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Abstract—This paper proposes a novel cost-effective congestionmethod does not consider the cost of generation reschgdulin
management (CM) scheme for smart grids through demand and/or load shedding. Reference [7] proposed a direct rdetho
response(DR). In this congestion management, two object8 ¢, g)javiation of congestion where both cost of load shagdi

i.e. acceptable congestion and congestion cost includingRDare . . . .
optimized by choosing optimal mix of generation rescheduig and generation rescheduling are considered. Considdong s

and DR of participating buses by minimizing the impact on dynamics of the grid, a congestion management method has
revenues and customer satisfaction. Participating genetars for been proposed in [8]. Reference [9] proposed a congestion

rescheduling and loads for DR are selected using an sensity ~management technique considering the risk of cascadihg fai
index which combines both biding cost and sensitivity to aélviate ures due to malfunctioning of protection system
the congestion. The scheme employs a meta-heuristic optina- )

tion technique called Ant Colony Optimization to optimize the Most these methods manage congestion by either generation
individual options and uses a fuzzy satisfying technique tehoose scheduling and/or by load shedding which is determined by
the pest compromise solution from the set of Pareto optimal Independent System Operators (ISOs) where loads have no
solutions. The proposed system has been evaluated on bencimk ti t t R Hl | oric h h
IEEE 30 bus test systems and the results of this evaluation ar op 'Ons 0 a_‘c_' e_Cen y severa . F_’”C'“g sC emgs such as
presented in this paper. real time pricing, time of use pricing, peak pricing, peak
reduction credit, etc are proposed for demand responsehwhic
. INTRODUCTION enables loads to directly participate in managing the grid.

L - . Pemand response shows to have several benefits including
Congestion in smart grid is a very common problem main

because of increased penetration of intermittent renewa

sources and d|m|n|sfh|ng spare capacity of the grid due_ Jmes, etc. Recently, a combination of demand response and
extensive usuage of transmission system. In a Compet't_'lyﬁCT control is proposed in [10] for congestion management.

energy marrlfet, ][nost of the time grid operatesfvery CIOIS?O 'Lowever, this method may not provide optimal solution as it
capacity. Therefore, congestions may occur frequentlytdue o5 not consider cost sensitivity while selecting DR parti
unexpected line outage, generator outage, sudden mcoéasgams

demand, failures of equipments, lack of co-ordination agno ] . .
generation and transmission, etc. Sometimes, such comgest N this paper, a novel congestion management scheme is
are not alleviated intentionally due to economic reasorighvh Proposed through demand response. In this method, a trade-
not only decreases asset life time, but also triggers thge la®ff has been made between tolerable congestion and thefcost o
blackouts. In fact, several blackouts have happened frdfpération while managing the congestion. A Sensitivityebd
congestion [1]. Hence, network congestion has become(®) which combines the cost and sensitivity is proposedst® u
major concern for smart grids and there is a growing demafff Selection the participating loads for DR and generatfors

for fast, transparent, and cost effective congestion memagt rescheduling. Congestion is managed through optimal mix of
solutions for smart grids. generation scheduling and demand response. A multi obgecti

In the literature, many methods are reported for congesti®fit Colony Optimization (ACO) method has been used to

management in power systems. For example, in referen@gderate the trade-off solutions and a fuzzy satisfyinghotet
[2], [3] congestions are managed through cost-free medis been used to select the best compromise solution from the

such as network reconfiguration, operation of transformgft Of Pareto optimal solutions.

taps and operation of flexible alternating current transiois Rest of the paper is organized as follows. Section Il briefly
system (FACTS) devices. Generation rescheduling and loaésents the congestion management formulation. Sedtion |
shedding are used in [4], [5] for alleviation of congestiordescribes the sensitivity index used for load and generatio
In these methods system operator has no choice of selectietpction in CM and Section IV describes the ant colony
the participating generator and/or load buses. RefereBce ¢ptimization method. Section V presents the fuzzy approach
proposed a mathematical model of bus Sensitivity Factdie selecting the best compromise solution, and section VI
(SFs) which relate the bus injections to change in line custe describes the congestion management strategy. Section VII
These SFs are used to alleviate the congestion by selectimgsents the simulation results whereas Section VIl aated
high sensitive generator and/or load buses. However, tliie proposed work.

etter utilization of renewable resources, network rdligb
hancement, improving the loadability of the transmissio



Il. SYSTEM ARCHITECTURE ande;, f; are coefficients of generatoreflecting valve point

Electric power market is considered to have three categorlgad'ng effect.

of participants i.e. the bidders, the scheduling coordirsat  cgnstraints
and the independent system operator. Responsibility di eac Equality constraints

of these participants is described as follows: Network power flow equations:

A. The Bidders NB
Generation and distribution companies form this group. Poi = Pai = Z VillV;[1Yij| cos(ds — 65 — 6i5)  (3)
This group encompasses both the load and generation side i=1

of the market. Bidders may have their own physical assets, or

act as aggregators for other producers or consumers. During NB

congestion in power network they offer their bid price to the Qqi — Qai = > [Vil[V;[[ Yy |sin(6; — 6; — 6:5)  (4)
scheduling coordinator to manage the congestion. j=1

B. The Scheduling Coordinator where, _ _ ,
) ) ) ) P,i, Qg real and reactive power generation at bus
The function of the scheduling coordinator is to match load Py, Qu  real and reactive power demand at bius

and generation bids to produce a balanced transaction for 5 p number of buses:

submission to the system operator. By aggregating the surve Vi, |Vi|  voltage magnitude at busand j respectively;

on the supply and demand side, the scheduling coordinator - network admittance matrix:

calculates a market clearing price which is awarded to all 5i 8 voltage angle of bug and b’usj respectively:
Y] ’

accepted bids. 0, admittance angle of line between buseand ;.

C. The Independent System Operator ) _

Inequality constraints

rfhequality constraints are operating and physical limits o
%ch transmission line, transformer and generator asafsilo

Scheduling coordinators pass on balanced load generatio
transactions to the system operator. The 1SO then carries Q
congestion management, before returning the revised sche
ules to the scheduling coordinators. Flow; < Capacity; (5)

[1l. PROBLEM FORMULATION Vinini < Vi < Vipvawi (6)

The objective of the proposed congestion management is
to minimize the congestion as well as the cost of operation.

Mathematically it can be represented as follows: Prini < Pgi < Prac )
Objective 1: Minimize congestion Qmini < Qgi < Qmazi (8)
ul ) where,
Minimize OL = Z(Si — 5r) 1) Vininis Vinawi minimum and maximum voltage limit
i=1 Flow;, Capacity; power flow on line and line capacity
where,OL is cumulative overloadp! is number of over- Prini, Prazi minimum and maximum active power
loaded line,S; is MVA flow on line i, and S"%* is MVA generation limits of generator i;
capacity of linei. Qmini, Q@mazi minimum & maximum reactive power

L L . generation limits of generator i.
Objective 2: Minimize cost of operation

ng V. SELECTION OF PARTICIPATION NODES

Minimize TC' = Z[(ai + b APy; + ¢;.APy;”) For any congestion, utilities interested in participatou-
i=1 gestion management may not be be equally cost effective
+  leg xsin(fi X (Pgi — Prini))l] and/or sensitive in managing congestion. For example, in
L , , any congested place, local utilities are expected to be more
+ Z(ak + by, ADy + ¢, AD;?) (2)  effective than remote ones in alleviating it. On the othardha
k=1 remote utilities may be cheaper than local utilities. Hertce

where,T'C is total operation cost;g is number of participat- iS essential to select the optimal mix of utilities so thaato
ing generatorspl is number of participating loads) P,; is operation cost is minimized. In this paper, a sensitivitgex
the amount of generation change at bugeneratorP,,;,; is Called S is used to select the participating buses whgre
minimum generation of" generatorA D, is amount of load is defined as follows:

change at bug, a;, b;, ¢; are cost coefficients of generatir

ay, by, ¢, are cost coefficients demand response at loadkbus SI=f; xIC (9)



where IC' is incremental cost of generatiod({,) or load 3) Local Search: In this paper Pareto Local Search (PLS)

(IC;) defined as follows: proposed in [13] is implemented. PLS starts from a solution
and examines its neighborhood. Next, any nondominated so-

IC; = b+ 2¢iPg +|eifi X cos(fi X (Pgi — Pmini))ll  |ution found is added to an archive and the dominated ones
IC; = by +2¢.Dy, are removed from it. PLS terminates when all the neighboring

solutions of all solutions in the archive have been explored
and (f;) is the sensitivity of the change in line flow with  4) Pheromone Re-initialization: To avoid premature con-
respect to injection defined as follows [11]: vergence or getting trapped into local minima pheromone
re-initialization is done looking at a convergence factgr

= = defined as follows [14]:
li="3p, 0 Vil 06 VI 14l
alkm Ykz alkm Ymi Zn 20;
: 10 _ v b;—a;
+ B ( Ve vl Vo (10) of = == (12)
where, A}, is change in line current from bus to m, The pseudo code for ACO is shown in Table I.
AP; is change in real power injection at biysX /Y is element TABLE |
of admittance matrix} is voltage magnitude andlis voltage PSEUDO CODE FORACO
phase angle.
Participating generators are selected on the basi$lof Randomly generate initial solutions within search space

values. As the power output from a generating station can be and initialize pheromone trails

. sy . P : Repeat

'”Creas?d or decreased (within the operatllng Ilmlt_s_) atiogr Construct solution for each ant using normal distribution
to requirements, generator buses with high positive or neg- Identify global best and local best ant

ative ST value can be selected as a participating generator Conduct local search on them

Update pheromone

in congestion management. On the other hand_as dema\_nd Check the convergence factor. If below
is assumed to be decreased only, buses with high negative threshold re-initialize pheromone
sensitivity values are considered for DR. For non-parétipg Until some convergence criteria is satisfied

buses the sensitivity values are assigned as zero. Provide the set of Pareto optimal solutions

V. ANT COLONY OPTIMIZATION (ACO)

. o o VI. SELECTION OF COMPROMISE SOLUTION
In this paper a multi-objective ant colony optimization

technique proposed in [12] is used. The algorithm consists 8 lt?moa[;jggﬁigggsz a;usziltag;issgli?]t'orr:qgt?g dtf;g Egggftgiriﬁgo
four stages i.e. solution construction, pheromone updacta) P ' Y 9

S ; the best compromise solution from a set of Pareto optimal
search and pheromone re-initialization as describedvistio solutions. For each obiective fuzzv membershio is defined b
1) Solution Construction: In this method, initial position ) J y P y

. . linear function as follows:
of each ant i.e. initial solution vectors are generated oariy

in the feasible search region. In each iteration artificial a Lo if fi< i
construct the solution by generating a random number fdr eac i = w if frin < fi < fmes (13)
variable using the normal distributiol (u;, 0?). Mean ;) 0 ' if fi> fmes
and standard deviationrf) for each variable changes with
iteration number based on the experience of the colony. where . o
2) Pheromone update: For multi-objective the real diffi- ~ #i =~ 'S membership value of objective
culty lies in the definition of the best solutions of the catade i is the value of objectivé which

set. In this paper the best solutions with respect to each IS completely sat|_sfac_to.ry; _
mar s the value of objective which

objective are selected to update the pheromone information /: X )
is completely unsatisfactory.

Then, when multiple pheromone information is considered, : . . .
e p For each Pareto solution normalized membership function

each pheromone matrix associated with each ObjeCtiveisiSfound as follows:
updated by the solution with the best objective value for the '

respective objective. Pheromone matrix for any objective i kL vaz"{’j uk 14
updated as follows: W= ZNobj k (14)
k=1 i=1 A
pit) = i)+ pQIgb (11) where, . L .
oi(t) = oi(t) + pa|zt — pi(t — 1) Nopj is the number of objective functions;
M is number of Pareto optimal solutions;
where p, € [0,1] is the intensification parameter, a uniform ;* is membership value of non dominated solutian

random number between 0 and 1 and is the local best The non-dominating solution that attains the maximum
solution (Pareto optimal) found in last (t-1) iteration. membershig:* is chosen as the best compromise solution.
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VII. CONGESTION MANAGEMENT STRATEGY 6

In this method set of participating loads and generators is
selected based on sensitivity index as described in Section
lll. With the selected participants congestion is managed
by optimal mix of generation rescheduling and/or demand
response based on required level of congestion alleviation
case of multiple line overloads, congestions are solvedilsim
taneously to avoid oscillatory solution and non-conveogen :
due to conflict. Per unit values of load and generation are 0 20 . on ey 8 100
taken as state variables. Computational steps of the pedpos
congestion management scheme is summarized as follows:  Fig.- 1. Convergence characteristics with different colsige

1) Identify the congested lines and transformers in the. grid
2) Collect bidding from generators and loads interested in

congestion management. For case 1A, congestion was created by reducing capacity
3) Calculate sensitivity IndicesS(s) for interested gener- of |ine 1-2 from 130 MVA to 70 MVA. Sensitivity indices of
ators and loads with respect to change in current floyenerators and loads with respect to change in flow on line 1-2
on each congested line. are given in Table Il and Table IV, respectively. In this €as
4) Select high sensitive generators and loads for CM. 3| the sensitivities are negative which indicate congestian
5) Minimize cost of operation and congestion using Arfie alleviated either by increasing the generation or byciedy

Cost (Rs/h)

Colony Optimization. load. As generator sensitivites are more or less equal, all
6) Check whether congestion is managed. the generator buses are selected for CM. In this case, there
a) If not, select more participants and goto step 5. are several load buses having high sensitivity index. Ad th
b) Else, go to step 7. load buses having sensitivity index/ > 0.036 are selected
7) Select the best compromise solution from the set B congestion management. In this case, though few loads
Pareto optimal solutions using fuzzy approach. such as buses 2, 5 and 7 are highly sensitive to alleviate the
8) Present the solution to the decision maker. congestion, got lower rank in the Sl table as their incremlent
costs are very high. With the selected participants ACO was
VIII. SIMULATION RESULTS run and obtained Pareto optimal solutions are presented in

Figure 2. Figure 2 clearly shows Pareto solutions are umifpr

Proposed congestion management methgd 'S gvaluateddls ributed accrross the Pareto font. Non-dominated suist
benchmark IEEE 30 bus test systems. For simulation PUrpOSE. L ini o :
ith minimum cost, minimum congestion and a trade-off from

cost coefficients as given in Appendix were chosen for D hese Pareto optimal solutions are presented in Table \fFro

. . . : Table V it is clear that in this case demand response partic-
ence [11]. With the given cost functions, an experiment was_.. = . . o

- . . L ipation is not economical and hence congestion is managed
done to optimize the colony size while optimizing the pre:

. . . only with generation rescheduling. In this case, if the apar
congestion generation cost. Convergence characteristtbs y gene g .
) . . O .wants to alleviate the overload completely he will choose th
different size of colony are given in Figure 1. From this

. o ) : Solution 1 and for this case congestion cost will be as high
figure, it is clear that colony of 10 ants provides satisfacto .

- : : ; as Rs/h 113925. But if the operator allows some overload
convergence characteristic. From this experiment it see

that optimal number of ants in the colonv is broportion |~_§10%) and chooses solution 2, congestion cost will be as low
P y IS prop as Rs/h 31701. This motivates utilities to allow some owatlo

to the dimension of the optimization problem. Hence, far, .
congestion management. colony size was chosen as the n r%wever, sometime such overload may not be acceptable due
9 ) 9 » colony {0 reliability threat. In such case utilities always can s&o
ber of variables to be optimized. In order to evaluate the . . :
) : : a compromise solution where tradeoff is made between cost
proposed congestion management technique, congestioas we

. : S and congestion. Solutions 1, 2 and 3 clearly show that if the
simulated by setting reduced value for the line limits of & fe .

. X : . . operator wants to alleviate the over load completely he bas t
lines. Detailed simulated cases are given in Table II.

sacrifice the cost a lot.

TABLE 1l
SIMULATED CASES TABLE Il
] GENERATOR SENSITIVITIES WR.T CONGESTED LINES
Test system Simulated cases
1A | Overload simulation by reducing capacity df
IEEE 30 Bus line 1-2 to 70 MVA Bus 1-2 10-21 2-5 5-7
1B | Overload simulation by reducing capacity df 2 -0.0304 | 0.00006 | 0.0015 | -0.0011
lines 10-21 to 10 MVA respectively 5 -0.0279 | 0.0001 | -0.0266 | -0.0199
1IC | Overload simulation by reducing capacity qf 8 -0.0245 | 0.0002 | -0.0067 | 0.0064
lines 2-5 and 5-7 to 40 MVA and 10 MVA 11 | -0.0246 | 0.0021 | -0.0065 | 0.0060
respectively 13 | -0.0237 | -0.0003 | -0.0056 | 0.0051




TABLE IV
LOAD SENSITIVITIES W.R.T CONGESTED LINES

Bus Sensitivity Index w.r.t Bus Sensitivity Index w.r.t

1-2 10-21 2-5 5-7 Bus 1-2 10-21 2-5 5-7
2 -0.0374| 0.0001 | 0.0018 | -0.0014 | 17 | -0.0370| 0.0072 | -0.0094 | 0.0099
3 -0.0282 | 0.0002 | -0.0057 | 0.0064 | 18 | -0.0371| 0.0007 | -0.0092 | 0.0090
4 -0.0343| 0.0003 | -0.0069 | 0.0072 | 19 | -0.0369 | 0.0028 | -0.0092 | 0.0092
5

7

-0.0255 | 0.0001 | -0.0243 | -0.0182 | 20 | -0.0374 | 0.0038 | -0.0094 | 0.0094
-0.0313 | 0.0003 | -0.0180 | 0.0233 | 21 | -0.0362 | -0.0489 | -0.0093 | 0.0099
8 -0.0293 | 0.0002 | -0.0080 | 0.0076 | 23 | -0.0371 | -0.0120 | -0.0092 | 0.0093
10 | -0.0374 | 0.0071 | -0.0096 | 0.0097 | 24 | -0.0371| -0.0290 | -0.0095 | 0.0103
12 | -0.0357 | -0.0007 | -0.0084 | 0.0085 | 26 | -0.0377| -0.0171| -0.0098 | 0.0107
14 | -0.0365 | -0.0015 | -0.0087 | 0.0084 | 29 | -0.0379| -0.0087 | -0.0100 | 0.0104
15 | -0.0365 | -0.0026 | -0.0088 | 0.0086 | 30 | -0.0370| -0.0070 | -0.0098 | 0.0098
16 | -0.0370 | 0.0032 | -0.0090 | 0.0092

70 paid to one generator, overall congestion cost through DR
LR I is better than the congestion management through generatio
5 b rescheduling. It is also obvious that congestion cost cdovee
;:z \“ if some overload is tolerated. These simulation resultartte
8 5| ‘. . show that demand response could be an efficient means of
10 “ . - managing congestion in smart grid. _ _
0 ‘ ‘ - ‘ For case 1C, congestion was created on two lines i.e. 2-5 and
22000 42000 62000 82000 102000 122000 . apr s . . . .
Cost (Refhr) 5-7. In this case, sensitivity indices with respect to each |

are conflicting. For example, for bus 2 generation Sl is pasit
(0.0014) w.r.t. flow on line 2-5 whereas it is negative (-A0P
w.r.t. flow on 5-7. On both the line power flow is towards bus 5.

If generation at bus 2 is increased flow on line 2-5 increases
whereas flow on 5-7 decreases and vice versa. In order to
For congestion case 1B, generator sensitivities are veiyhieve a trade-off generators and loads are selected based

low as shown in Table Il and hence are not very effectivgbsolute value of Sl. In this congestion case, it is assutmad t

in managing the congestion. This is not surprising becausgst sensitive generator at bus 5 is not interested to jate
generators are far away from the congestion location. Giithe congestion management. Hence, remaining generators
the other hand, loads at buses 21, 23, 24 and 26 are highht high sensitive loads (at buses 5, 7, 26 and 29) are slecte
sensitive and hence, are selected for demand responsesin fi congestion management. Pareto optimal solutions fier th
congestion management. In this particular case at least @age are presented in Table V. Table V shows that in this case
generator needs to be selected as slack because if comgsstieongestion can not be alleviated by generation reschegulin
managed by load reduction through DR, at least one generasaly. Therefore, demand response has to be carried out on
should reduce the generation to balance the total load gsgtticipating loads. To alleviate the overload completggr-
generation. In this case generator at bus 11 is selecteda@s needs to reduce 28.91 MW load only at bus 5 where 28.91
slack as it has the highest sensitivity index and is close KW of load reduction is compensated by generation reducing
the congestion location. Pareto optimal solutions witles®ld of 26.17 MW at bus 2, 1.08 MW at bus 8, 2.19 MW at bus
participants are presented in Table V. In this case if thel, and 1.03 MW at bus 13. For this case congestion cost
operator wants to alleviate the congestion completely leel®ie becomes as high as Rs 137796 including demand response
to reduce total 12.07 MW load through DR. In this casgost of Rs 53172 and generation rescheduling cost of 84623.
9.75MW, 0.45 MW, 0.81 MW and 1.06 MW loads are reducegls expected, for subsequent solutions congestion costesdu

at buses 21, 23, 24 and 26, respectively. In response to 12th higher tolerable overload. All these case studiesrbfea
MW of DR, 12.37 MW of generation is backed down at bushows that a combination of DR and generation scheduling
11 to balance the grid. Though load is reduced by 12.@6uld be very effective for alleviating the congestion inasm
MW, generator needs to be reduced by 12.37 MW becauggd.

transmission loss is reduced by 0.3 MW due to load reduction

in the grid. For the given scenario, operator needs to pay Rs IX. CONCLUSION

14623 as DR incentive and Rs 43450 for generation back dowrin the era of grid restructuring, congestion in power net-
incentive. Hence total congestion cost becomes Rs 580i&3. ltvork is quite common. This paper proposes a congestion
interesting to note that for the given scenario demand respo management method through demand response. Simulation
cost is much lower than the incentive given to the generat@sults presented in this paper clearly show that with deman
only for balancing the grid. Even though high incentive isesponse, congestion management becomes more flexible and

Fig. 2. Pareto optimal solutions for congestion case 1A



TABLE V
SIMULATED CASES FORIEEE 30BUS SYSTEM

Over loaded Initial generation/ Pareto optimal solutions
condition load* at Min congestion Min cost Compromise
Participating buses
B E E E
o o o T o T
2 S | £ < < s
(&) Line = = Bus Pg/ Cong. = Pg/ Cong. = Pg/ Cong. = Pg/ Cong.
code Pd Cost Pd Cost Pd Cost Pd Cost
Rs/h Rs/h Rs/h Rs/h
MW MW MW MW
1A 1-2 79.43 | 70 1 115.0 | 550374 | 70.00 | 97.80 | 113925 | 78.81 | 113.4| 31701 | 75.88 | 109.0 | 47391
2 69.50 77.33 69.31 74.80
5 24.99 32.69 24.91 25.03
8 26.70 26.74 26.12 26.67
11 27.15 27.25 25.39 27.25
13 26.29 26.98 30.33 26.51
1B | 10-21 | 17.79 | 10 11 27.15 | 550374 9.99 | 14.78 | 58073 | 10.84 | 15.81 | 54980 10.5 | 15.11 | 56554
21* 17.50 7.75 9.26 8.26
23* 3.20 2.75 2.72 2.78
24* 8.70 7.89 7.50 8.00
26 3.50 2.44 2.17 2.03
1C 2-5 56.67 | 40 1 115.0 | 550374 | 40.00 | 115.2 | 137796 | 44.79 | 112.5| 121582 | 41.85| 115.2 | 128894
5-7 14.21 | 10 2 69.50 5.26 | 43.33 9.03 | 51.96 5.69 | 45.28
8 26.70 25.62 25.64 25.28
11 27.15 24.96 24.93 25.44
13 26.29 25.26 23.97 25.87
5* 94.20 65.29 77.58 69.48
* 22.8 22.80 18.56 22.80
26* 3.50 3.50 3.06 3.50
29* 2.40 2.40 1.03 1.48

economical as loads can directly participate in congestiop] J. Hazra and D. P. Seetharam, “A network congestion nmzmagt
management. Simulation results also show that proposed sen
sitivity index could be very effective in selecting appriape
participation generation and demand for managing the snge
tion most economic way. It was also identified that sometim
little overload could reduce the congestion cost signitigan

(1]

(2]

(3]

(4

(5]

(6]
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(8]
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APPENDIX
TABLE VI
DR COST COEFFICIENTS

Amount of load p, q, r

in the bus(MW) | Rs/h | Rs/MWh/h | Rs/IMW2/h
<10 0.0 1200 1.00
<20 0.0 1200 1.50
<30 0.0 1500 1.25
<40 0.0 1500 1.35
<50 0.0 1575 1.25
<60 0.0 1575 15
<75 0.0 1650 1.25
<100 0.0 1800 1.35
<125 0.0 1875 1.425
>125 0.0 2025 15




