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ABSTRACT

A new method of congestion management in deregulated and
competitive power system based on a combination of Demand
Response (DR) program and generation re-dispatch is
proposed in this research. One of DR program called
Emergency Demand Response Program (EDRP) is carried out
through customer's willingness to participate in this program
in order to reduce their consumption during congestion.
EDRP is modeled based on demand elasticity of the load and
considering incentives. Different level of demand elasticity
values is introduced to the customers to observe their
contribution in congestion relief. The proposed method is
examined on IEEE 30 bus system by using the Optimal Power
Flow tool and it indicates that by integrating the customer’s
elasticity for EDRP can decrease the cost to relieve the
congestion and lead more benefit for all participants. The
obtained results are the cost to manage congestion problem
and optimal re-dispatch of generators by involving the
participation of customers in EDRP.

Key words: Congestion Management, Demand Response,
Demand Elasticity, Incentive, Generation Re-dispatch.

1. INTRODUCTION

Congestion can be defined as a situation where the
transmission networks are not sufficient to transmit the power
according to load demand. It results in higher electricity flows
on the transmission system than the allowed operating
reliability limit. In active power market which consists of
many participants who sell and purchase the electricity, it
usually occurs when the transmission network is not able to
handle all desired transactions due to a breach of grid
operating limits [1].

It is also considered as a crucial problem that cannot be
ignored because it will affect the power system stability and
violate the system operation constraints such as the limit
value of line power flows and voltage. In competitive
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electricity market, it would cause price fluctuations, prohibit
new contracts from coming into effect and could result in
uncertainty and insecurity in the operation of the power
system [2]. Therefore, it is not possible to accept the
congestion in a transmission system, whether in-vertically
integrated or unbundled electrical systems, even
momentarily, as this can cause cascade failures with
uncontrolled loss of load.

In the electricity system, dealing with the congestion problem
has been a responsibility of system operators. Usually, each
system operator manages it by applying their own guidelines
and rules, and employing a certain physical or financial
mechanism. In certain situations, it can be eased by cost-free
methods such as the utilization of Flexible Alternating
Current Transmission System (FACTS) devices [3], [4], [5],
[6], the implementation of network reconfiguration [7], [8],
[9], [10], [11], and transformer tap operation [12]. However,
sometimes these methods are not effective and time
consuming. Therefore, some non-cost-free control methods,
such as re-dispatch of generation [13], [14] and load
management (e.g. load curtailment, Demand Response
implementation, etc.) are required to be applied due to their
quick fast response in solving congestion problem [15], [16],
[17], [18], [19], [20], [21], [22], [23], [24].

Generation re-dispatch is still being considered as the main
action by power system operator to deal with congestion in
power system because this action is easy to enforce and may
even be required in the worst case scenario. However, it is not
encouraged in an active power market because it causes high
costs and may hinder further market growth. The economical
and efficient actions are therefore required to deal with the
issue of congestion. Instead of re-dispatching the generators
only to manage it that can increase the costs, a more cost -
effective approach is offered through the implementation of
demand participation that can be realized by a program called
Demand Response (DR) Program.

In this paper, a combination between generation’s re-dispatch
and DR program is proposed to alleviate the congestion. As
one of DR program, Emergency Demand Response program
(EDRP) is chosen to mitigate transmission congestion with
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the least - cost manner. This program is formulated based on
the elasticity value of demand and considering the incentives.
An Optimal Power Flow (OPF) is employed to manage the
action of congestion relief, defined by demand elasticity. To
evaluate the optimal solution, the power system operator runs
the OPF by taking the network constraints into account. The
objective of this optimization is to minimize the cost of
generation and demand re-dispatch to manage congestion
with the by-products resulted is the optimum re-dispatch of
generators through the involvement of customers in the
EDRP program.

2. MODELLING EMERGENCY DEMAND
RESPONSE PROGRAM (EDRP) TO ALLEVIATE
CONGESTION

2.1 Basic Concept for Implementing EDRP

The EDRP is designed by offering the incentive to
participants who are able to minimize particular loads during
the congestion event through load curtailment. As congestion
occurs, the customers who have signed a contract to be
engaged in this program will be notified by system operator.
The notification provides the information about how much
load they would be willing to curtail with an announced
incentive. Each of them has had a central control device
installed in their building so that they can decide whether they
are able to reduce their electricity consumption. The
customers will receive payment based on their verified load
reduction. As this program is meant to be voluntary, once
informed, they may choose to forgo the payment and not
curtail it. With the benefit of this program, system operator
would able to manage the congestion through the customers
load reduction. Figure 1 shows how the scheme is carried out.
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Figure 1. A Conceptual Overview of
EDRP Implementation for Congestion Management
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2.2 Modelling of EDRP Based On Demand Elasticity

Demand elasticity can be defined as an index to measure the
level of the demand response to a change in price. Typically, it
rises inversely proportional to the price. It can be expressed by
the equation 1 below,

g-pPdD @
D dp
Demand elasticity can be categorized into four types as shown
in Table 1 [6].

In order to quantify the demand response capacity, the value
of demand elasticity is incorporated to derive the formulation
of EDRP by taking into account the incentives along with the
customer benefit function. This provides a reduction in
customer’s consumption, which helps to relieve the
congestion. The decrease is existed due to the change in the
electricity price before and after congestion.

Table 1 : The categories of demand elasticity values

Demand Terminalo Description
elsticity value a P
c=0 absolutely demand would not change to
inelastic the price change
demand would change in
0<eg<l1 inelastic smaller portion with the price
change
the change of demand is equal
e=1 elastic to the price change (unitary
elasticity)
e 1 very elastic the change of the price would
lead to larger change of demand

Assume that the change in load at the kth bus resulting from
EDRRP is defined as in the question below:

AD(k) = D, (k) - D(k) 2
D, (k) and D(k) refers to the load at the kth location before
and after the implementation of EDRP, respectively. If
A(K) is an incentive to customer’s for their unit of load
reduction, the total payment for their participation in EDRP
can be calculated through the equation (3) with the incentive
amount has been determined beforehand by system operator
as a fixed value.

P(AD(k))= A(k )AD(k) 3)
If B(D(k)) is used to express the customer revenue for load

reduction then the customer’s benefit can be formulated as
follow,

S(D(k)) = B(D(k))- D(k).o(k) + P(AD(k)) (4)
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The 65 in equation (4) is set to zero to maximize the
oD(k)
customer’s benefit, so that,
a8(D(k)) _ aB(D(k))_p(j) LPDK) _, ()
oD(k) oD(k) oD(k)
By simplifying equation (5), we obtain,
B(D(K)) 5
k) - p(k) + A(k) (6)

In terms of demand, various forms of function have typically
been suggested to express the customer revenue. This paper
adopt the model of exponential function [7] to derive the
optimal demand response,

20000 | D) V|
1+e(k)™ [\ D, (k)

In equation (7), €(k) and p,(K) indicates the load’s

elasticity value and the market price prior to implementation
of demand response, respectively. By differentiating equation

(7), yields :
b(k) s(k)’l_ )
{(Do(k)J 1} (8)
£oll0DK)| 0 1 (B
1+e(k)” { ) .Do(k)(Do(k)J }

By simplifying the equation (6) and substituting it into
equation (8) yields equation (9) as follows,

ot} 2022200 D<k>jgml 4

Po (k) Do(k)

D(K) T”l

D (k)

B(D(k)) =B, (Dy (K))+

aB(D(K)) _ _py(k)
aD(k)  1+e(k)*

©)

+g(k)'1.[

By arranging equation (9) results to,
plo)+AK) _( D)™ (1 (10)
polk)  (Dylk) 1+e(k)™

For small amount of elasticity, the second term of equation 10
may be omitted. As a result, the demand response model can
be constructed as follows:

Do(k){p(k)+A(k)]£<k>

po(k)

D(k)= (11)
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In order to obtain the maximum benefit in congestion relief,
the equation (11) indicates how much customer demand
should be reduced in order to achieve the full value of
congestion relief. Where,

D(k) Customer demand in i-th hour after the
execution of DR program (kWh)

D, (k) Customer initial demand (kWh)

p(K) Electricity price in i-th hour ($/kWh)

Lo Electricity market price prior to demand
response implementation ($/kWh)

A(k) Incentive paid in i-th hour ($/kWh)

e(k) Load elasticity value

3. MARKET CLEARING FORMULATION

Market clearing procedure is formulated into two steps. In the
first step, generation companies bid to the market to increase
their benefit and the system operator clears the market based
on social welfare maximization, disregarding the electricity
network constraints. In this step, market price is also
determined.

The mathematical model for this formulation can be
expressed as:

. Ng No
Min Zi:l Pe, 'PGi B Zizlij 'PDJ' (12)
Subject to :
Ng No
Zi:l PGi = L PDi (13)
P <Py < PI™ (14)
P <P, < Pg™ (15)

In the second step, the system operator will consider
network losses and network constraints to observe the
congestion problem in the system including the way for
congestion relief.

The mathematical model for this step is still the same as
mathematical formulation used in equation (12), However,
other constraints are added such as power losses, transmission
limit and voltage limit as shown respectively in equation (16),
(17), and (18).

Ng Np

Zi I:)Gi = jZ::1 PDj + I:,Ioss (16)
2 2 max

\/(Pij +Qij )5 Si,j (17)

Vimin < N|| Svimax (18)
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Overall, the implementation of two steps market clearing
procedure can be illustrated in Figure 2 below,

Power company receives
information from market
participants

Power company performs Optimal Power Flow
(OPF) to determine market clearing price
without considering the electricity network
constraints

"

Power company apply GPF again to analyze network
congestion and voltage profile. All netwerk constraints
will be included

¥

v \
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Congestion management procedures:
Generation re-dispatch and EDRP
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Figure 2. Congestion management procedure

4. FORMULATION OF CONGESTION
MANAGEMENT

4.1. Formulation of Congestion Management Based on
Generation Re-Dispatch

Re-dispatch is firstly considered to alleviate congestion
problems in this research. A constrained OPF model is
utilized to force the system to operate in a defensive manner
by re-dispatching the generation of each unit and provide the
corrective dispatch which tells the operators of the system
how much adjustment to make by generators to relieve the
transmission congestion. Objective function is to minimize
the absolute deviation from scheduled generation and also
minimization of congestion cost. The problem is
mathematically formulated as:

min: [T (pg, APE) + 15, (pg, APE™)] (19)

where, #6; price offered by generator i to increase and
decrease its power schedule for congestion management

up o
purposes. 2P; and APE™™ of generator i are increment and
decrement due to congestion.

4.2. Formulation of Congestion Management Based on
Generation Re-Dispatch and EDRP

The congestion management due to generation and demand
re-dispatch is formulated as below :

1280

[P + a5 )- py (P2 +

T (5 (o apge)

Where, APg s the change in the schedule of the ith
P

(20)

generator, is the ith schedule of generator obtained in

. . down .
market clearing formulation, Poj " is the price offered by

system operator in EDRP and agreed by participant j to
decrease its demand.

However, to manage the congestion with the implementation
of generation and demand re-dispatch, the amount of demand
reduction by EDRP program is necessary to be calculated
first. In this approach, the demand reduction and equivalent
incentives are obtained based on the model formulated in
equation 11.

5.STUDY CASE

The optimization problem in this paper is solved by applying
Optimal Power Flow (OPF) which is formulated based on
Primal Dual Interior Point Method optimization and it is
constructed in Matlab.

5.1 Data System

The system that has been used in this research is IEEE 30-bus
system and consist of 6 generators with the total of load is
189.2 MW. The complete data of line, generator, cost
function coefficient of generator and demand data can be
found in [8].
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5.2 Market Clearing Result

The results shown in Table 2 are the output of scheduled
generators. The marginal cost obtained by solving the
equation (12), gives the unit price and is equal to 3.009
$/kWh. This price is set to the market electricity price. The
total re-dispatch cost given by simulation is 460.27 $/h.

Table 2 : The results of market clearing procedure stepl for

generators
No.Gen No. Bus Pr?&mon

1 1 134.23

2 2 3851

3 13 0.19

4 22 16.08

5 23 0.19

6 27 0

After the market settlement, the system operator checks the
feasibility of the scheduled generation a by carrying out the
OPF and it results that in the 30-bus IEEE test system, there
is congestion on bus 6 to bus 8 where the power transferred is
34.1 MVA and that value is over the limit capacity which the
line limit is 32 MVA. Therefore, the congestion management
is necessary to be performed.

5.3. Congestion Management Based on Generation
Re-dispatch

The objective function of re-dispatch is as set out in equation
(12) i.e. minimization of absolute active power and cost
re-dispatch subjects to the constraints given in equation (13 —
15). With these constraints the OPF results in a generation
schedule shown in Table 3 below. We observe that generator 1
and 2 decrease their power production while the other
generators have increment in their productions.

Table 3: Generation increment and decrement due to congestion
management based on generation re-dispatch.

Power P_ower Genincrement | Gen decrement
No.Gen | No.Bus scheduled redispatch MW) (MW)

(MW) (MW)

1 1 134.23 84.44 0 49.79

2 2 38.51 28.95 0 9.56

3 13 0.19 5.89 5.7 0

4 22 16.08 19.31 3.23 0

5 23 0.19 16 15.81 0

6 27 0 39.01 39.01 0

total of redispacth cost = 514.19 $/hr

Because the total of generation re-dispatch is increased to 193.6
MW compare to the total of generation schedule which is 189.2
MW. Therefore, the cost of re-dispatch has increased to 514.19
$/h compared to a market settlement system cost of 460.27 $/h.
With the re-dispatch schedule, the line flow in congestion line
6-8 is brought within its limit capacity, which is become 31.63

MVA.
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5.3. Congestion Management Based on Generation and
EDRP

In this method, the customers can participate to relieve
congestion by joining the EDRP offered by 1SO. For this case,
we assume that only customers that have large amount of load
want to participate in this program. Eight load buses as
specified in Table 4 are selected for DR participation. The
amount of incentive offered by 1SO for load reduction is 1
$/kWh. The electricity price is assumed to be equal to 5 $/kWh
and electricity market price prior to EDRP implementation is
3 $/kWh.

Table 4 : Selected buses for demand response implementation

No of EDRP No. BUS Load Demand
participant (MW)

1 2 21.7

2 7 22.8

3 30

4 12 11.2

5 17 9

6 19 9.5

7 21 175

8 30 10.6

To illustrate the impacts of the demand elasticity of each load
buses in load reduction, four different levels of the demand
elasticity are integrated and evaluated in this program, as
follows:

a. € =0, represents the absolutely inelastic demand.

b. € = 0.1, represents inelastic demand.

c. € =1, represents demand with a unitary elasticity.

d. € = 2, represents very elastic demand.

The case € =0 could be considered as the demand with the
initial load value because that elasticity value does not affect
load reduction. The re-dispatch result for this case is similar
to result of congestion management based on generation
re-dispatch which can be seen in Table 3.

The results of congestion management using combination of
generation and demand re-dispatch and also the re-dispatch
cost are provided in Table 5 — 7 for each proposed demand
elasticity.

Table 5 : Generation increment and decrement based on generation
and demand re-dispatch ( with € =0.1)

No.Gen | NoBus scigguelred regfs‘;:trch Gen (ﬁc\%ment Gea ?ﬁ%%ment
(VW) (VW)

1 1 134.23 102.39 0 31.84

2 2 3851 3345 0 5.06

3 13 0.19 0.76 0.57 0

4 22 16.08 16.8 0.72 0

5 23 0.19 3.64 3.45 0

6 27 0 2835 2835 0

total of redispacth cost = 466.92 $/hr
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Table 6 : Generation increment and decrement based on generation
and demand re-dispatch ( with € = 1)

No.Gen | NoBus scll::'t‘:guelred regﬁs‘;:trch Gen &c‘f,;n ent | Gen Eibzc‘;%ment
(MW) (MW)
1 1 13423 88.37 0 45.86
2 2 3851 28.61 0 2.9
3 13 0.19 0 0 0.19
4 2 16.08 14 0 2.08
5 23 0.19 0 0 0.19
6 27 0 0 0 0
total of redispacth cost = 281.68 $/hr

Table 7 : Generation increment and decrement based on generation
and demand re-dispatch ( with £ =2)

No.Gen | NoBus sc];lg:;.lell;d redPiO's‘;aetrch Gen (Iu&c\%ment Gen (cli\zc“r‘%ment
(MW (MW)

1 1 134.23 57.30 0 76.84

2 2 38.51 2232 0 16.19

3 13 0.19 0 0 0.19

4 22 16.08 1207 0 4.01

5 23 0.19 0 0 0.19

] 27 0 0 0 0

total of redispacth cost = 194.74 $/hr

Meanwhile, the result of load reduction of each customers and
the total payment that they receive in their participation in
EDRP is shown in Table 8 and 9, respectively. For total
payment, it is calculated based on the total load reduction and
incentive value offered by system operator.

Table 8 : Customers load reduction in their participation in EDRP

Table 9 : Total payment received by customers from system operator

Demand Reduction

No-Bus e=0 e=01 e=1 e=2
2 0 1.45 10.85 16.27
7 0 1.53 11.4 17.1
8 0 2.01 15 225
12 0 0.75 5.6 8.4
17 0 0.6 4.5 6.75
19 0 0.64 4.75 7.12
21 0 1.17 8.75 13.12
30 0 0.71 5.3 7.95

for their load reduction

No.BUS Customer Payment

e=0 e=0.1 e=1 e=2
0 1.45 10.85 16.27

0 1.53 114 17.1

0 2.01 15 22.5

12 0 0.75 5.6 8.4
17 0 0.6 45 6.75
19 0 0.64 4.75 7.12
21 0 1.17 8.75 13.12
30 0 0.71 5.3 7.95
Total 0 8.86 66.15 99.21
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The cost comparison for congestion management with two
different methods, generation re-dispatch and combination of
generation and EDRP with different level of demand
elasticity is presented in table 10.

Table 10 : Total cost of market operation to relieve congestion in
different options

With EDRP
Without EDRP
(?=01) | (?=1) (2=2)
Total of redispacth cost ($/h) 514.19 466.92 281.68 194.74
Total of incentive payment ($/h) 8.85 66.15 99.225
Total cost ($/h) 514.19 475.77 347.83 293.965

6. CONCLUSION

Congestion management is a challenging issue in electricity
market and the system operator is typically the one who has to
deal with it. To resolve this problem, a variety of approaches
have been suggested and implemented. In this paper, EDRP
as one of DR programs is applied to relieve congestion
problem through customer’s participation and it is modeled
based on demand elasticity. Results presented show how the
the different values of demand elasticity can affect the load
reduction in customer’s energy consumption which
contribute in congestion relief. This approach is tested on
IEEE 30 bus system by using the Optimal Power Flow tool
and it indicates that by integrating the customer’s elasticity
for EDRP can decrease the cost to relieve the congestion and
lead more benefit for all participants.
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