [23] use the 
aggregate inertia and the swing equation to detect the LoG event and 
estimate its size. In these methods, however, all generator frequencies 
should be monitored. This requirement contradicts the purpose because 
having measurements and communication infrastructure at all gener
ating units would enable direct identification of the tripped generation 
using its circuit breaker status. To avoid using frequency measurements, 
[24] detects significant changes in the generation through active power 
measurements by relying on the SCADA/EMS. These methods are 
computationally expensive and can provide accurate results only if a 
fixed set of measurements is available. 

Reference [25] uses the impedance matrix with sparse PMU mea
surements to identify the change in the nodal current injection at the 
LoG location. The application of voltage and current data taken from one 
or two cycles following the event makes the method faster than those 
using frequency measurements. This method, however, does not account 
for RESs, which introduces inaccuracies in modeling the system, thus 
reducing its accuracy in systems with high penetration of renewables. 

This paper presents a method for locating and estimating the size of 
LoG events in power systems with high penetration of RESs. First, the 
candidate tripped generation is replaced by a nodal current source in the 
superimposed circuit, as is every RES with PMU measurements in the 
system initially. Next, the nodal current injection of each RES without 
PMU measurements is calculated based on its active and reactive power 
setpoints and terminal voltage. Finally, an index is obtained using the 
ordinary least squares (OLS) method to locate the actual tripped gen
eration. The proposed method can function with any two independent 
synchrophasors and places no rigid constraint on the location or the 
number of PMUs. The method does not require frequency measure
ments, nor does it rely on the knowledge of system inertia. 

The remainder of this paper is organized as follows. Section 2 de
scribes the superimposed circuit methodology for determining the 
location and size of LoG events. The modeling technique proposed to 
account for RESs in the superimposed circuit is detailed in Section 3. 
Extensive simulations are discussed in Section 4. Section 5 puts forward 
the conclusions drawn from this research work. 

As discussed in [26] and [27], an effective wide-area generation 
outage monitoring method must be able to reliably identify the size and 
location of LoG events in a short period of time. Research gaps that need 
to be addressed are practical challenges such as partial coverage of 
PMUs, communication latencies, and different numbers and penetration 
levels of RESs [27]. Existing approaches that utilize frequency/RoCoF 
measurements cannot provide fast and accurate results as these mea
surements are not reliable for a few hundred milliseconds following the 
LoG inception [18]. Furthermore, approaches that rely upon the swing 
equation assume relatively constant inertia for the power system, whilst 

this variable becomes highly volatile in systems with high penetration 
levels of RESs [3]. To address these challenges, the formulation set forth 
is based on the Substitution Theorem in Circuit Theory to enable the 
modeling of RESs as unknown current sources with no underlying as
sumptions. The resulting algebraic equations, along with the fact that 
the sum of squared residuals for a pertinent system of equations must be 
zero, make it possible to identify both the location and size of LoG 
events. This is achieved in a short period of time without resorting to 
differential swing equations. In this context, the salient features of the 
proposed method and its advantages over existing ones can be sum
marized as follows:  

• Addressing the presence of RESs regardless of their penetration level 
and locations  

• Fast decision-making thanks to the independence from frequency/ 
RoCoF measurements  

• Accurate estimation of LoG location and size  
• Placing no rigid limitations on the PMU number and locations  
• Robustness against measurement and parameter errors 

2. Identification of LoG events 

In this section, the formulation for determining the size and location 
of LoG events in the presence of RESs is put forward. This will be based 
on the superimposed circuit methodology and requires data routinely 
available to the control center, such as the bus impedance matrix of the 
power system, PMU data, and active and reactive power setpoints of the 
RESs as input. A system of linear equations is derived for every candidate 
LoG location and is then solved using the OLS method. The minimum 
sum of squared residuals (SoSR) resulting from the solution of these 
systems of equations is used to locate the LoG event. 

The superimposed circuit methodology essentially concerns distur
bances on nodal injections of a circuit with a fixed bus impedance ma
trix. To be able to apply it, the lost generation is entirely replaced by an 
unknown current source, as shown in Fig. 1. This is regardless of 
whether the lost generation is a synchronous generator (SG), an RES, or 
a combination of both. All other SGs can be safely replaced by their sub- 
transient impedances in the superimposed circuit within the time frame 
of interest to this study [28]. The RESs, however, cannot be simply 
modeled by constant impedances. This is because the equivalent 
impedance of an RES is not predetermined and depends on many factors. 
These include pre-LoG voltage and current phasors, which might not be 
available if there is no PMU at the RES terminal [29]. Therefore, RESs 
are also replaced by unknown current sources in the superimposed cir
cuit, as depicted in Fig. 1. 

2.1. System of equations for each candidate LoG location 

Let us consider an LoG event at bus k. The superimposed voltage 
measured by a PMU at any other bus in the system, e.g., bus w, denoted 
by ΔVm

w , satisfies the equation below in each sequence circuit: 

Fig. 1. Superimposed circuit corresponding to an LoG event.  
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ΔVm
w =

∑N

r=1
Zw,rΔIRES

r + Zw,kΔIk + ew (1)  

where the superscript “m” refers to measured quantities and ew repre
sents the measurement error. Zw,r is the (w,r)-th entry of the bus 
impedance matrix, and ΔIRES

r is the superimposed nodal current of the 
RES at bus r. Besides, ΔIk denotes the superimposed nodal current of the 
tripped generation at bus k, and 1 to N are the indices of the buses to 
which RESs are connected. 

The measured superimposed current of the sending-end of the 
transmission line u- w in each sequence circuit, denoted by ΔJm

uw, can be 
written as a function of the superimposed currents as below: 

ΔJm
uw =

∑N

r=1
Cuw,rΔIRES

r + Cuw,kΔIk + euw (2)  

where Cuw,k is the current transfer coefficient whose derivation is 
detailed in [28], and euw is the measurement error. Provided that ΔIRES

r is 
directly measured by a PMU, the equation below can be established for 
this measurement: 

ΔIm,RES
r = ΔIRES

r + er (3) 

Let p denote the number of available synchrophasors provided by 
PMUs and N be the number of RESs in the power system. For each 
candidate LoG location, denoted by c, a system of linear equations can be 
formed in each sequence circuit for the p measurements using their 
corresponding equations of type (1), (2), or (3) as follows: 

mp× 1 = Hc
p×(1+N)xc

(1+N)× 1 + ep× 1 (4)  

where m, Hc, and e are the superimposed measurements vector, coeffi
cient matrix corresponding to the location c, and error vector, respec
tively. The vector of unknowns, denoted by xc, contains the 
superimposed current injections of the candidate tripped generation and 
all RESs as: 

xc =
[

ΔIc ΔIRES
1 ⋯ ΔIRES

N

]T (5) 

The system of equations (4) can be solved using the OLS method as 
follows: 

x̂c
=

(
Hc∗ Hc)− 1Hc∗m (6)  

where (⋅)∗ denotes the conjugate transpose. The vector x̂c contains the 
estimated unknowns corresponding to the location c. 

2.2. LoG location and size estimation 

Identifying the LoG location could be advantageous in preserving the 
power system’s voltage and frequency stabilities. As detailed in [30], the 
power system’s stability can sometimes be preserved only by conducting 
load shedding in the vicinity of the LoG event. In this subsection, the 
proposed method for estimating the location and size of LoG events is 
put forward. 

As LoGs are symmetrical events, the system of equations (4) is built 
for the positive-sequence circuit for every candidate LoG location. The 
objective function of the OLS method is to minimize the SoSR. If the 
measurements were error-free, the SoSR would be zero for the tripped 
generation since all equations in (4) hold true with respect to the mea
surements. In practice, however, the SoSR of the tripped generation 
might be slightly greater than zero due to measurement errors and to
pology changes [28]. On the contrary, the SoSR of other candidates will 
take non-negligible values as their coefficient matrix does not corre
spond to the true LoG location. Thus, in this paper, the candidate LoG 
location with the smallest SoSR is identified as the true LoG location as 
follows: 

k = Arg
{

min
∀c∈G

SoSRc = [m − Hc x̂c
]
∗
[m − Hc x̂c

]

}

(7)  

where G is the set of all candidate LoG locations. Once the LoG event has 
been located, the superimposed current of the tripped generation esti
mated by (6) can be used to estimate the LoG size. The change in the 
complex power generation at the LoG location, i.e., ΔSk, can be obtained 
from: 

ΔSk = (Vpre
k +ΔVk)(Ipre

k + ΔIk)
∗
− Vpre

k Ipre
k

∗ (8) 

Eq. (8) can be written as: 

ΔSk = Vpre
k ΔIk

∗ + ΔVk
(
|Ipre

k |e− jφ +ΔIk
∗
)

(9)  

where Vpre
k is the pre-LoG voltage at bus k, which is assumed to be known 

in the control center through state estimation using existing SCADA and 
PMU measurements [31]. |Ipre

k | and φ denote the pre-LoG current injec
tion magnitude and power angle at bus k, respectively, which are 
assumed to be known upon the outage. 

2.3. Discrimination between faults and LoG events 

As explained, the tripped generation is modeled by a nodal current 
injection at the generation bus. However, a short-circuit fault occurring 
at that bus can also be represented by a nodal current injection in the 
same way as was done for the LoG event. Thus, following a short-circuit 
fault at a generation bus, the minimum SoSR calculated by (7) will refer 
to that bus. Therefore, some criteria are needed to differentiate between 
a fault and an LoG event at a generation bus. 

Considering that LoG events only contain positive-sequence com
ponents, the presence of considerable negative-sequence quantities in 
the measurements readily indicates an asymmetrical short-circuit fault 
in the system. On the other hand, in the case of symmetrical faults at a 
generation bus, it can be demonstrated that the magnitude of the 
superimposed nodal current at that bus will always be higher than that 
of the pre-LoG current injection, i.e., |Ipre

k |. However, the superimposed 
nodal current representing an LoG event will always be equal to or less 
than the pre-LoG current injection. These simple criteria can easily be 
employed for discriminating faults from LoG events at generation buses. 

3. Accounting for the presence of RESs 

The measured superimposed nodal currents of monitored RESs, i.e., 
RESs with a PMU at their terminals, can readily be incorporated into the 
equations of type (4) using (3). The inclusion of such measured ΔIm,RES

r in 
the unknown vector does not create any solvability concerns [32]. This 
is because every row in the coefficient matrix corresponding to a 
monitored RES has only one entry equal to one, while all other entries in 
that row are zeros. The inclusion of such a row in the coefficient matrix 
will increase its rank by one [32]. 

The solution of the system of linear equations (4) provides an esti
mation for the superimposed nodal currents of the candidate tripped 
generation and all non-monitored RESs (RESs without a PMU at their 
terminals). However, if the penetration level of RESs is high, the number 
of unknowns might exceed the number of dependent equations in (4), 
which could make the system unsolvable. 

To avoid solvability concerns, the superimposed nodal currents of 
non-monitored RESs are initially ignored from the unknown vector xc. 
This is to obtain an initial estimation for the superimposed nodal current 
at each candidate location. This also provides an initial estimate for the 
superimposed voltages at the terminals of non-monitored RESs based on 
(1). Next, the unknown superimposed current injections of non- 
monitored RESs can be estimated and included in the corresponding 
equations. This helps to update the value of the superimposed nodal 
current representing the candidate tripped generation. This process is 
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continued until the changes resulting from an iteration are negligible, i. 
e., the changes made in all estimated superimposed nodal current in
jections are below a pre-specified tolerance of 1 × 10− 4. Finally, the 
corresponding SoSR for each candidate location is calculated to deter
mine the true LoG location. The whole procedure is detailed in the 
following subsections. 

3.1. Initial estimations ignoring non-monitored RESs 

As described in Section 2, every RES is replaced by a suitable current 
source in the superimposed circuit. The superimposed nodal current of 
the RES can be directly measured when the RES terminal is equipped 
with a PMU. However, it may not be possible to have PMUs at certain 
substations due to budget/infrastructure constraints. Even if all RESs 
terminals had PMUs, it would not be rational to assume all PMU data are 
received in time due to the unpredictability of communication latency 
and the possibility of data losses. 

Disregarding the superimposed nodal currents of the non-monitored 
RESs, the system of equations (4) is reformed as: 

mp× 1 = Hc’

p×(1+q)x
c’

(1+q)× 1 + ep× 1 (10)  

where the matrix Hc’ contains the coefficients related to the candidate 
LoG location and the monitored RESs. The vector xc’ is composed of the 
superimposed nodal current at the candidate location, i.e., ΔIc, and 
those of the monitored RESs, respectively. The index q denotes the 
number of monitored RESs. The system of equations (10) can easily be 
solved using the OLS method as follows: 

x̂c’
=

(
Hc’∗Hc’)− 1Hc’∗m (11)  

where x̂c’ contains the initial estimation of the superimposed nodal 
current representing the candidate tripped generation and the moni
tored RESs. Eq. (10) is solved for every candidate location. Then, using 
the initial estimation of Δ̂Ic and the superimposed currents of the 
monitored RESs, an initial estimation for the superimposed voltage at all 
buses can be obtained from (1). The superimposed nodal current at the 
candidate location is updated after incorporating the non-monitored 
RESs into the formulation, as explained in the following subsection. 

3.2. Modeling non-monitored RESs 

In this subsection, a method is presented to approximate the super
imposed nodal currents of the non-monitored RESs. This is accomplished 
using the pre-LoG active and reactive power of RESs and the estimated 
superimposed voltages at their terminals. Our assumption in this study is 
that LoG events do not lead any RES into the low-voltage ride-through 
operation mode. This means the terminal voltage of none of the RESs 
drops more than 10% following an LoG event, which is in accordance 
with the N-1 security criterion. Hence, non-tripped RESs hold the active 
and reactive power injections equal to the pre-set references according 
to the relevant grid codes [33,34]. 

Let us consider a non-monitored RES connected to bus r. The currents 
injected by this RES before and after the LoG event can be expressed as 
follows: 

Ipre
r =

(
Pref − jQref

)

(
Vpre

r
)∗ (12)  

Ipost
r =

(
Pref − jQref

)

(
Vpost

r
)∗ (13)  

where Ipre
r is the pre-LoG current injection of the RES and Pref and Qref are 

the pre-LoG active and reactive power references of the RES. The su
perscript “post” is used to refer to the post-LoG values. Vpost

r is calculated 

using Vpre
r and ΔVr, which are the pre-LoG and superimposed voltages at 

the RES terminal. The superimposed current of the non-monitored RES 
can be obtained by subtracting (12) from (13) as below: 

ΔIn,RES
r =

(
Pref − jQref

)
(

1
Vpre

r + ΔVr
−

1
Vpre

r

)∗

(14) 

Now, the superimposed nodal currents of non-monitored RESs are 
included in the vector m in (4) as virtual measurements. Accordingly, 
the rows related to such superimposed currents are added to the coef
ficient matrix. As explained, including such a row in the coefficient 
matrix will increase its rank by one. This eliminates the concerns over 
the solvability of (4) and enables updating the estimation of Δ̂Ic by 
solving (6) for every candidate location. 

3.3. Algorithm for implementation of the proposed method 

The superimposed nodal currents of the tripped generation and non- 
monitored RESs are estimated and updated through an iterative algo
rithm to improve the accuracy of the modified set of equations. The 
flowchart shown in Fig. 2 can be used for the near real-time imple
mentation of the proposed method. The algorithm represented by this 
flowchart to identify the LoG location and size is detailed below: 

(i) All non-monitored RESs are first excluded from the superimposed 
circuit. This gives rise to (10), eliminating the concerns over the 
solvability of (4). 
(ii) The solution of (10) using (11) provides a starting point for the 
estimation of the superimposed nodal current at the candidate 
location, i.e., Δ̂Ic. 
(iii) The superimposed voltages at the terminals of non-monitored 
RESs are obtained from (1). In the first iteration, the Δ̂Ic used for 
this calculation is taken from step (ii). In the next iterations, Δ̂Ic 
estimated in step (v) of the previous iteration will be utilized. 
(iv) The superimposed nodal currents of non-monitored RESs, 
ΔIn,RES

r , are computed using (14). These currents are included in the 
measurements vector in (4) as virtual measurements. Accordingly, 
the rows representing the equations of type (3) for such virtual 

Fig. 2. Flowchart of the proposed method.  
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measurements are added to the coefficient matrix. The superimposed 
nodal currents of monitored RESs, ΔIm,RES

r , are provided by the cor
responding PMU measurement. 
(v) The resulting set of equations is solved by (6) for the candidate 
LoG location to update Δ̂Ic. This calculation accounts for the 
superimposed nodal currents of all monitored and non-monitored 
RESs. 
(vi) The algorithm goes back to step (iii) to update the superimposed 
voltages and currents of non-monitored RESs through another iter
ation. To terminate the process, the most recent estimation of the 
vector of unknowns, i.e., x̂c

i including all ΔIn,RES
r and Δ̂Ic, are 

compared to that of the previous one, i.e., x̂c
i− 1. If the norm of the 

difference between x̂c
i and x̂c

i− 1 is less than the specified tolerance, ε, 
the iteration is terminated and the algorithm goes to step (vii). 
(vii) The SoSR of the candidate LoG location is computed. Steps (ii) to 
(vii) are conducted for every candidate location. 
(viii) The LoG location is determined using (7). Finally, the amounts 
of the lost active and reactive power are calculated from (9), and the 
algorithm is terminated. 

4. Performance evaluation 

The performance of the proposed method is evaluated in this section 
using extensive simulations conducted on the IEEE 39-bus test system 
[35]. First, a general performance evaluation is presented to show the 
ability of the method to identify the size and location of LoG events 
considering RESs with different control settings. The outages of both SGs 
and RESs under different loading conditions are studied. Then, the ac
curacy of the estimated nodal current injections representing 
non-monitored RESs during different LoG events is examined. The 
control settings and locations of RESs summarized in Table 1 are 
considered in Subsections 4.1, 4.2, 4.3, and 4.4. Next, a comparison 
study is conducted between the proposed and the existing methods from 
different viewpoints. The method’s sensitivity to measurement, param
eter, and topology errors is also investigated. Then, the minimum LoG 
size the method can detect is scrutinized. Twelve PMUs are placed at 
buses 3, 5, 8, 11, 14, 16, 19, 23, 25, 27, 29, and 39 [36]. The impact of 
different numbers and locations of PMUs on the LoG size estimation is 
also scrutinized in Subsection 4.4. Finally, the impact of the RESs 
penetration is assessed by maintaining the total active power generation 
of the system while changing the share, location, and control settings of 
RESs. 

Extensive time-domain simulations are conducted using DIgSILENT 
PowerFactory. An anti-aliasing Butterworth filter with a cut-off fre
quency of 400 Hz is used to filter the recorded current and voltage 
waveforms, which are sampled at a frequency of 2 kHz. Then, the 
discrete Fourier transform is applied to estimate the phasors of these 
waveforms. The LoG size is reported as the average of its estimation over 
one power-frequency cycle. This calculation is performed after a full 
data window length from the LoG onset to account for the transient 
response of the phasor estimation process, over which the estimated 
phasor is not accurate [8]. 

4.1. General evaluation of the proposed method 

As listed in Table 1, a set of 20 RESs with different settings are 

connected at random locations in the IEEE 39-bus test system. To 
demonstrate the performance of the proposed method, two arbitrary 
outages are examined. The first LoG event is the outage of the SGs 
connected to bus 33, resulting in the loss of 320 MW active power. The 
second LoG event is the outage of the RES connected to bus 24, with 135 
MW active power injection prior to the event. Fig. 3 and Fig. 4 show the 
SoSR of all candidate LoG locations for the SGs outage and RES outage, 
respectively, for up to 200 ms following the LoG event. 

In both cases, the SoSR of the tripped generation is the least SoSR 
amongst the SoSRs calculated for all candidate LoG locations. This 
confirms the ability of the proposed method to correctly identify the LoG 
location regardless of whether it is the outage of SGs or RES. Simulation 
results show that the SoSR index remains valid for identifying the LoG 
location accurately for up to one second. 

Fig. 5 shows the estimated LoG sizes, i.e., changes in active and 
reactive power injections, over time for LoG events at the foregoing 
locations. In this figure, the actual values of ΔP and ΔQ are indicated by 
dotted lines. It is evident that accurate LoG size estimations can be 
achieved after one power-frequency cycle from the LoG onset. 

Existing methods do not account for the presence of RESs in the 
system. As expected, these methods become less reliable as the share of 
RESs increases. The proposed method incorporates the RESs into the 
formulation by directly adding the superimposed currents of monitored 
RESs and estimating those of the non-monitored RESs. To show this, the 
total vector errors (TVEs) between the estimated superimposed currents 
of the non-monitored RESs and their corresponding true values are re
ported in percentage in Table 2. The TVE index is used to quantify the 
error between two phasors, which combines the amplitude and phase- 
angle errors between them [37]. While existing methods disregard the 
presence of RESs, the maximum TVE for the estimated superimposed 
currents of RESs with the proposed method is less than 15%. This means 
the proposed method incorporates the contribution of RESs into the 
formulation with an accuracy of more than 85%. As will be shown, 
estimating the contributions of RESs is quite advantageous for the main 
objectives of the method, i.e., accurate LoG location and size estimation. 

To test the method under different loading conditions, light-load and 
heavy-load scenarios are created by applying a uniform 50% increase/ 
decrease to all loads/generations in the base case scenario. Table 3 and 
Table 4 summarize the percentage errors of the size estimations for LoG 
events at 30 ms after the LoG onset. It can be seen that the size of the LoG 
event is accurately estimated in all cases, with errors up to 1.52% and 
1.63% for SG and RES outages, respectively. This indicates that the 
proposed method can accurately estimate the size of LoG events 
regardless of the loading condition. The estimated LoG size is more ac
curate if it is performed in the first few cycles following the LoG event 
instant. 

As per the extensive simulations conducted, the average number of 
iterations taken by the proposed method is 4.5. For the IEEE 39-bus test 
system with 10 SGs and 20 RESs, the overall computation time amounts 
to less than 20 ms on a 2.8 GHz processor with 8 GB of RAM. It should be 
pointed out that the calculations of SoSRs are completely independent of 
each other. Therefore, in a system with very large numbers of candidate 
LoG locations, the computational burden can be reduced to the calcu
lation of one SoSR if the calculations are carried out on parallel pro
cessors. On the other hand, the effective technique proposed by the 
authors in [28] can also be used to limit the calculations to the disturbed 
area only. 

4.2. Comparison with existing methods 

The proposed method’s performance is compared with that of other 
methods in this subsection. The superiority of the proposed method can 
be seen from Table 5, which is not a surprise as the existing methods do 
not account for the presence of RESs [26,27]. Furthermore, the majority 
of existing methods demand full network observability, which requires 
the reception of a specific set of PMU data to make a decision. The 

Table 1 
Settings and locations of RESs.  

Location (Bus No.) Control Settings 

1,5,7,9,12, 14,15,17,24,26 Sn= 150 MVA 
Pref= 0.9 pu, Qref= 0.1 pu 

3,4,8,11,13,16,18,21,27,28 Sn= 200 MVA 
Pref= 0.85 pu, Qref= 0.15 pu  
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methods that divide the power system into several zones and need 
extensive offline studies impose a high computational burden. Accord
ing to Table 5, the method presented in [25] has a better performance 
than the other LoG size/location estimation methods. Therefore, the 
performance comparison is carried out only between the proposed 

method and the method of [25]. 
As explained, the true LoG location is determined based on the 

minimum SoSR obtained. Ignoring the presence of RESs by the existing 
methods introduces inaccuracies into the system model, which results in 
a higher value for the SoSR of the tripped generation. Simulations show 

Fig. 3. SoSR of all candidate LoG locations after the SG outage at bus 33.  

Fig. 4. SoSR of all candidate LoG locations after the RES outage at bus 24.  

Fig. 5. LoG size estimation following outages at buses 24 and 33.  

Table 2 
TVE in (%) of the estimated superimposed current of RESs.  

LoG 
Event 

RESs Location (Bus No.) 
4 7 12 13 15 17 18 21 26 28 

LoG1* 14.2 14.6 14.1 14.9 13.0 13.9 14 13.05 14.8 14.37 
LoG2** 12.5 12.1 12.7 12.6 14.0 14.1 14.4 14.4 12.9 12.3  

* Outage of SGs connected to bus 33. 
** Outage of RES connected to bus 24. 
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that locating the LoG event by the method of [25] fails in up to 10% of 
cases with a high penetration of RESs, while the proposed method is 
100% successful. This is illustrated by the SoSRs obtained for an arbi
trary LoG event at bus 36 with the method of [25] and the proposed 
method. As shown in Fig. 6, the SoSR for the true LoG location is 
noticeably reduced by the proposed method. As shown in Table 6, 
considering the impact of the RESs penetration can also improve the 
accuracy of LoG size estimation by up to 15%. Furthermore, in contrast 
to the existing method, the proposed method is able to locate and esti
mate the size of tripped RESs, which is quite important in modern power 
systems with high penetration of renewables. 

4.3. Sensitivity to measurement, parameter, and topology errors 

In this subsection, the proposed method’s performance is assessed for 
a wide range of errors in measurements, generator/transmission line 
parameters, and topology. The sources of errors considered in mea
surements are measurement noises, instrument equipment errors, and 
phasor estimation errors [38]. The errors are assumed to have normal 
distributions with mean zero. Table 7 reports the average and maximum 
LoG size estimation errors for up to ±5% measurement errors. The 

variation ranges of errors are reported regarding the three-sigma crite
rion [28]. In this study, each simulated case is repeated 500 times. With 
up to 5% errors in the measurements, the size estimation remains highly 
accurate, with a mean and maximum error of 0.79% and 4.9%, 
respectively. Besides, the LoG event is successfully located in all 

Table 3 
LoG size estimation errors in (%) for SG outages.  

Scenario LoG Location (Bus No.) 
30 31 32 33 34 35 36 37 38 39 

Base-case 0.64 1.52 0.15 1.4 0.06 0.08 0.25 0.01 0.84 0.56 
Light-load 0.32 0.11 0.08 1.51 0.07 0.07 0.28 0.01 0.26 0.17 
Heavy-load 0.72 1.52 0.14 1.28 0.04 0.16 0.20 0.02 1.12 0.92  

Table 4 
Log size estimation errors in (%) for RES outages.  

Scenario LoG Location (Bus No.) 
4 7 12 13 15 17 18 21 26 28 

Base-case 0.07 0.68 1.01 1.63 0.01 0.25 0.19 1.50 0.15 0.66 
Light-load 0.09 0.63 0.97 1.62 0.02 0.18 0.10 1.61 0.29 0.62 
Heavy-load 0.09 0.68 1.03 1.60 0.01 0.35 0.30 1.39 0.03 0.68  

Table 5 
Comparison of the proposed method with existing methods.  

Reference [20] [21] [23] [24] [25] Prop. 

Consider impact of RESs? No No No No No Yes 
Need offline studies? Yes Yes No No No No 

Specific sensor locations? Yes Yes Yes Yes No No 
Tolerate Sensor Losses? No Yes No Yes Yes Yes 

Estimate both size and location? No No No Yes Yes Yes 
Computational burden? High High Low High Low Low  

Fig. 6. SoSR of the tripped generation at bus 36 using different methods.  

Table 6 
General performance of the proposed method.  

LoG event Size Estimation Error (%) 
Proposed method Method in [25] 

Ave. Max. Ave. Max. 

LoG of SGs 0.55 1.52 7.98 16.81 
LoG of RESs 0.33 1.63 N/A N/A  

Table 7 
Sensitivity to measurement errors.  

Results Variation Range for Measurement Errors (%) 
±1 ±2 ±3 ±4 ±5 

Ave. Error (%) 0.46 0.53 0.64 0.71 0.79 
Max. Error (%) 1.91 2.38 3.20 4.18 4.90  

Table 8 
Sensitivity to generator/line parameter errors.  

Variation Range of Errors (%) ±1 ±2 ±3 ±4 ±5 

Error in Gen. 
Parameters 

Ave. Error (%) 0.45 0.45 0.46 0.46 0.47 
Max. Error (%) 1.66 1.70 1.75 1.78 1.83 

Error in Line 
Parameters 

Ave. Error (%) 0.45 0.57 0.68 0.84 0.99 
Max. Error (%) 3.28 6.71 7.36 8.73 13.68  
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simulated cases. The results obtained with errors in generator and 
transmission line parameters are summarized in Table 8. Again, each 
simulated case is repeated 500 times. It can be concluded that the 
method is quite robust to line and generator parameters errors, given the 
success in LoG location for all cases. As expected, the size estimation 
accuracy decreases as the parameter errors increase. 

The proposed method can function with any given topology so long 
as the control center constantly updates the network topology for the 
correct functioning of the EMS applications [39]. This is to ensure 
possible changes in the system topology will not adversely impact the 
method’s performance. Nevertheless, if changes in the system topology 
remain unreported to the control center, this might lower the method’s 
success rate. In what follows, we have evaluated the method’s perfor
mance against topology errors. Table 9 summarizes simulation results 
and demonstrates the impact of topology errors on LoG location and size 
estimations following LoG events at different locations in the system. It 
can be seen that the average success rate for the studied cases is 96.6%, 
while the average size estimation error is around 6.54%. As expected, 
the topology error (which may, for example, arises due to misreading of 
the status of an element) reduces the success rate of the LoG location. In 
this sense, the proposed method is vulnerable to unreliable inputs 
similar to any other wide-area monitoring, protection, and control 
methods. 

System operators can hugely benefit from reliable identification of 
large LoG events [26,27]. Therefore, it is also reasonable to define a 
threshold for the minimum LoG size to be detected by the method. A 
sensitivity analysis is performed here to evaluate the minimum detect
able LoG size at 20 generation buses by considering random measure
ment errors of 1% and 5% magnitudes, based on the three sigma 
criterion [28]. The size of the LoG event is reduced in 2% steps at each 
certain location, and each simulation case is repeated 500 times to ac
count for the probabilistic nature of errors. The minimum detectable 
LoG sizes that are successfully located by the proposed method are re
ported in Fig. 7. 

The proposed method takes advantage of the redundancy of PMU 
data and the least-squares method to minimize the overall effect of er
rors. Indeed, the availability of more input measurements improves the 
method’s accuracy [40]. Larger numbers of PMUs will help reduce the 
minimum detectable LoG size. The minimum detectable LoG sizes are 
reported in Fig. 8 for two arbitrary buses 26 and 34. These are obtained 
for different numbers of PMUs, while measurements are assumed to 
have up to 1% errors. 

4.4. Observability and PMU coverage 

The proposed method is able to locate and accurately estimate the 
size of LoG events using a limited number of PMUs. The method does not 
rely upon a fixed set of PMUs, which means its performance will not be 
necessarily impacted if some PMU data are lost. Nonetheless, the more 
the number of input measurements, the more accurate the method be
comes [40]. To show this, the proposed method is tested with a different 
number of PMUs. For each scenario, 100 different PMU placements are 
considered such that each placement leads to a solvable system of 
equations with a unique solution. As summarized in Table 10, the LoG 

size is accurately estimated in all scenarios. This confirms that the PMU 
placement does not remarkably affect the method’s performance. 

4.5. Sensitivity to the number and locations of RESs 

The proposed method can easily be applied to power systems with 
different locations and penetration levels of RESs. To demonstrate this, 
four different penetration levels are considered. The penetration level of 
RESs in the first column of Table 11 is obtained by modifying the control 
settings reported in Table 1. In doing so, the nominal powers of RESs are 
changed to obtain different injections of active power. For each pene
tration level, the simulation is repeated 20 times with different numbers 
and locations of RESs. The results presented in Table 11 show that the 
proposed method provides acceptable LoG size estimation regardless of 
the penetration level, number, and locations of RESs. Increased pene
tration of RESs adversely affects the existing methods in estimating the 
LoG size, while this is not the case with the proposed method. 

4.6. Practical application: under-frequency load shedding 

The proposed method could be incorporated into a centralized UFLS 
scheme as it can promptly identify the location and size of LoG events. 
Timely identification of LoG events is advantageous to preserving the 
power system’s stability. This enables the disconnection of loads from 
the vicinity of the LoG location as early as possible. Here, we compare 
the performance of the conventional UFLS scheme with that of a 
centralized UFLS scheme by taking advantage of the proposed method. 
As an example, the LoG event is considered to be the outage of 1200 MW 
active power. In this example, the RES penetration level is 40%, while 
the total system inertia is 2.7 s. The conventional UFLS scheme is set to 
shed up to 30% of the total load through 4 steps of 7.5% each. Load 
shedding is initiated at 49.5 Hz, and the frequency thresholds for each 
step are set 0.3 Hz apart. Fig. 9 illustrates the frequency response of the 
center of inertia of the system following the LoG event. Thanks to the 
LoG size estimated, the centralized UFLS scheme can trip a total amount 
of load equal to the amount of generation lost, i.e., β=1 pu. This is 
accomplished by shedding loads from the vicinity of the LoG event, i.e., 
buses 3, 4, 7, 8, 15, 20, and 39. It can be seen that the frequency nadir is 
enhanced by 0.28 Hz compared to the conventional UFLS. By setting 
β=0.75 pu, the proposed scheme sheds the same amount of load as is 
shed by the conventional scheme. This increases the frequency nadir by 
0.2 Hz compared to the latter. These results demonstrate the improve
ment in the frequency response achieved by the centralized UFLS 
scheme. Moreover, load shedding from the vicinity of the LoG event 
could be highly advantageous against combinational voltage and fre
quency instabilities [30]. 

5. Conclusion 

This paper proposes a method for estimating the size and location of 
loss of generation (LoG) events in power systems with high penetration 
of renewable energy sources (RESs). The method uses the superimposed 
circuit methodology to account for the contribution of RESs using 
available PMU measurements. An overdetermined system of linear 
equations is obtained by manipulating the bus impedance matrix with 
reference to active and reactive power setpoints of RESs, and available 
PMU data. The solvability concerns of the system of equations are 
hugely reduced by estimating the contribution of non-monitored RESs. 
The solution of this system provides the superimposed current injection 
of the tripped generation. The proposed method relies merely on 
rigorous KVL and KCL equations. Thus, it is faster than existing methods 
based on frequency measurements and more accurate than those 
requiring the knowledge of system inertia. 

The presence of RESs is not considered by existing methods, which 
introduces significant errors if the penetration level is high. The pro
posed method is able to locate and estimate the size of LoG events with 

Table 9 
LoG location and size estimation sensitivity to topology errors.  

Transmission 
Line/ 

Transformer 
Index 

Success Rate of LoG Location 
(%) 

Ave. Size Estimation Error (%) 

Not 
Considered 

while in 
Service 

Considered 
while not in 

Service 

Not 
Considered 

while in 
Service 

Considered 
while not in 

Service 

5–8 93.01 99.01 9.46 2.83 
11–12 96.52 99.21 2.21 4.96 
17–18 93.01 98.65 12.89 6.86  
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high accuracy regardless of whether the tripped generation is a syn
chronous generator or an RES. More importantly, there are no rigid 
constraints on the number and location of PMUs to obtain reliable es
timations. Hence, if any PMU data is temporarily lost, the accuracy of 
the results is not noticeably affected. The proposed method 

demonstrates robustness against measurement and parameter errors. It 
is also shown that different numbers, locations, and penetration levels of 
RESs do not have a meaningful impact on the performance of the pro
posed method. 
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