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Abstract: The traditional load-shedding models usually use global optimization to get the
load-shedding region, which will cause multiple variables, huge computing scale and other problems.
This makes it hard to meet the requirements of timeliness in on-line power system operation risk
assessment. In order to solve the problems of the present load-shedding models, a load-shedding
model based on sensitivity analysis is proposed in this manuscript. By calculating the sensitivity of
each branch on each bus, the collection of buses which have remarkable influence on reducing the
power flow on over-load branches is obtained. In this way, global optimization is turned to local
optimization, which can narrow the solution range. By comprehensively considering the importance
of load bus and adjacency principle regarding the electrical coupling relationship, a load-shedding
model is established to get the minimum value of the load reduction from different kinds of load
buses, which is solved by the primal dual interior point algorithm. In the end, different cases on
the IEEE 24-bus, IEEE 300-bus and other multi-node systems are simulated. The correctness and
effectiveness of the proposed load-shedding model are demonstrated by the simulation results.

Keywords: on-line power system operation risk assessment; sensitivity analysis; load reduction
region; load-shedding model; requirements of timeliness

1. Introduction

With the continuous development of the economy, the scale of power systems is getting larger,
and their structure is getting increasingly complicated. In recent years, large-area power failures
have frequently occurred and have caused huge economic losses [1,2]. In order to eliminate the
potential risks and ensure the operational safety and reliability of power systems, the risk identification,
risk monitoring and risk management based on operation risk assessment have received great attention,
which has become one of the major tasks of urban power grid management [3,4]. The power system risk
assessment is the comprehensive measurement of possibility and consequences. The probability and
consequences of different scenarios are directly related to the operation state and external environment,
which are both time-varying and stochastic. Besides that, “N-1", “N-2” and other failure modes will
lead to a great number of fault scenarios, which should be evaluated within a short period of time
(such as 30 min). Thus, the power system risk assessment should be carried out on-line to ensure its
accuracy and timeliness.

The load loss caused by failures of power equipment is an important aspect of risk consequences,
which is also one of the core contents of the power system operation risk assessment. When power
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equipment failures lead to overloading of branch power flows, load-shedding models are applied to
calculate the quantity of load reduction caused by the branch overload. As the number of the failure
scenarios being considered is large, many scenarios, especially the multiple fault scenarios, usually
cause the overload of branch power flows. Then a load-shedding model is applied to eliminate the
overload of each branch. Thus, the computation speed of load-shedding model is the key to promote
the calculation efficiency of operation risk assessment and achieve the on-line evaluation.

The traditional load-shedding methods include: random load reduction method; average
load reduction method; bus importance-based load reduction method [5]; nearby load reduction
method [6-8]; optimum load reduction method [9-13]. The random load reduction method and
average load reduction method refer to cutting down the load in the load reduction region randomly
and averagely, respectively. The amount of load reduction calculated by these two methods is quite
different from the practical situation, which makes them non-applicable in power system operation
risk assessment. In [5], the load weight was obtained by trial and error, so the load buses are classified
by their importance. In this way, the least important load buses are firstly cut down, then the less
important load buses, and so on. In [6], the adjacency principle was proposed to obtain the nearest
load bus, in this way the load-shedding region was achieved, which is the range of target bus to cut
down load. Reference [7] obtained the load bus set by setting the “bus degree value” to get the load
buses closest to the failed equipment. Reference [8] calculated the distance of each load bus to the
failed equipment regarding the network topology, in order to cut down the loads of the relatively
close buses. In [9], by comprehensively considering the importance of each bus and their distance to
the failed equipment into consideration, a direct current power flow model was used to calculate the
load-shedding results. In [10-12], the optimal power flow model was applied to rapidly determine
the load-shedding region and calculate the total amount of load reduction. Reference [13] calculated
the contribution coefficient and distribution factor of the power flow from generators, load buses
and transmission lines. Then the optimized load-shedding region is achieved. All these traditional
load-shedding methods used global optimization, which takes all the load buses into consideration
and had complex constraint conditions. This will lead to a reduction of the speed of calculation, which
makes it hard to meet the requirements of timeliness in on-line operation risk evaluation.

In fact, when power equipment failures cause load reductions, the load buses which are far
from the failed equipment have little influence on reducing the power flow on overloaded branches.
In other words, searching for the target load buses in the global scope is not necessary. The “bus
degree value” [7,14] and distance between the load buses and failed equipment calculated by a
power flow tracing method [8,15-17] are applied regarding the physical distance and topological
distance, respectively. However, the physical distance and topological distance cannot explain the
electrical coupling relationships between power equipment. The load reduction region should include
load buses which are filtered by comprehensively considering the physical distance and electrical
coupling relationships.

As mentioned above, defects of the present load-shedding models are as follows: firstly, traditional
load-shedding models use global optimization to determine the load reduction region. This will cause
multiple variables, huge computing scale and other problems, which would greatly influence the
calculation efficiency. Secondly, the traditional adjacency principle regarding the physical distance and
topological distance cannot consider the electrical coupling relationships, which means the target load
buses include too many useless buses which may have little influence on reducing the power flow on
overload branches. Finally, the calculation speed of traditional load-shedding models cannot meet
the requirements of timeliness, which makes it hard to be applied in on-line power system operation
risk assessment.

Aiming at solving the problems of the present load-shedding models, this manuscript proposes
a load-shedding model based on sensitivity analysis. In Section 2, the principles of sensitivity
analysis are introduced, based on which the load reduction region is achieved. This load reduction
region can be better applied to the situation where the failed equipment causes several overloaded
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branches. In Section 3, based on the obtained load reduction region, by comprehensively considering
the importance of load bus and adjacency principle regarding the electrical coupling relationship,
a load-shedding model is established to get the minimum value of the load reduction from different
kinds of load buses. The primal dual interior point method is used to solve the proposed load-shedding
model. In Section 4, the IEEE 24-bus system, IEEE 300-bus system and other multi-node systems
are applied to verify the validity and correctness of the proposed load-shedding model. Finally,
conclusions are drawn in Section 5.

2. Filtration Method of Load Reduction Region Based on Sensitivity Analysis

The essence of sensitivity analysis in calculating the load reduction region is to calculate the
partial differential of branch power flow on input power of each bus node [13,18-22]. Reference [18]
showed the application of sensitivity analysis through Laplace transform and the use of load-damping
coefficients for frequency regulation. Reference [19] showed how the rate of change of voltage
with respect to active power can be used to identify the sensitive buses for load shedding. In [20],
the application of the sensitivity analysis method in static voltage stability analysis of power systems
is summarized, and various sensitivity indexes are discussed. In [21], by analyzing the calculation
process of available transfer capability based on direct current distribution factors and according to the
variation of key constrained lines or constrained tie line power flow determining available transfer
capability after nodal power varied, the sensitivity between available transfer capacity and nodal
power can be obtained. In [22], an overview of sensitivity analysis was proposed, which provides an
easy way to understand what the sensitivity analysis consists of. Thus, the power flow sensitivity
index reflects the changing degree and trend of changes on branch power flow from the small changes
of the input power on bus nodes. If the power flow sensitivity indexes of an overloaded branch on
some bus nodes are high, it means that the input power of these bus nodes have great influence on the
power flow of this branch. The reduction of input power on these bus nodes can effectively eliminate
the overload circumstances. By calculating the power flow sensitivity of each branch on each bus node
in the system, the electrical coupling relationships between different power equipment can be reflected.
In this way, a bus collection can be obtained which can truly reduce the power overload on the target
branch. In the next section, the fundamental principles of sensitivity analysis are discussed, based on
which the calculation method of load reduction is proposed.

2.1. Fundamental Principles of Sensitivity Analysis

Sensitivity analysis includes two parts: (1) the sensitivity of bus node input power on its voltage
angle and amplitude; (2) the sensitivity of branch power flow on bus node voltage angle and amplitude.
Then, the sensitivity of branch power flow on bus node input power can be obtained by uniting these
two kinds of sensitivity.

o The sensitivity of bus node input power on its voltage angle and amplitude

The sensitivity of bus node input power on its voltage angle and amplitude, which is abbreviated
as | in this manuscript, is calculated as:

AP
AQ
where Hj is a matrix of (n — 1) x (n — 1), whose element H;_;; means the partial differential of the
active power on bus node i to the reactive power on bus j, calculating as Hy_j; = dP;/9Q;; Ky is a
matrix of m x (n — 1), whose element K;_;; means the partial differential of the reactive power on
bus node i to the voltage angle of bus j, calculating as K;_j; = dQ;/94;; N1 is a matrix of (n — 1) x m,

whose element N;_;; means the partial differential of the active power on bus node i to the voltage
amplitude of bus j, calculating as Ny_j; = dP;/9dVj; Ly is a matrix of m x m, whose element L; _;; means
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the partial differential of the reactive power on bus node i to the voltage amplitude of bus j, calculating
as Ly_;j = 90Q;/dV}; P; and Q; refer to the active power and reactive power on bus node i, respectively;
d; and V; refers to the voltage angle and amplitude of bus j, respectively; n and m refer to the number
of total nodes and PQ nodes, respectively.

e The sensitivity of branch power flow on bus node voltage angle and amplitude

The sensitivity of branch power flow on bus node voltage angle and amplitude, which is
abbreviated as [ in this manuscript, is calculated as:

] sl
Js = oo (2)
Jsd
where ;1 and ]y, refer to the sensitivity of power flow on the 1st and dth branch to the voltage angle
and amplitude of each bus node, respectively; d refers to number of the over-load branches.
More concretely, the sensitivity of power flow on the fth branch to voltage angle and amplitude
of each bus node, which is abbreviated as J; in this manuscript, is calculated as:

A
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where H,_ ¢ is a matrix of 1 x (n — 1), whose element H; ;; means the partial differential of the active
power on branch f to the voltage angle of bus j, calculating as Hy f; = dPf/dd;; Ky_f is a matrix
of 1 x (n — 1), whose element K; 7; means the partial differential of the reactive power on branch
f to the voltage angle of bus j, calculating as Ky fj = dQf/dd;; No_yj is a matrix of 1 x m, whose
element N,_¢; means the partial differential of the active power on branch f to the voltage amplitude
of bus j, calculating as Nz_fj = an/ E)Vj ; Lz_fj is a matrix of 1 x m, whose element L2_fj means the
partial differential of the reactive power on branch f to the voltage amplitude of bus j, calculating as
Ly i = 0Qy/dVj; Prand Qyrefer to the active power and reactive power on branch f, respectively.

When judging a branch whether it is overloaded or not, its apparent power is compared with its
transmission limit. Thus, the sensitivity of apparent power on branch to bus node voltage angle and
amplitude should be deduced, shown as:

A
AV

Alssl = | (Pt +QF/15/, (B + QS h)/15y1 | % @

where ‘S f’ refers to the apparent power of branch f.
Power factor angle 6; of branch f can be applied to simplify Equation (3). Considering

costy = Ps/ ‘ Sf‘ and sinf; = Qy/ ’Sf , Equation (3) can be converted into:

Jsf = { (cosOf x Hy ¢ +sinfy x Ky f), (cosff x Np s +sinfy x Ly ¢ )} (5)

e The sensitivity of branch power flow on bus node input power
Uniting Equations (1)—(3), the sensitivity of the power flow on branch f to the input power of each

bus node, which is abbreviated as Tf, can be calculated as:
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2.2. Filtration Method of Load Reduction Region

From Section 2.1, the sensitivity of the power flow on each branch to the input power of each bus
node can be calculated. It is obvious that this sensitivity can be larger or less than zero:

(1)  If the sensitivity of the power flow on branch f to the input power of bus node j is larger than 0,
it means that the input power of bus node j is negative. Thus, this bus node j is a generator node
or an equivalent power supply node from external power grid.

(2) If the sensitivity of the power flow on branch f to the input power of bus node j is less than 0,
it means that the input power of bus node j is positive. Thus, this bus node j is a load node.

If the failed equipment causes power overload on some branches, it means that some loads are
transferred to these overloaded branches because of the changes of network structure. According to
the power balance principle, in this situation, firstly the generators output should be adjusted to meet
the equilibrium between the demand side and the supply side. If the additional power requested by
load in the node is greater than the available spinning reserve of the directly connected generator(s),
from the perspective of the demand side, the loads on other nodes should be reduced to satisfy the
generator maximum outputs. After this step, if the overloading situation persists, loads on other
buses should be reduced through some load-shedding model, and the generator output should be
reduced automatically. This manuscript is designed from the demand side, which is on the basis that
all the generators in the system are adjusted automatically. The amount of load shedding results do
not contain the changes of generator outputs, so the generator buses can be excluded from the load
shedding region. Besides that, for those load nodes, the bigger the absolute value of its corresponding
sensitivity is, the more effective it can reduce the power on the overloaded branches. So it is necessary
to filter the load nodes whose absolute value of its sensitivity are relatively larger, in which way the
optimized load reduction region can be obtained.

The traditional filtration methods include threshold value method [23], equal proportion filtration
method [24], and K-mean filtration clustering method [25]. The threshold value method cannot adapt
to the changes of power system because it is empirical, even though this method is simple and easy to
operate. The equal proportion filtration method refers to select the targets by percentage. In this way,
the number of variables can be reduced partly, while it is not apparent to improve the efficiency of
calculation. The greatest shortage of K-mean is it cannot decide the cluster number. Especially when
the failure equipment causes several over-load branches at the same time, all these traditional filtration
methods cannot provide a reliable and applicable result.

By comparing all these traditional filtration methods, a filtration method based on sensitivity
analysis is proposed. Assume that the amount of the power overload on the branch i is L;, the sensitivity
of the power flow on branch i to the input power of load node k is T_i_k, and the active power of load
node k is Py. Thus, the ability of load node k to reduce the overloaded power on branch 7, which is
abbreviated as Djy, is calculated as:

Di =|T_i_k x P @)

Then we compare Dj; with L;:

e If Dy < L, it means that even if reducing all the load of bus node k, the circumstance of
over-loading on branch i still exists. Thus, more load nodes are needed until the sum of all the Dj,
is larger than L;, shown as:

n
Li< Y |Tikx Py ®)
k=1
Then, the load-shedding bus collection of over-load branch i is: Ci =

{1, 2 ek e n}_
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e If Dy > L;, it means that reducing the load of bus node k can eliminate the power overload on
branch i. Thus, bus node k is the load reduction region, which means that the load-shedding bus
collection of over-load branch i is: C; = {k}.

For the situation that there are several overloaded branches, according to the above study,
each branch has its own load-shedding bus collection: C;. Thus, the ultimate load reduction region,
which is abbreviated as C, is the union of each load-shedding collection, shown as:

C=CUCGU...UCy 9)

Summing up the above discussion, the implementation steps of the filtration method based on

sensitivity method is listed below, whose flow diagram is shown as Figure 1.

Step 1.

Step 2.
Step 3.

Step 4.
Step 5.

( start \

‘ Break the corresponding branches of the failure equipment. ‘
Calculate the power flow distribution, the amount of over-load power
of each branchLi and the number of over-load branches d.

Form the sensitivity matrix T and set the counting unit i equal to 1.
Arrange the elements of T, then the sensitivity matrix T_i can be
obtained. Set the circle unit k equal to 1.
|
‘ Calculate Dik according to Eqaution (7). ‘

Figure 1. The flow diagram of determining the load reduction region.

Break the corresponding branch according to the failed equipment, and calculate the power
flow distribution. Calculate the amount of power overload of each branch L;. The number of
overloaded branches is recorded as d.

According to Equation (6), calculate the sensitivity of each overloaded branch on each bus
node. Then the sensitivity matrix T is obtained. Set the counting unit i equal to 1.

Arrange the i-th row of T in ascending order to form the matrix T_i. Delete the negative
sensitivity and set the circle unit k equal to 1.

Calculate sum of the Dj; of the former k bus loads according to Equation (7).

If Dy > L;, then the load reduction region of branch i C is: C; = { 1, 2, ---, k }
If Djy < Lj, then k+1 — k, and return to Step 4.
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Step 6. Compare the size of i and d: if i < d, then i +1 — i, and return to Step 3; if i > d, then load
reduction region of each overloaded branch has been calculated.
Step 7. According to Equation (9), the ultimate load reduction region C is obtained.

3. Load-Shedding Model Based on Sensitivity Analysis

3.1. Descriptions of Load-Shedding Model

In order to fit the actual situation, two important load reduction principles should be taken into
consideration when establishing a load-shedding model.

e  Adjacency principle: the loads on the nearest load buses should be cut down preferentially.
o  Importance of loads principle: the least important load should be cut down preferentially, then the
less important load, and finally the most important load.

The present load-shedding models take the adjacency principle whether by the physical distance
or topological distance [8,15-17]. From the physical point of view, loads on the buses which are near
to the failed equipment in space should be cut off firstly, while from the topological point of view,
loads on the buses which are close to the failed equipment in topology should be cut off firstly.
However, the load buses which can effectively influence the overloaded power may not be near to
the failed equipment in space or topology. In accordance with the discussions in Section 2, the load
reduction region based on sensitivity analysis can be obtained. In order to form this bus collection,
the electrical coupling relationships between power equipment has been taken into consideration,
which can better reflect the “actual distance” between the target load bus and the failed equipment.
In this way, the adjacency principle has been considered better than the traditional methods which
use the physical distance and topological distance. For the importance of loads principle, it can be
achieved by introducing the load importance factor in the objective function. Thus, a load-shedding
model which comprehensively considers the importance of each load bus and the adjacency principle
is established, whose objective function is shown as:

3
minz Z (,BJXZ]) (10)

icCj=1

where C is the load reduction region based on sensitivity analysis; ; refers to the importance degree
of the jth level load; Xj; is the quantity of the j-th level load shedding from the i-th load bus.
The proposed objective function should satisfy the following constraints:

e Power flow constraints:

]_
uillj(g,»]« sin 91']' — b,’j COs 91']') = Qgi - Qli

3
LI,-U]- (gijCOSij + bl-jsinGij) = Pgi — (Pdi — ) Xz])
N (11)

7= T

—

where Pg; and Qg; refer to the max active power and max reactive power of the generator on bus i;
Py; and Q; refer to the active power and reactive power of the load bus i before load shedding; 6;; is the
angular phase difference between bus i and bus j. g;; and b;; refer to the conductance and susceptance
of the branch 7 and ;.

e Node voltage constraints:
umMt < up < up™ (12)

where UMM and UM refer to the upper and lower limit of voltage on bus i.
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e Branch power transmission constraints:
2 2 2
P+ Q5 < [Sijmax| (13)
where Py, Qi]«, |S jjmax | refer to the active power, reactive power and transmission capacity limit of the

branch i-j, respectively.

e Generator output constraints:
min < . < pmax
{ G2 Gy = & (14)

min X ma
le‘l < le < Qgi X

where P;?m and Pg}ax refer to the upper and lower limit of active power from generator on

7. (OHmin max
bus i; i and o
bus i, respectively.

refer to the upper and lower limit of reactive power from generator on
e Amount of load shedding constraints:

(15)

0 < Xjj < AjjPyi
0 < Qi < Qqui

where, A;; means the proportion of each level load; Qy; refers to the reactive power on bus i before the
load shedding.

Power flow and generator output constraints are the basic equations of power flow calculations.
Node voltage and branch power transmission constraints reflect the influence of the failure equipment,
which may cause overloaded branches. The amount of load shedding constraints restricts the amount
of load reduction of each bus.

3.2. Solution Method of Load-Shedding Model

The established load-shedding model in Section 3.1 is a nonlinear programming model.
An appropriate solution method is significant to its simplicity and efficiency of computing. The interior
point method has been proved as a polynomial-time algorithm, which does not need to judge the
effectiveness of each constraint and can deal well with inequality constraints [26,27]. Among the
deformable interior point methods, the primal dual interior point method has been widely applied
in the field of optimization because of its fast convergence speed, high reliability and insensitive to
the selection of initial values [28,29]. Thus, primal dual interior point algorithm is applied in this
manuscript to solve the established load-shedding model, which synthesizes the Lagrange method,
Newton method and logarithmic barrier function method. The procedures for the solutions are as
described below:

e Simplify the established load-shedding model as:

min £(X) (16)

(17)

where X is N dimensional variable; f(X) is the objective function; G(X) and H(X) are the equality
and inequality constraints, respectively.

e  Turn the inequality constraints to equality constraints by introducing positive barrier factor v and
relaxation variable Z, shown as:
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min| £(X) =7} In(Zn) (18)
m=1
st. G(X)=0
H(X)+Z=0 (19)
Z>0

e  Use the Lagrange method to turn the above equality constrained problem into an unconstrained
problem, shown as:

L(X,Z,Au) = f(X)+ATG(X)+ uT (H(X)+ Z) — f In(Z) (20)
m=1

where X and Z are the primitive variables; A and y are the dual variables.

The above unconstraint problem is a convex programming. If the minimum value of Equation (20)
exists, the conditions of Kuhn-Tucker were set up [30], which means that both the first order partial
derivative of the primitive and dual variables are 0. The derivations of them are the solution of the
original problem, shown as:

F(X,Z,A, ) = =0 (1)

where Ly, Lz, Ly and L, are the partial derivations of the primitive variables and dual
variables, respectively.

e Use the Newton method to solve Equation (21), then the revised equation is shown as:

AX
AZ
AA
Ap

[Fx, Fz, Fy, F] = —F(X,Z,\ ) (22)

where Fx, Fz, Fy and F, are the partial derivations of the primitive variables and dual variables,
respectively; AX, AZ, AA and Ay can be calculated from Equation (22).

In order to keep the strict feasibility of solution, step length factor &) and &, are introduced, which
can scale the iterative step:

. . 7
n, = min min (——’”) 1
b érAzm<0 ALw )’

xy = min( & min (_ i )’1) (23)

Apm<O\  Dlim

where ¢ is a constant less than and close to 1.
According to Equations (22) and (23), a new approximate value of the optimum solution is
obtained, shown as:
X X+ apAX
Z <+ Z+apAZ
A=A+ AN
U=+ agAu

(23)

Repeat the above steps, then the solutions of the established load-shedding model can be obtained.
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3.3. Implementation Procedure of the Load-Shedding Model Based on Sensitivity Analysis

In accordance with the previous studies, implementation procedure of the load-shedding model

based on sensitivity analysis is shown as Figure 2.

e N
{ start )
- %

Break the corresponding branches of the failure equipment. ‘

1

Calculate J and Jsf according to Equations (1) and (3), respectively.

!

‘ Form the sensitivity matrix T according to Equation (6). ‘

!

‘ Obtain the load reduction region C according to the filtration ‘

principles in Section 2.

Establish the load-shedding model according to the objective function
and constraints in Section 3.1

Solve the established load-shedding model by using the primal dual
interior point method in Section 3.2.

!

‘ Get the load-shedding results. ‘

1

PR
( end )
- /

Figure 2. The flow diagram of the load-shedding model based on sensitivity analysis.

According to Figure 2, the basic steps are as follows:

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Break the corresponding branches of the failure equipment, and determine the
over-load branches.

Calculate the sensitivity of bus node input power on its voltage angle and amplitude | and the
sensitivity of branch power flow on bus node voltage angle and amplitude J;s according to
Equations (1) and (3), respectively. Then the sensitivity matrix can be obtained according to
Equation (6).

According to the filtration principles in Section 2, then the load reduction region C based on
sensitivity analysis can be obtained.

Within the load reduction bus set C, establish the load-shedding model by comprehensively
considering the adjacency principle and importance of loads principle under the equality and
inequality constraints in Section 3.1.

Solve the established load-shedding model by using the primal dual interior point method.

4. Case Study

The IEEE 24-bus system [31] is employed to verify the rationality and validity of the proposed
load-shedding model based on sensitivity analysis. Besides that, in order to be applied in on-line
power system operation risk assessment, IEEE 300-bus system and two other multi-node systems
are employed to testify the timeliness compared to the traditional load-shedding model. In the
simulation systems, the importance degrees of different loads are as follows: ; = 1.5, B = 1.2 and
B3 = 1.0. All the load buses in the simulation systems take the uniformly same proportions of each

level load: first level load is 20%; second level load is 30%; third level load is 50%. The simulations are
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programmed based on Matpower 6.0 [32,33] in Matlab (MathWorks, Natick, MA, USA), and the tests
are fulfilled on a laptop with an Intel Core i5-4200 CPU operating at 3.4-GHz and equipped with 4 GB
memory (Intel, Santa Clara, CA, USA).

The traditional load-shedding model is employed to compare its calculation results with
the proposed load-shedding model in this manuscript. According to the previous discussion,
the traditional load model complies with the adjacency principle and importance of loads principle,
which calculate the load-shedding results by global optimization. Thus, the objective function of
traditional load-shedding model is shown as:

3
min) ) (B;X;) (24)

ieN j=1

where, N refers to the bus collection which contains all the load buses in power system, §; refers to the
importance degree of the j-th level load; X;; is the quantity of the jth level load shedding from the i-th
load bus.

The traditional-load shedding model also satisfy the power flow constraints, generator output
constraints, node voltage constraints, branch power transmission constraints, and amount of load
shedding constraints, which are shown as Equations (11)—(15). The primal dual interior point method
is applied as the solution method of traditional load-shedding model. The traditional load-shedding
models include the random load reduction model; average load reduction model; bus importance
based load reduction model; nearby load reduction model; optimum load reduction model. Three
different kinds of traditional load-shedding models are employed in the following simulation studies:
bus importance load-shedding model, nearby load reduction model and optimum load-shedding
model. The traditional model I employs the bus importance model, whose specific descriptions can be
found in [7]. The traditional model Il employs the nearby load reduction model, which can be found
in [9]. The traditional model III employs the optimum load-shedding model, which can be found
in [5,12,34-36].

4.1. IEEE 24-Bus System

The structure diagram of the IEEE 24-bus system is shown as Figure 3. Four different scenarios
are employed, whose descriptions are listed in Table 1.

g_ ot &

Figure 3. The structure diagram of the IEEE 24-bus system.
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Table 1. Descriptions of four different scenarios.

Scenario Number  Scenario Type Number of Disconnected Branches Transmission Limit of Over-Load Branch
1 N-1 Branch 16-19 Branch 20-23: 200 MVA
2 N-1 Branch 11-14 Branch 11-13: 180 MVA
3 N-2 Branch 8-10 and 3-9 Branch 8-9: 200 MVA
4 N-2 Branch 9-14 and 16-17 Branch 17-22: 200 MVA;Branch 1-3: 190 MVA

In Table 1, two typical kinds of risk scenarios—"“N-1" and “N-2”, which are the focus of the power
system reliability evaluation and power system operation risk assessment, have been considered
According to the sensitivity analysis in Section 2.1, the top four sensitivity of each over-load branch on
all the buses in Table 1 is listed in Table 2.

Table 2. The top four sensitivity of each over-load branch on all the buses.

First Sensitivity Second Sensitivity Third Sensitivity Fourth Sensitivity

Scenario Number  Branch Number
Bus No. Value Bus No. Value Bus No. Value Bus No. Value

1 20-23 20 —0.87 19 —053 23 —0.13 16 —0.11
2 11-13 9 —0.79 10 —036 13 —028 23 ~0.09
3 8-9 8 —027 3 —025 9 —024 10 —024

17-22 16 —0.88 18 —0.36 14 —0.15 15 —0.11
4 1-3 3 ~0.79 5 —051 15 —0.17 1 ~0.09

In accordance with the filtration principles of load reduction region and the calculation results of

sensitivity analysis in Table 2, the ultimate load reduction bus collection can be confirmed, shown in
Table 3.

Table 3. The ultimate load reduction region of each scenario.

Over-Load Branches

Scenario Number Ultimate Load Reduction Bus Collection
Branch Number Load Reduction Region
1 20-23 bus 20 C = {20}
2 11-13 bus 9 C=1{9}
3 8-9 bus 8, bus 3 C={83}
17-22 bus 16, bus 18
4 123 bus 3 C=C UG, ={16,18} U {3} = {16,18,3}

Within the ultimate load reduction bus set of each scenario in Table 3, the load-shedding results
can be obtained by solving the objective function in Section 3, shown as Figure 4. In order to verify the
correctness of the proposed load-shedding model, calculating results of the traditional load-shedding
model are drawn together in Figure 4 as well.

Amounut of Load-Shedding Results/ MW Amounut of Load-Shedding Results/ MW
AN "N
120+ 120+
100t 1001
80+ 80+
601 60+
40 + 40 +
20 + 20 +

0 0
ivity Analysi Traditional Traditional — Traditi itivity Analysi Traditi Traditi Traditional
Based Model Model T Model IT Model ITT Based Model Model I Model 1T Model 11T
(@) (b)

Figure 4. Cont.
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Amounut of Load-Shedding Results/ MW Amounut of Load-Shedding Results/ MW
N N

120} 1204 115 MW

1004 . %5 MW 1004

80 1+ 80 1
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40 + 40 1
20 + 20 1
0 0

Sensitivity Analysi Traditional Traditional Traditional Sensitivity Analysi Traditional Traditional Traditional
Based Model Model T Model 11 Model 11T Based Model Model T Model IT Model 11T

(0) (d)

Figure 4. Amount of load-shedding results of the IEEE 24-bus system (a) Scenario 1; (b) Scenario 2;
(c) Scenario 3; (d) Scenario 4.

From Figure 4, the simulation results of four different scenarios by using the load-shedding
model based on sensitivity analysis are equal to the results calculated by the traditional load-shedding
models. Besides that, whether employing the sensitivity analysis based model or the traditional model,
the load-shedding results of “N-2” risk scenario (Scenario 3 and 4) are larger than the results of “N-1”
risk scenarios (Scenario 1 and 2), which is in accordance with the actual operation situation. Thus,
the correctness of the proposed load-shedding model based on sensitivity analysis has been proven by
the simulation results in the IEEE 24-bus system.

4.2. IEEE 300-Bus and Other Multi-Node Systems

Besides the correctness, the calculation efficiency and timeliness are two other important aspects
in on-line power system operation risk assessment. According to the previous discussion, power
system operation risk assessment should take all the risk scenarios which are likely to cause losses into
consideration. Thus, all the “N-1" risk scenarios should be traversed, and some important “N-2"risk
scenarios should be considered as well.

As the IEEE 24-bus system is too small to get adequate “N-1” and “N-2" scenarios, the IEEE
300-bus system, European 1354-bus system [37] and European 2736-bus system are employed.
The European 1354-bus system accurately represents the size and complexity of part of the European
high voltage transmission network. The data stems from the Pan European Grid Advanced Simulation
and State Estimation (PEGASE) project, part of the 7th Framework Program of the European Union.
The European 2736-bus system represents the Polish 400, 220 and 110 kV networks during summer 2004
peak conditions. These two systems are employed to simulate the actual power systems. The structure
and parameters of these three simulation systems are described specifically on Matpower 6.0 in
Matlab [32,33,38]. Simulation details of the IEEE 300-bus system, European 1354-bus system and
European 2736-bus system are listed in Table 4.

Table 4. Simulation details of three multi-node systems.

Simulation Case Scenario Type Amount of Amount of Amount of Qver-Load
System Number Total Branches Total Scenarios Scenarios
IEEE 300-bus ) N2 a1 1648%5110 5072
European 1354-bus i ﬁé }ggi 3,916929,(1)90 31,39771
Buropean 2736-bus 2 %; i?gi 12,2;2%512 9§,B6i7
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For all the over-load scenarios in Table 4, the load-shedding model based on sensitivity analysis
and traditional load-shedding models are employed to verify the timeliness, respectively. In order to
shorten the simulation time, the parallel computing modular in Matlab is employed [38—40]. Set the
time limit of on-line power system operation risk assessment 30 min. The simulation results are
portrayed in Figure 5.

Time Performance/ minute

N Sensitivity Analysis

Based Model

B

90+ l:’ Traditional Model 1 o
[
[

80 + Traditional Model IT

Traditional Model 111

70 1 *
60+
50 +
401}
304-----ccccccccccccccccccccccccccccccccaaaaaaaaad - ..... L
20 +

10 +
o 5 °E

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

v

Figure 5. Simulation results of time performance on three multi-node systems.

In Figure 5, for case 1, 2, and 3, the three traditional load-shedding models can calculate them
within 30 min because the amount of over-load scenarios is limited. With the increase of over-load
scenarios, the calculating time of traditional models will be longer than 30 min such as case 4, 5 and 6,
which cannot meet the requirements of timeliness in on-line power system operation risk assessment.
Between the three traditional models, the time performance of model III is relatively better, which
applies the direct power flow in optimal power calculation; model II is more efficient than model I
because the nearby principle is applied, which can narrow the solution range. However, for the
proposed load-shedding model in this manuscript, it can calculate all the 6 cases within 30 min.
The reason of this circumstance is the target load bus has been dramatically reduced to some limited
load bus by employing the sensitivity analysis. Thus, the time cost of calculating is saved, which
brings about the improvement of calculation efficiency. When evaluating an actual power system with
multiple nodes, the load-shedding model based on sensitivity analysis can be better applied in on-line
operation risk assessment.

By comprehensively considering the importance of load bus and adjacency principle regarding
the electrical coupling relationship, a load-shedding model is established to get the minimum value
of the load reduction from different kinds of load buses, which is solved by the primal dual interior
point method.

5. Conclusions

The traditional load-shedding models usually use global optimization to get the load-shedding
range, which will cause multiple variables, huge computing scale and other problems. This makes
it hard to meet the requirements of timeliness in on-line power system operation risk assessment.
Thus, a load-shedding model based on sensitivity analysis is proposed in this manuscript, which can
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solve the existing problems of traditional load-shedding models. From our theoretical studies and
simulation results the following conclusions may be drawn:

(1) A novel filtration principle for confirming the load reduction region is proposed, which
comprehensively takes the sensitivity of load bus on its input power and the sensitivity of
over-load branch on each bus into consideration. In this way, global optimization is turned to
local optimization, which can narrow the solution region and improve the filtration efficiency.

(2) By comprehensively considering the importance of each load bus and adjacency principle
regarding the electrical coupling relationship, a load-shedding model is established. The objective
of the proposed load-shedding model is to achieve the minimum value of the load reduction
from different kinds of load buses. The primal dual interior point method is applied to solve the
established model.

(3) Based on the IEEE 24-bus system, the proposed load-shedding model and traditional model are
employed to calculate four different scenarios. The calculation results of the proposed model
are equal to the traditional model. Besides that, the IEEE 300-bus and two other multi-node
system are applied to testify the timeliness by comparing the calculation time of all the “N-1”
and “N-2"over-load scenarios. For the multi-node system, the proposed model can dramatically
reduce the calculation time. These simulation results testify the correctness and validity of the
proposed load-shedding model.
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