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ABSTRACT1 

 

The increasing penetration of renewable energy has a 

significant impact on the performance and reliability of 

the power grid. This is largely because of the uncertainty 

of the renewable resources and the complex nature of the 

power system infrastructure. This paper analyzed power 

grids’ vulnerability to cascading failures with respect to 

the penetration level of renewable energy into the grid. In 

this paper, a novel power balance technique is used for 

cascading failure analysis and power grid vulnerability 

measurement. The proposed approach incorporates a 

modified optimal power flow algorithm in the grid 

vulnerability analysis study which accurately reflects the 

most probable path of cascading failure evolution process 

with uncertain renewable generation. The simulation 

results on IEEE 118 bus system, IEEE 300 bus system and 

500 bus system showed that increasing penetration of 

renewable energy have proportionally higher impact on 

grid vulnerability to cascading failures due to injection of 

higher uncertainties into the grid. It was also evident that 

after a certain level of RE penetration, some system might 

deteriorate rapidly and preventive measures should be 

taken if and when RE penetration level exceeds that limit. 

 

Keywords: Cascading Failure, AC Power Flow, Optimal 

Power Flow, Grid Vulnerability, Uncertainty. 

 

 

1.  INTRODUCTION 

 

The modern power systems are undergoing some massive 

transitions. Growing demand of electricity, when 

combined with the need to limit carbon emissions to 

achieve sustainable development goals [1], encourages a 

rapid growth of renewables into the existing power 

system. However, the unpredictable nature of renewable 

sources will inject significant amount of uncertainty into 

the grid which may lead to cascading process resulting 

into blackout. So, it is necessary to study the impact of 

renewable energy (RE) penetration to grid vulnerability 

analysis to cascading failures (CF). 

The literature on CF mainly focuses on the modelling and 

analytical tools for a given network. There are two types 

of models in simulating CF; transient models and steady 
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state models. In [2], a dynamic model is presented which 

can simulate various cascading outage mechanisms. 

Steady state models are more common in literature to 

study and evaluate CF process. In [3], [4], the mixed OPF-

stochastic models are the examples of steady state CF 

model where DC power flow (DCPF) was used to reduce 

computational burden. As DC models resulted in large 

errors in flow estimation [5] for large networks, [6], [7], 

are among the models incorporates AC power flow in the 

simulation of CF. In the stochastic CF model in [7], 

conventional optimal power flow (OPF) is used in the 

power balance algorithm which failed to accurately 

evaluate the negative impacts introduced by RE on the 

grid vulnerability. 

In our proposed model, a new CF model with AC power 

flow (ACPF) method is used for vulnerability analysis of 

the grid network to cascading process. Cascading failure 

is a fast-evolving process. So rather than using 

conventional OPF, the proposed approach incorporates a 

modified OPF algorithm where least square adjustment 

method is used to restore the balance in the network 

during cascading failures and in result, the simulation 

process accurately mimics the most probable evolution 

path of CF process. To measure the vulnerability to CF, 

load shedding amount and number of tripped lines for 

increasing RE penetration are used as measuring tool in 

this study. Simulations have been performed on IEEE 118 

bus system and IEEE 300 bus system for different testing 

cases and scenarios. This study has also revealed that after 

a certain level of RE penetration, system may deteriorate 

rapidly and preventive measures should be taken if and 

when RE penetration level exceeds that limit in order to 

mitigate the negative impacts of RE penetration during CF 

process. 

The rest of the paper is arranged in following parts. In 

section 2, the system model is briefly discussed. Section 3 

contains the modified OPF algorithm and the overall 

simulation workflow. Section 4 and 5 present results and 

conclusion, respectively. 

  

 

2.  SYSTEM MODEL 

 

The modern power system is an ever-evolving complex 

infrastructure. Their complex interconnected nature along 
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with characteristics of different parameters introduce 

uncertainties into the network. Demand growth, 

availability of renewable energy sources, contingencies, 

climatic conditions, interconnections, power markets, are 

some examples of uncertain data. The goal of this study is 

to assess the grid vulnerability to cascading process from 

uncertainty perspective. Our proposed model considers 

uncertainty from load and renewable generation which 

propagates linearly in the line flow process. 

 

A.  Uncertainty modelling 

In the proposed uncertainty model [8], the load demand 

power and renewable generator output power are 

represented with two terms as follows:  

 

𝑃(𝑡) = 𝜇𝑝(𝑡) + 𝜖𝑝(𝑡)                                    (1) 

where 𝜇𝑃(𝑡) is the mean of load demand power or 

renewable generator output power at time t. In other 

words, it is the expected power signal ahead of time. It is 

actually the forecasted power we achieve through some 

forecasting techniques using historical data. And 𝜖𝑃(𝑡) 

represents the uncertainty which is a zero-mean signal. It 

is the difference between forecasted data and actual data. 

In this study, we assume load forecasting errors and wind 

output power mismatches as uncertainties. As the 

historical data and future data follow same pattern for load 

demand and renewable resources, a widely popular 

forecasting model, Autoregressive Moving Average 

(ARMA) technique [9] is used to model uncertainties in 

this study. 

  

B.  Line flow based on AC power flow 

The power flow study is the numerical computation of 

voltage magnitude and phase angle at each bus in an 

interconnected network under steady state condition. The 

DC power flow approximation is a common approach for 

calculating load flow and detecting overloaded branches. 

This approximation considers some assumption to 

achieve the linearization of power flow equations which 

results in reduction of computational burden. In DCPF, we 

assume flat voltage profile which means the voltage 

amplitude is equal for all nodes and voltage angle 

differences between neighboring nodes are small. We also 

assume line resistance are negligible compared to line 

reactance. The accuracy of DCPF depends on these 

assumptions’ validity in real network situation. These 

assumptions do not hold true for AC power flow which 

may result in huge computational burden and convergence 

problem for large complex network. On the other hand, 

the accuracy of AC power flow solutions is much higher 

and we can access the voltage profile of the busses in the 

network. Due to these approximations DCPF 

underestimate the severity of cascading failure in large 

complex networks [5]. In our proposed cascading failure 

model, we have used ACPF to detect overloaded 

branches. However, to determine the mean flow in the 

branches Unscented Transformation (UT) method is used 

to avoid the disadvantages of ACPF [10], [11]. 

C.  Unscented transformation 

The unscented transformation (UT) method can overcome 

the limitations of linearization by providing a direct and 

definitive approach for transforming statistical 

information. UT method can provide higher accuracy with 

the same computational burden as linearization. The basic 

idea of UT method is that it is easier to estimate a 

probability distribution function than it is to estimate an 

arbitrary nonlinear function [12]. In UT method, the input 

points are selected in a way that they can maintain enough 

information to represent their probability distribution 

function. 

The UT method is applicable to different uncertain 

problems with satisfactory result. This method calculates 

the statistics output random variables undergoing a set of 

nonlinear transformations. In our model, the inputs of the 

UT methods are the load demand and renewable 

generation. We have chosen the input points in a way so 

that we can determine the mean and covariance of the 

input variables. Then UT method can estimate the mean 

and covariance of the output random variables, in our 

case, line flow in the network [7]. Special focus should be 

given on the idea that, in the UT method, the sample points 

are not selected randomly. They are chosen in a specific 

way so that they have a predefined mean and covariance. 

This statistical information propagates through some 

nonlinear function and ultimately results in an accurate 

estimation of statistics of the output variable. 

 

D. Tripping mechanism and relay model 

In the proposed relay model, we have used the mean and 

covariance of the branch flow derived by the UT method. 

This statistical information is the main component of the 

CF simulation relay model. Here, power flow of each 

branch is assumed to be Gaussian to determine the 

normalized overload distance and in result, the 

overloading probability  of each branch [3]. Then, we can 

calculate the mean overload time (𝜏�̅�) of branch l using the 

normalized overload distance (𝑧𝑙) and overloading 

probability (𝜌𝑙). 

𝜏�̅� =
2𝜋𝜌𝑙𝑒

𝑧𝑙
2

2

𝐵𝑊𝑙
                                           (2) 

Where, 𝐵𝑊𝑙  is the equivalent bandwidth of the flow 

process for the lth line [13]. 

This relay model introduces the uncertainties injected 

from RE sources and loads to the line flows. The time-

inverse relay algorithm is in motion when the line 

becomes overloaded and the time to trip (𝑡𝑡𝑟) is inversely 

proportional to the line overloading value. This value is 

determined based on the thermal stability of the 

transmission lines [14]. This 𝑡𝑡𝑟 value is compared to the 

mean overload time, 𝜏𝑙
𝑢̅̅ ̅, if it is larger the trip timer is set 

to zero, otherwise, the trip timer is set to the relay time to 

trip. This tripping mechanism enables us to model the 

stochastic process of CF and identify the most probable 

path for its propagation. 
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3.  MODIFIED OPF ALGORITHM 

 

During cascading failure process, branches of the power 

grid may trip and become disconnected. The grid network 

changes after every line trip. To restore the balance in the 

system some modification may be required. In [7], author 

proposed a power balance algorithm to restore the 

balance. In this algorithm, conventional OPF is used 

which could not accurately evaluate the impacts of RE 

penetration into the grid during CF. As CF is a very fast 

evolving process, conventional OPF would not properly 

reflect the transition path of CF process after every line 

tripped. Here, we proposed a modified OPF algorithm 

which can restore the balance of the grid within its 

capacity limit. In this algorithm, we have proposed least 

square adjustment of the parameters of power grid within 

their valid capacity limit. The main goal of this algorithm 

is to mimic the most likely evaluation path of CF process 

in each step of the simulation process. The solution of this 

optimization problem restores the balance of the grid 

network within the least possible adjustment of generation 

and load controls in the grid and in result, accurately 

evaluates the impacts of RE penetration during CF process 

by representing the most likely transition path of CF 

process after every line trip. 

 

A.  Objective function 

The objective function of this modified OPF is the least 

square adjustment of generation and load controls after 

every line tripping occurs. In this optimization problem, 

we try to minimize the differences of generation and load 

control parameters from their initial value. As oppose to 

the conventional OPF, it only focusses on real and reactive 

generation, real and reactive load demand and bus voltage 

magnitude. In CF process, every line tripping result in 

change of the existing network and the adjustment of 

generation and load is necessary. The modified OPF serve 

this purpose keeping the system as close to the initial 

condition.  

 

min
𝑃𝐺,𝑃𝐷,𝑄𝐺,𝑄𝐷,𝑉

𝑾[ ‖∆𝑃𝐺‖2
2  ‖∆𝑃𝐷‖2

2  ‖∆𝑄𝐺‖2
2  ‖∆𝑄𝐷‖2

2  ‖∆𝑉‖2
2 ]𝑻       (3)   

 

Here, ∆𝑃𝐺 , ∆𝑄𝐺 , ∆𝑃𝐷 , ∆𝑄𝐷  and ∆𝑉 represent the real 

power generation adjustment, reactive power generation 

adjustment, real load adjustment,  reactive load 

adjustment and the voltage magnitude adjustment 

respectively for each bus before and after line tripping.  

And, 𝑾 represents coefficients or the penalty factors for 

the respective terms in optimization problem.  

Here, 𝑾 = [ 𝑤1 𝑤2 𝑤3 𝑤4 𝑤5]. The values of these 

coefficients determine the gravity of their respective terms 

in the overall minimization problem. For example, in a 

specific case when minimizing load shedding is of top 

importance, one can put extra effort in minimize it by 

setting higher value of 𝑤2 from other coefficients, which 

may result into other parameters shift away from initial 

value. In other cases, it could be of more importance to 

keep the differences of generation dispatch as less as 

possible. In that case, coefficient 𝑤1 will be set to a higher 

value to minimize the difference of generation dispatch 

which may lead to higher amount of load shedding. Thus, 

the values of the coefficients can be chosen in a way to 

serve specific purpose in specific cases. Here, in our 

simulation, all the coefficient values are set to 1 to give 

equal importance to every term in the modified OPF 

algorithm.  
 

B.  Constraints 

The modified OPF is a constrained optimization problem 

which has two types of constraints.  

 

 Equality Constraint:  The active and reactive power 

balance in each bus, namely the AC power flow equation 

is the equality constraint set for this modified OPF.  

 

𝑓(𝑉𝑚 , 𝜃, 𝑆𝐺, 𝑆𝐷 , 𝑌) = 0                                      (4) 

Here 𝑉𝑚 represents bus voltage magnitudes, 𝜃 represents 

bus voltage angles, 𝑆𝐺  is the complex generation power, 

𝑆𝐷 is the complex load and Y is the admittance matrix for 

the grid after line tripping occurs.  

 

 Inequality constraint:  The operating limits of the 

components of power grid control the steady state 

operation of the network. These operating limits are the 

inequality constraints set for this modified OPF.  

 

𝑋𝑚𝑖𝑛 ≤ 𝑋 ≤ 𝑋𝑚𝑎𝑥                               (5) 

 

Here X represents real and reactive generation, real and 

reactive load, bus voltage magnitude and bus voltage 

angle, 𝑋𝑚𝑎𝑥  is the upper boundary and 𝑋𝑚𝑖𝑛 is the lower 

boundary of the parameters. These are the inequality 

constrains of the modified OPF.  

 

C.  Algorithm 

In CF simulation process, after every line tripping this 

modified OPF restores the balance of the network using 

least square adjustment of the generation and load controls 

Figure 1 shows the flowchart of the modified OPF. This 

modified OPF model represents a nonlinear constrained 

optimization problem. We have used an optimization 

toolbox of MATLAB, ‘fmincon’, to solve this problem. 

This modified OPF takes the transformed admittance 

matrix after tripping and power flow solution of the 

network before line tripping as inputs. The parameters are 

initialized as the power flow solution of the network 

before line tripping. The inequality constraints are set as 

the operating limits of the generation and load controls 

and the equality constraints are the real and reactive power 

balance equations for each bus. 

In figure 3, the overall working diagram of proposed 

model has been shown. For a specific network we have 

chosen a few different scenarios where several generators 

were selected to replace them with wind generators. For 

every scenario, we have chosen different conventional 

generators for replacement. According to the load data, 

wind data and scenarios, we performed an initial optimal 
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power flow to determine the generation dispatch for 

different RE penetration. Then we introduced n-2 

contingency into the system to initiate cascading failure. 

 

 

 
 

Fig 1. Flowchart of the modified OPF 

 

After every line tripping, the modified OPF restored the 

power balance of the network with least square 

adjustments of the parameters within their boundary. In 

every time step, we performed power flow analysis to 

determine the overloaded lines. For every overloaded line, 

we have used UT method to find out mean overloading 

time and specific lines have been tripped when the trip 

timer hit zero. During cascading process, we have shut 

down all isolated buses and islands without generation. 

After the simulation, load shedding amount and number 

of tripped lines have been stored. For every scenario, we 

have used several different n-2 contingencies to initiate 

cascading process and took the average of load shedding 

and trip count to measure the severity of the cascading 

process. For every scenario, we have repeated the process 

for different level of RE penetration to see the impact of 

RE penetration level on the severity of cascading process. 

 

 
Fig 2. Overall overview of CF simulation 

 

 

4.  SIMULATION RESULTS AND DISCUSSION 

 

We have simulated the impacts of increasing renewable 

generation integration on grid vulnerability to cascading 

overload failures in two IEEE standard cases (IEEE 118 

and IEEE 300 bus system) and one synthetic 500 bus 

system (ACTIVSg500). In all the cases, we have selected 

a few different scenarios and several different initial n-2 

contingencies to initiate cascading process. We have used 

four hours of load data and wind generation data with 4 

second resolution. 

Scenarios:  In a specific scenario, we have selected six 

different conventional generators to replace those with 

wind generators. The six conventional generators have 

been selected in a way so that they could contribute at least 
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30% of the total generation of the system which in result, 

represents up to 30% RE penetration in the system. Then 

these conventional generators are gradually replaced by 

wind generators to see the effect of increasing RE 

penetration in the grid. In our simulation, we have chosen 

a limited number of scenarios in order to reduce the 

computational burden. The scenarios have been chosen in 

a way so that most of the conventional generators by turn 

could have been replaced by wind generators.  

Contingency:  To initiate the CF simulation, we have 

manually tripped two branches (n-2 contingency) at the 

initial stage of the simulation. We have selected several 

different n-2 contingencies to initiate the CF simulation to 

see different cascading failure evaluation path for every 

scenario. In order to reduce the computational work load, 

we have selected limited number of initial n-2 

contingencies. The contingencies have been selected from 

a batch of contingencies which mostly represents the 

critical lines of the system which leads to CF process. 

 

IEEE 118 Bus System:  The IEEE 118 bus  test case 

represents a portion of the American Electric Power with 

54 committed generators, 99 loads and 186 branches [15]. 

The maximum generation capacity is 9966 MW and total 

average load is 4330 MW. We have considered fifteen 

different scenarios where we replaced conventional 

energy with wind energy to see the impact of RE 

penetration in case of cascading failure.  

To initiate cascading failure, we introduced 50 different 

N-2 contingencies in the simulation for every scenario to 

see its evolution process. To measure the severity of the 

cascading process we considered the load shedding 

amount and trip count for every cases. For every scenario, 

we have tested our model for 0% to 30% renewable 

penetration. We have taken the mean of the total load 

shedding amount for 50 different initial n-2 contingencies. 

In scenario 1, generator 5, 10, 17, 21, 30 and 40 have been 

replaced by wind generator. We have simulated this 

scenario for 50 different n-2 contingencies. The average 

load shedding amount and average count of line tripping 

are the measuring tool to asses vulnerability to cascading 

failures. 
 

TABLE I 

VULNERABILITY IMPACTS EVALUATION (SCN 1)-IEEE118 
 

Avg Load Shedding (MW) Avg number of lines tripped 

RE 

0% 

RE 

10% 

RE 

20% 

RE 

30% 

RE 

0% 

RE 

10% 

RE 

20% 

RE 

30% 

22.19 63.49 131.95 175.84 2.54 4.02 4.98 5.90 

 

From Table I, we can see that for scenario 1, with 

increasing renewable penetration, the average load 

shedding amount increased from 22.19 MW to 175.84 

MW. And the average trip count also increased from 2.54 

to 5.90. The increasing renewable penetration increased 

uncertainty into the system which results in larger amount 

of load shedding which makes the network more 

vulnerable to cascading failure. 

From figure 3, we can see the same trend for every 

scenario, which is the increasing trend of load shedding 

amount with increasing RE penetration. If we take a closer 

look on figure 2, we can see that for 50% of cases there is 

a sudden increase in load shedding when RE penetration 

level reached 20%.  
  

 
Scenario (1-5) 

 

 
Scenario (6-10) 

 

 
Scenario (11-15) 

 

Fig. 3 Average load shedding amount for increasing RE 

penetration (IEEE 118 bus system) 

 

In figure 4, we have shown the average number of line 

trips for every scenario with 50 different n-2 
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contingencies. The line trip count also increased with the 

increasing RE penetration.  
 

 
Scenario (1-5) 

 

 
Scenario (6-10) 

 

 
Scenario (11-15) 

 

Fig. 4 Number of tripped lines for increasing RE penetration  

(IEEE 118 bus system) 

 

For a specific scenario and for a specific contingency we 

can see the most probable cascading process evaluation 

path. In Table II, we can see that for scenario 1, when we 

initially tripped line 51 and 168 to initiate CF process, the 

trip count and the load shedding percentage increased with 

increasing RE penetration. 

 
TABLE II 

VULNERABILITY IMPACTS FOR A SPECIFIC CONTINGENCY-118 BUS 

 

Scenario 
N-2 
Contingency 

RE 
Penetration 

Trip 
Count 

LNS (%) 

1 51, 168 

0% 4 0.60 

10% 13 8.77 

20% 17 12.71 

30% 26 24.10 

 

In figure 5, we can see the cascading failure evolution 

process for scenario 1 where branch 51 and 168 was 

initially tripped. We can see the initial escalation in the 

initial stage of the CF process and then after some time the 

system becomes stable. For RE penetration of 0% the 

system has stabilized very quickly compared to higher RE 

penetration level. With increasing RE penetration, the 

system took more time to stabilize which also indicates 

the vulnerability to CF with uncertain generation.  

 

 
Time Step (4 second per step) 

 

Fig. 5 Cascading failure evolution for a specific contingency 

 

IEEE 300 Bus System:  We have tested our algorithm on 

another IEEE test case, IEEE 300 bus system. This test 

case was developed by the IEEE test systems task force 

under the direction of Mike Adibi in 1993. This system 

contains 69 generators, 304 transmission lines and 195 

loads, and its loading level is higher than 118 bus system 

[16]. The maximum generation capacity is 32,678 MW 

and the total load is 23,525 MW. We have considered ten 

different scenarios for this test case where we replaced 

conventional energy with wind energy to see the impact 

in case of cascading failure. To initiate cascading failure, 

we introduced N-2 contingencies in the simulation. For 

every scenario, we have considered 10 different n-2 

contingencies to initiate cascading failure and see its most 

probable evolution process. To measure the severity of the 

cascading process we have considered the load shedding 

amount and trip count for every case as measuring tool.  

For example, in scenario 2, generator 11, 14, 31, 48, 62 

and 64 have been replaced by wind generator. We have 

simulated this scenario for 10 different n-2 contingencies. 
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The average load shedding amount and average number 

of tripped lines are the measuring tool to asses 

vulnerability to cascading failures. 
 

TABLE III 
VULNERABILITY IMPACTS EVALUATION (SCN 2)-300 BUS 

 

Avg Load Shedding (MW) Avg number of lines tripped 

RE 
0% 

RE 
10% 

RE 
20% 

RE 
30% 

RE 
0% 

RE 
10% 

RE 
20% 

RE 
30% 

346.4 420.1 613.2 1181.9 4 4.67 6.22 8.11 

 

From Table III, we can see that for scenario 2, with 

increasing renewable penetration, the average load 

shedding amount increased from 346.4 MW to 1181.9 

MW. And the average trip count also increased from 4 to 

8.11.  
 

 
Scenario (1-5) 

 

 
Scenario (6-10) 

 

 
Scenario (11-15) 

 

Fig. 6 Average load shedding amount for increasing RE 

penetration (IEEE 300 bus system) 

The increasing renewable penetration increased 

uncertainty into the system which resulted into larger 

amount of load shedding and made the network more 

vulnerable to cascading failure. 

 

 
Scenario (1-5) 

 

 
Scenario (6-10) 

 

 
Scenario (11-15) 

 

Fig. 7 Number of tripped lines for increasing RE penetration 

(IEEE 300 bus system) 

 

 

From figure. 6 we can see the same trend for every 

scenario, which is the increasing trend of load shedding 
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amount with increasing RE penetration. If we take a closer 

look on figure 6, we can see that for almost 80% of the 

cases, when RE penetration level reached 30%, there is a 

rapid increase in load shedding amount which indicates 

that the system becomes more vulnerable at this level of 

RE penetration. 

In figure 7, we have shown the average number of line 

trips for every scenario with 10 different n-2 

contingencies. The line trip count also increased with the 

increasing RE penetration. 

 

500 bus case (ACTIVSg500):   The ACTIVSg500 case 

is a 500bus power system test case that is entirely 

synthetic, built from public information and a statistical 

analysis of real power systems. It bears no relation to the 

actual grid in this location, except that generation and load 

profiles are similar [17]. This system contains 56 

committed generators, 597 transmission lines and 200 

loads, total generation capacity 12188.9 MW and load 

7750.7 MW. We have considered only three different 

scenarios for this test case due to high computational 

burden. To initiate cascading failure, we introduced N-2 

contingencies in the simulation. For every scenario, we 

have considered 25 different n-2 contingencies to initiate 

cascading failure and see its most probable evolution 

process. 

 
TABLE IV 

VULNERABILITY IMPACTS EVALUATION (SCN 1)-500 BUS 
 

Avg Load Shedding (MW) Avg number of lines tripped 

RE 

0% 

RE 

10% 

RE 

20% 

RE 

30% 

RE 

0% 

RE 

10% 

RE 

20% 

RE 

30% 

230.2 268.6 280.6 303.9 6.05 6.53 6.68 6.79 

 

From Table IV, we can see that for scenario 1, with 

increasing renewable penetration, the average load 

shedding amount increased from 230.2 MW to 303.9 

MW. And the average trip count also increased from 6.05 

to 6.79.  

 

 
Scenario (1-3) 

 

Fig. 8 Average load shedding amount for increasing RE 

penetration (500 bus system) 

From figure. 8 we can see the same trend for every 

scenario, which is the increasing trend of load shedding 

amount with increasing RE penetration. If we take a closer 

look on figure 8, we can see that there is a steady increase 

in load shedding amount. 

In figure 9, we have shown the average number of line 

trips for every scenario with 25 different n-2 

contingencies. The line trip count also increased with the 

increasing RE penetration. 

 

 
Scenario (1-3) 

 

Fig. 9 Number of tripped lines for increasing RE penetration 

(500 bus system) 

 

Comparing the results of the three cases we can say that, 

in all the cases with increasing penetration of RE, the 

amount of load shedding and the number of tripped lines 

increased. As measuring tool of vulnerability to cascading 

failure, the system becomes more vulnerable to cascading 

failure. Moreover, from figure 6, we can notice sudden 

rapid increase of load shedding amount for most of the 

scenarios in 300 bus system when RE penetration 

increases from 20% to 30%.  As a matter of fact, on an 

average there is around 120% increase of load shedding 

when RE penetration increased from 20% to 30%.  
 

 
RE penetration 

 

Fig. 10 Overall vulnerability analysis 

 

From figure 10, we can see the overall vulnerability 

analysis for IEEE 118 bus system, IEEE 300 bus system 
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and 500 bus system averaging all the scenarios. The IEEE 

118 bus system has the lowest loading level (43%) out of 

these three cases. We can see that for IEEE 118 bus 

system, load shedding reached 2.35% (102 MW) for 20% 

RE penetration. For IEEE 300 bus system, the loading 

level is the highest (72%). There is a sudden increase in 

load shedding (2.4%) when RE penetration reached 30%. 

As the total load amount (23,525 MW) is larger than the 

other two cases for IEEE 300 bus system, the load 

shedding amount (270 MW) is higher in that case. And for 

synthetic 500 bus system, the loading level (64%) is in 

between the previous two cases. We can see a steady 

increase of load shedding amount with increasing RE 

penetration which starts from 2.1% (165MW) load 

shedding for 0% RE penetration and ends up with 3% 

(235MW) load shedding for 30% RE penetration. The 

reason behind the high load shedding amount in 0% RE 

penetration is the selection of scenarios. For 500 case 

system, the three scenarios are chosen in a way to result 

in severe cascading failure process. Among the three 

cases, IEEE 300 bus system is more sensitive to RE 

penetration and infrastructure upgradation is necessary for 

this case. 

It is evident that, for some cases when RE penetration 

reached a certain point, the system may enter a critical 

stage where it can deteriorate rapidly and preventive 

measures should be taken to mitigate the negative impacts 

of RE penetration. Hence, by incorporating the modified 

OPF power balance algorithm in simulation process, the 

negative impacts introduced by RE on the grid 

vulnerability have been accurately reflected. 

 

 

5.  CONCLUSIONS 

 

In this paper, we have analyzed the impacts of renewable 

generation on grid vulnerability to cascading overload 

failures in terms of its penetration level. A full ACPF 

model with UT method and modified OPF for power 

balance have been used in the simulation process to 

accurately mimic the most likely evolution path of CF 

process and to make the study more accurate. Blackout 

size and number of tripped lines have been used as 

measuring tools to asses vulnerability to CF. It is found 

that higher penetration from renewable energy leads to 

higher number of trip count and larger amount of load 

shedding. The proposed model has also been able to 

identify that after a certain level of RE penetration, some 

system may deteriorate rapidly and preventive measures 

should be taken if and when RE penetration level exceeds 

that limit. As a future extension of this study, it is of 

interest to incorporate mitigation tools to prevent or 

minimize the severity of cascading failure in case of 

higher penetration of renewables. 
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