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Shunt FACTS Devices (SFD) would play an important role in maintaining
security and reduce total generation cost in the economical operation of
power systems. The application of this device to the AC model of security-
constrained unit commitment (SCUC) for the day ahead scheduling is
presented in this paper. The proposed AC model of SCUC with SFD would
include active and reactive power flow constraints which increase the
network controllability at normal operation and contingency. A general SFD
model is introduced for the reactive power management in SCUC which is
based on the reactive power injection model (RPIM). The case studies
demonstrate the effectiveness of the SFD application to SCUC with AC
network constraints. Meanwhile simulation results demonstrate the combined
use of these devices to SCUC have a significant impact on maintaining
network security, preventing load shedding, lower total generation cost and
increase using the maximum capacity of the existing transmission network.
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1. INTRODUCTION

In a restructured power market, the independent system operator (ISO) oversees the operation
bulk electric power system, transmission lines, and electricity market generated and transmitted by its
member utilities. The primary stated mission of the I1SO is to operate the grid reliably and efficiently, provide
fair and open transmission access, promote environmental stewardship, and facilitate effective markets and
promote infrastructure development. The ISO has the authority and responsibility to commit and dispatch
system generation units and curtail loads for maintaining the system security at normal operation and
contingency (i.e., balance load demands and satisfy fuel, environmental aspects, and network security
requirements) [1]-[3]. The I1SO executes the SCUC program to plan a secure and economic scheduling of
generating units start-ups and shut-downs over a given time horizon for serving the hourly load demand
while satisfying temporal and operational limits of generation and transmission facilities in power systems
[2]-[4]. The objective of SCUC is to maximize the social welfares based on energy and price bids submitted
by market participants, generation suppliers, and load demanders. As a key decision-making component for
the current power system operation, the modeling and solution of SCUC, especially for the large-scale power
systems, should be seriously recognized and analyzed.

The restructuring of power utilities has increased the uncertainties in system operation. The
regulatory constraints on the expansion of the transmission network has resulted in reduction of stability
margins and increased the risks of cascading outages and blackouts. This problem can be effectively tackled
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by the introduction of high power electronic controllers for the regulation of power flows and voltages in AC
transmission networks. This allows 'flexible’ operation of AC transmission systems whereby the changes can
be accommodated easily without stressing the system. Power electronic based systems and other static
equipment that provide controllability of power flow and voltage are termed as Flexible AC Transmission
Systems (FACTS) controllers [5].

The role of FACTS devices in power system performance enhancement becomes more important,
since the main responsibility of generation units is to produce active, rather than reactive power
compensation. Maximum power transmission (close to lines thermal limit) over a long distance in a power
system, without adversely affecting the stability and security margin, can be achieved through a fast power
flow control. Voltage stability depends on the ability of the power system to maintain acceptable voltage for
the system buses under normal conditions, and, also, in the face of disturbances. In other words, after an
incidence of disturbance, i.e. an increase in demand load and/or system characteristic changes, the system
may face voltage instability, which may cause an uncontrollable deviation of voltage [4]. The failure of
power systems to provide the required reactive power is the main cause of instability. Therefore, considering
the reactive power security margin can increase the reliability of the system and prevent any possible
blackouts. FACTS obtained a well-known reputation for higher controllability in power systems by means of
power electronic devices. The first application of FACTS devices is a fast power flow control and voltage
stability, which can help to improve the system security [5]-[8].

In this paper, an effective ac contingency dispatch over a day ahead period based on the security-
constrained unit commitment (SCUC) model is proposed. A general model of SFD is incorporated in the
proposed SCUC formulations. GENCOs will submit their bids to the 1ISO. The 1SO will then use this model
to minimize the bid-based system operating cost while maintaining the system security at both normal state
and pre-defined contingency cases.

This paper is organized as follows. Section Il provides an outline of the proposed model. Section 111
describes the formulations of SCUC and SCOPF based on ac network. Section IV presents and discusses test
cases considering the prevailing constraints. The conclusion drawn from the study is provided in Section V.

2. MODEL OUTLINE

Figure 1 depicts the flowchart of the proposed SCUC model that encompasses NCOPF and SCOPF
with ac contingency dispatch over the 24-h horizon. NCOPF utilizes the UC solution for calculating the
optimal dispatch of resources, minimizing the bid-based operating cost at steady state. SCOPF utilizes the
UC solution for calculating the optimal dispatch of units, minimizing the bid-based operating cost at
preventing system violations when contingencies occur. Benders decomposition is utilized to decompose the
SCUC problem into smaller and easier to solve subproblems [9]-[12]. The master problem uses the available
market information to find the optimal hourly schedule of units (UC) by considering the prevailing UC
constraints The hourly solution of UC is used in the subproblems to examine the AC network constraints at
steady state and contingency [13]-[24]. The shunt FACTS devices are incorporated in the subproblems if
violations are detected. Given the unit schedule by the UC solution, the Subproblem 1 will check the base
case network feasibility. In this subproblem, slack variables for real and reactive power mismatches are
minimized based on line flow and Shunt FACTS Devices adjustments. The proposed Benders cut incorporate
slack variables for the real and reactive power mismatch that is mitigated by recalculating the unit schedules.
If NCOPF cannot guarantee the system security at steady-state load shedding may be utilized for managing a
feasible solution. A converged base case power flow will be achieved based on the UC results. The
contingencies network check subproblem, i.e., subproblem 2, uses the UC solution for the base case to check
the system security in case of contingencies. Using AC power flow equations, both real and reactive power
mismatches are minimized in this subproblem. If SCOPF cannot guarantee the system security at critical
contingencies, LS may be utilized for managing a feasible solution. In our approach, augmented Lagrangian
relaxation (ALR) is applied to solve UC.

2.1. Ncopf

This section in Figure 2 consists of optimal power flow (OPF) for checking hourly network
constraints. The OPF is optimized by applying primal/dual interior point method (PDIPM). The OPF checks
hourly network constraints to find out whether the proposed UC solution can provide a converged ac power
flow and meet network constraints (such as transmission flow and bus voltage limits). If the NCOPF is
infeasible, the Benders cuts will be introduced into the next UC calculation. The iterative process between
UC and the subproblem 1 will continue until ac violations are eliminated. If the maximum number of
iterations of the NCOPF is reached before identifying a feasible solution, the load shedding (LS) is
prescribed to find a converged NCOPF solution at steady state [25]-[30].
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2.2. Scopf

At this stage the converged ncopf solution at steady state will be utilized for examining ac contingencies.
Here we solve opf with additional constraints for each contingency in which represents a time-based
permissible adjustment of real power generation. Once a contingency is introduced, if violations are not
eliminated within the emergency time by applying control variables such as real power generation and shunt
facts devices, the contingency will be labeled as uncontrollable contingency. Accordingly, a pre-contingency
operating point is sought for the uncontrollable contingency by recalculating the uc. The new operating point
that includes preventive control actions can prevent system violations in the event of the uncontrollable
contingency. Meanwhile, possible corrective dispatch controls within the given emergency time will
eliminate system violations for any controllable contingencies.

2.3. Ls

If violations resulting from uncontrollable contingencies cannot be mitigated by available control
measures, Is will provide a feasible ncopf/ scopf solution based on decremental bids/contracts. The idea for
applying Is is to add virtual generators at load buses where Is is allowed. The effect of a virtual generator is to
shed local loads for removing any violations at steady state and contingencies. Ls at a substation could
represent several curtailment contracts. We provide the following five assumptions for implementing Is.

o In this proposed algorithm, demand bids are inelastic. Ls is represented as an undesirable function, and
Is contract prices are presumably higher than generating unit bids. Ls is treated as the last resort when
all other options fail in seeking a feasible solution.

e  Virtual units are considered for ncopf at steady state and scopf at contingency based on the hourly
commitment of units.

. It is assumed that each load bus power factor is constant.

. The ratio of system spinning/ operating reserve requirement to the total load is assumed to remain
constant for the entire time.

2.4. Solution Procedure
Solve uc.

Check the hourly ac power flow dispatch at steady state by opf. If the hourly opf is not converged and
number of iteration between uc and the subproblem 1 (ncopf) is not reached, benders cuts go back to
step 1 for recalculating uc. Otherwise, if the hourly opf converged, proceed to the step 5.

. If the maximum number of iteration between uc and the subproblem 1 (ncopf) is reached and the opf is
not converged, use the feasible uc results at the previous iteration as the final and go to the next step for
the Is solution.

. Add virtual generators to opf and obtain the Is solution at steady state.

. Solve scopf subproblem with additional constraints for each contingency. Check the hourly ac network
for each contingency. If ac power flow is not converged or network (transmission flows and bus
voltages) violations exist, and number of iteration between uc and the subproblem 2 (scopf) is not
reached, form the corresponding benders cuts and return to step 1.

o If the scopf solution is infeasible and the maximum number of iterations is reached, label the
contingency as uncontrollable. Use the feasible uc results at the previous iteration as the final and go to
the next step for the Is solution.

e  Add virtual generators to opf and obtain the Is solution at contingency state.

3. PROBLEM FORMULATION
3.1. UC Formulation

The objective of the UC problem is to determine the set of generating units while minimizes the
total production cost over the scheduling period. Therefore, the objective function is expressed as the sum of
fuel, start-up and shut down costs of the generating units. The UC problem can be mathematically formulated
as [17]:

Min. TGC =
Nu y'Nh {[ Fi(Pn) + SUin * (1 = Ziw-))] - Zih} 1)
=reh= + SDip * (1 = Zin) * Zith-1)

Due to the operational requirements, the minimization of the objective function is subjected to the
following constraints:
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(a) Power balance constraints

Z%‘ﬁ Py *Zin = Pon + Py )
i=1 Qih *Zin = Qpn + Qun

(b) Spinning and operating reserve constraints

YN [Rsin * Zin] = Rsp (3)
YN [Rojn * Zin] = Ron

(c) Minimum up/down time constraints

[X?(rtll-n =T - [Zihe1) — Zin] = O @
[X{f-1) = T] - [Zin = Zin-1)] = O

(d) Power generation limit constraints

B Zin < P = 5i_' Zin ®)
Qi Zin< Qn= Q- Zn

(e) Ramping Up/Down limits

Ph — Pith-1)

< [1=Zin - (1 = Zin-))] " RU; + Zip - (1 = Zin—y) - B,

Pin-1) — Bin

< [1=Zino1y - (1 = Zin)] *RD; + Zigh—qy - (1 — Zip) - B (6)

Also note that P, and Q. in (2) is originally the estimated system loss at time h. However,
following the iterations between UC and the subproblem 1 NCOPF, the estimated will be updated by its exact
value obtained from the subproblem of NCOPF.

In order to solve UC, the ALR method is employed for relaxing power system constraints (2), (3).
The relaxed problem is decomposed into N subproblems for each unit. Dynamic programming (DP)
including minimum up/down time limit (5), and ramp rate limits (6) is used to search for the optimal
commitment of a single unit over the entire study period. Lagrangian multipliers are updated based on
violations of system constraints. The convergence criterion is satisfied if the duality gap between primal and
dual solutions is within a given limit. [13] — [15].

3.2 NCUC/SCOPF with Load Shedding

Based on UC results, the objective function (9) is to minimize OPF and LS costs at steady state and
when considering contingencies. The second term in the objective function is for modeling virtual units that
will be used if OPF is infeasible. Constraints (10) and (11) represent the power balance and system
spinning/operating reserve requirement. Note that the ratio of system spinning/operating reserve requirement
to the total load should be fixed based on the above assumption for LS.

Min. TGC =
N AR {Fi(Py) * Zin} + 2R TAR Fa(VP) (7)

(f) Power balance constraints

%Nﬂ Pih *Zin +NZleZI11 VP = Ppn + Piy ®
u

v v
Z Qin "Zin + Z VQun = Qpn + Qrn
-1 =1

(g) Spinning and operating reserve constraints
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YN [Rsin - Zin] = Sﬁ' (Pon — XRYY VPah) €C))

Nu R Nvu
oh
Z[Ro,ih “Zin] = P (PD,h - Z Vth)
. D,h
i=1 k=1

(a) Generation limit constraints

B Zp < Py < Py Zy, (10)
Qi'Zin< Q< Q' Zn
(b) Ramping Up/Down limits
Pip = Pin-1)
< [1-Zyp (1 - Zin-1)] " RU; + Zip - (1 = Ziy—1y) - P (11)

Pih—1) — Pin
<[1- Zin-1y - (1 — Zp)| - RD; + Zin-1y (1= Zp) - P;

(c) The power flow equations
G,(X,U,C)=0 b=12,..,Nb (12)

(d) The transmission line flows constraint

P <P, <P, 1=1.2,..,Nl (13)
(a) The voltage of the buses
V, <V, <V, b=12,..,Nb (14)

(@) The Shunt FACTS Devices constraint
Py < Py < Py f=12, .. Nf (15)

Qsr < Qs <Qy f=12, .. Nf

The state vector X comprises of the bus voltage phase angles and magnitudes. The control vector U
comprises of all the controllable system variables like real power generations and reactive power generated
by Shunt FACTS Devices. The parameter vector C includes all the uncontrollable system parameters such as
line parameters, loads, etc.

4. CASE STUDIES
The proposed model is applied to a thirty -bus test system to illustrate the performance of SCUC.

4.1. thirty -Bus test System

The thirty-bus system depicted in Figure 2 has five units, forty-one transmission lines. The
characteristics of units, transmission lines, and the hourly load distribution over the 24-h horizon are given in
Tables I-111, respectively. The magnitude of voltage at each bus must be between 0.95 and 1.05. In order to

IJAPE Vol. 5, No. 1, April 2016 : 22 -39



IJAPE ISSN: 2252-8792 a 27

analyze the efficiency of the proposed method, the following five case studies with corresponding constraints
is considered:
Case 1) UC (without network constraints);
Case 2) NCUC;
Case 2_1) NCUC without SFD.
Case 2_2) NCUC with SFD at bus 8 adjustment.
Case 2_3) NCUC with SFD at buses 7,8,21 and 30 adjustment.
Case 3) SFD device at bus 8 are used to;
Case 3_1) committed to minimizing total generation cost.
Case 3_2) regulate related magnitude voltage bus 8 at 1.0 (pu).
Case 4) SCUC by outage of line 6-8 (contingency dispatch);
Case 4_1) SCUC without SFD.
Case 4_2) SCUC with SFD at buses 7,8,21 and 30 adjustment.
Assume the LS contract is 500$/MWh for each load.
Case 5) failure in unit 3 (contingency dispatch);
Case 5_1) SCUC without SFD.
Case 5_2) SCUC with SFD at buses 7,8,21 and 30 adjustment.
Assume the LS contract is 500$/MWh for each load.

In some cases, according Table IV, SFD are considered. These devices are modeled using the

proposed RPIM [18].

Case 1) In this case, UC will determine the base case schedule of units, when disregarding the network
constraints. The commitment schedule is shown in Table IV in which 1 and O represent hourly
on/off states of units, and hour 0 represents the initial condition. In addition, the daily bid-based
generation dispatch cost given in Table 1V is $ 142203.6145. The optimal generation dispatch given
in Table V. In this case, the economical units 1, 2 and 4 supply the base load, which are committed
at the entire scheduling horizon. The units 3 are committed at certain hours (11-21) to supply peak
load and to minimize the total generation cost. More expensive units 4 and 5 are not committed at
all hours.

Case 2) In case 2_1, the impact of ac network constrained at steady state on unit commitment (NCUC) is

studied. If we use the UC results in Case 1 for NCOPF calculations, magnitude voltage violations
will occur at buses 12-20. In order to considering the network constraints, we find that the other UC
in Case 2_1. So, the commitment schedule is shown in Table IV and the optimal generation dispatch
of NCOPF is changed as shown in Table V. The highlighted items in mentioned Table show
differences between Case 1 and Case 2_1. In order to maintaining the magnitude voltage buses to
their limits (0.95 <V < 1.05) and line capacity limits in accordance Table II, the generation dispatch
of the economical units 1, 2, 3 and 4 is changed. The relatively expensive units 5 and 6 are
dispatched to supply the system loads. Accordingly, the daily cost of bid-based generation dispatch
increases to $ 169505.19.
In Cases 2_2-2_3, the SFD inject the controllable reactive power to the network and also manage
reactive power flows and accordingly adjust bus voltage levels. The SFD decrease the reactive
power flow on the network lines and therefore increase the transfer capability of the lines. In case
2 2-2_3the voltage at all buses and the reactive power flow at network lines is changed by the SFD.
In case 2_2, the reactive power generation by Shunt FACTS Device at bus 8 is shown in Table VII.
In case 2_3, the reactive power generation by SFD is shown in Fig. 3.The commitment schedule is
shown in Table VI and the optimal generation dispatch of NCOPF is changed as shown in Table
VII. The highlighted items in Tables IV, VI show differences between all this section cases
compared to case 1. Without the SFD the voltage drop occur at all buses mostly at peak hours.
However, the reactive power injection to the network increases the bus voltages and prevents
voltage and line capacity violations. Without the Shunt FACTS Devices, voltages are adjusted by
the neighboring generating units. The reactive power generation of units is increased for adjusting
the voltage level at buses, which would also increase the reactive power flow at network lines. So,
the SFD could reduce the active and reactive power dispatch of units, decrease reactive power line
flows, bus voltage support and minimize the total generation cost. In the whole cases are mentioned,
case 2_3 has the minimum total generation cost and less committed more expensive units. Therefor
distributed SFD in load buses is better choice for power system planning.

Impact of Shunt FACTS Devices on Security Constrained Unit Commitment (G.A. M.Hosaini Hajivar)
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Case 3) In these cases (3_1 and 3_2), NCUC will determine schedule of units when SFD is committed to
minimizing total generation cost (case 3 1) and regulate related bus voltage at 1 pu. The
commitment schedule is shown in Table VIII and active power generation dispatch in Table IX. It is
clear that when the SFD committed to regulating corresponding bus voltage is less effective on
minimizing cost function. Therefore, it is desirable these controllable devices should be adjust based
on NCUC planning. If contingency is occurred, the SCUC determines the setting of SFD. The
capacity of this equipment should be determined based on long-term planning. The reactive power
generation by SFD is shown in Table IX. The highlighted items in Tables VIII show differences
between all this section cases compared to case 1.

Case 4) The outage of line 6-8, based on results of NCUC, will cause the line capacity 6-28, 8-28, 21-24
and 22-24 out of permissible range. The addition of Benders cuts to the SCOPF for a preventive
dispatch control will provide a feasible dispatch solution. Then Benders cuts to UC for modifying
the UC/SCOPF solution are generated. In Table X the modified UC solution is given. However, at
hours 1-24, because of bus voltage and mentioned line capacity limits, if all of the units is
committed still cannot satisfy the network constraints. Thus, virtual generator are added at load bus
8 for load curtailment. As a result, certain amount of load is curtailed at violated hours (1-24).
Despite LS cost, the daily bid-based dispatch cost is more increased. The new generation dispatch in
SCOPF is illustrated in Table XI. In case 4_2, the considering of SFD in the network has caused that
magnitude voltage of the buses are not out of range. But because of line capacity limits or network
congestion in this case, the SFD does not help to prevent load curtailment at hours 8-24. The
highlighted items in Tables X show differences between all this section cases compared to case 1. In
case 4_2, Because of entire reactive power injection controlling and reactive power flow managing
in network, the SFD are the best option in optimizing cost, less load curtailment and maintaining
network security. It is clear with distributed SFD in network and supporting of all bus voltages has
the better result in NCUC/SCUC problems. The reactive power generation by SFD is shown in Fig.
4.

Case 5) In cases 5_1-5 2, the generating unit 2 out of service. According to the NCUC results, unit 3 fails to
supply loads at hours 1 through 24. Thus, the SCOPF solution for this contingency will require
Benders cut for recomputing UC. The commitment schedule is shown in Table XII and active power
generation dispatch in Table XIII. The highlighted items in Tables XII show differences between all
this section cases compared to case 1. By comparison optimal generation dispatch in Tables VII and
X111, it is clear that the expensive units 3, 5 and 6 replaces unit 2 to supply more loads. In case 5 2,
by economic adjusting of SFD in the network has caused that magnitude voltage of the buses are not
out of range. The reactive power generation by SFD is shown in Fig. 5.

5. CONCLUSIONS

The NCUC/SCUC results of numerical tests show the effectiveness of the proposed method for
minimizing bid based generation cost and maintain network security in steady state and contingency. The
proposed method could solve both NCUC and SCUC modules based on ac constraints and advice a good set
of corrective and preventive control protocol for the secure and economical operation of power systems.

Impact of SFD adjustment was investigated into the NCUC/SCUC with AC network constraints at
steady state and contingency. To enhance the proposed AC solution of SCUC, Shunt FACTS devices were
considered. A RPIM was used to model the effect of SFD in the AC power flow, using reactive power
injections to system load buses. We concluded that the incorporation of SFD would enhance the hourly
SCUC solution when considering bus voltage and line capacity constraints.

If the SFD with the sufficient capacity at full load centers to be installed and utilized, more effective
in the short-term power system planning will yield. Distributed fast controllable shunt reactive power
resources will regulate bus voltage, less reactive power flow and reduce losses in the power system.
Furthermore, the use of maximum capacity of the transmission system will be provided. Meanwhile,
economic dispatch of load between power plants can provide. With turn off more expensive units in low and
medium demand hours, the total production cost decreases. More expensive units may be used in terms of
network emergency event if needed to maintain network security. Therefore proper operation of this
equipment in the SCUC is necessary.
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Figure 2. The 30-bus system

Table I. Unit Data

Unit No.
Bus No.
a (MBtu)
b (MBtu/MWh)
¢ (MBtu/MW?h)
Pmin (MW)
Pmax(MW)
Qmin(Mvar)
Qmax(Mvar)
Start Up cost ($)
Shut down cost ($)
Fuel Cost ($/MBtu)
Initial Hour State (h)
Minimum Up Time (h)
Minimum Down Time (h)
Ramp Up Rate (MW/h)
Ramp Down Rate (MW/h)

Unit Cost
coefficients

1 2 3 4
1 2 13 22
150 180 125 200
30 20.75 36.3 12.9

0.02 0.0175 0.0125 0.00625
10 10 10 10
90 80 70 80
20 -15 -10 -15
70 60 50 60
20 30 10 40
40 60 20 80

1.00 1.00 1.00 1.00

2 4 1 4
2 4 1 4
1 -2 -1 2
50 40 30 40
60 45 25 50

5
23
90

42.6
0.0135
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Table 2. Transmission Line Data

Line From To R X B Flow Limit Line From To R X B Flow Limit
No. Bus Bus (pu) (pu) (pu) (MW) No. Bus Bus (pu) (pu) (pu) (MW)
1 1 2 0.02 006 0.03 130 22 15 18 011 0.22 0 16
2 1 3 005 019 0.02 130 23 18 19 006 0.13 0 16
3 2 4 006 017 0.02 65 24 19 20 0.03 007 0 32
4 3 4 001 0.04 0 130 25 10 20 0.09 o021 0 32
5 2 5 005 02 0.02 130 26 10 17 0.03 0.08 0 32
6 2 6 006 018 0.02 65 27 10 21 0.03 007 0 32
7 4 6 001 004 0 90 28 10 22 0.07 015 0 32
8 5 7 005 012 001 70 29 21 22 0.01 002 0 32
9 6 7 0.03 008 001 130 30 15 23 01 02 0 16
10 6 8 001 0.04 0 40 31 22 24 012 018 0 16
11 6 9 0 0.21 0 65 32 23 24 013 027 0 16
12 6 10 0 0.56 0 32 33 24 25 019 033 0 16
13 9 11 0 0.21 0 65 34 25 26 025 038 0 16
14 9 10 0 0.11 0 65 35 25 27 011 o021 0 16
15 4 12 0 0.26 0 65 36 28 27 0 0.4 0 65
16 12 13 0 0.14 0 65 37 27 29 022 042 0 16
17 12 14 012 0.26 0 32 38 27 30 032 06 0 16
18 12 15 007 0.3 0 32 39 29 30 024 045 0 16
19 12 16 009 02 0 32 40 8 28 0.06 02 002 32
20 14 15 022 02 0 16 41 6 28 0.02 006 001 32

21 16 17 008 0.19 0 16

Table 3. Hourly Load Distribution Data

= Pd Qd - Pd Qd
3 (MW) (Mvar) 3 (MW) (Mvar)
T T
1 191.9610 108.7893 13  272.8550 154.6341
2 181.1370 102.6551 14 2745930 155.6190
3 177.0450 100.3360 15 276.1000 156.4731
4 1741740  98.7090 16 2773320 157.1713
5 175.1420  99.2575 17 2783770 157.7635
6 181.9730 103.1289 18  279.4000 158.3433
7 197.8020 112.0996 19  274.8240 155.7499
8 2148410 121.7560 20 267.4870 151.5919
9  230.6920 130.7392 21  258.5660 146.5361
10 2448930 138.7873 22 2447940 138.7312
11 2532640 1435313 23 2282390 129.3490
12 2649350 150.1456 24  221.8590 125.7333
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Table 4. Uc (Case 1), Ncuc (Case 2_1)

THE DAILY COST OF BID BASED GENERATION DISPATCH ($)

142203.6145 169505.19

5 CAsE 1 Case2_1
€ Ul U2 U3 U4 U5 UB UL U2 U3 U4 U5 U6
0 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 0 1 0 0 1 1 0 1 0 1
2 1 1 0 1 0 0 1 1 0 1 0 1
3 1 1 0 1 0 0 1 1 0 1 0 1
4 1 1 0 1 0 0 1 1 0 1 0 1
5 1 1 0 1 0 0 1 1 0 1 0 1
6 1 1 0 1 0 0 1 1 0 1 0 1
7 1 1 0 1 0 0 1 1 1 1 0 1
8 1 1 0 1 0 0 1 1 1 1 0 1
9 1 1 0 1 0 0 1 1 1 1 0 1
10 1 1 0 1 0 0 1 1 1 1 0 1
11 1 1 1 1 0 0 1 1 1 1 0 1
12 1 1 1 1 0 0 1 1 1 1 1 1
13 1 1 1 1 0 0 1 1 1 1 1 1
14 1 1 1 1 0 0 1 1 1 1 1 1
15 1 1 1 1 0 0 1 1 1 1 1 1
16 1 1 1 1 0 0 1 1 1 1 1 1
17 1 1 1 1 0 0 1 1 1 1 1 1
18 1 1 1 1 0 0 1 1 1 1 1 1
19 1 1 1 1 0 0 1 1 1 1 1 1
20 1 1 1 1 0 0 1 1 1 1 1 1
21 1 1 1 1 0 0 1 1 1 1 1 1
22 1 1 0 1 0 0 1 1 1 1 0 1
23 1 1 0 1 0 0 1 1 1 1 0 1

1 1 0 1 0 0 1 1 1 1 0 1

Table 5. Active Power (Mw) Generation Dispatch (Case 1), Ncuc (Case 2_1)

5 CAsel Case2 1

o

T Ul U2 U3 U4 U5 U6 Ul U2 U3 U4 us U6
1 31.961 80 0 80 0 0 57.56 80 0 48.95 0 10
2 21.137 80 0 80 0 0 42.88 80 0 52.21 0 10
3 17.045 80 0 80 0 0 37.69 80 0 53.06 0 10
4 14.174 80 0 80 0 0 34.09 80 0 53.62 0 10
5 15.142 80 0 80 0 0 35.30 80 0 53.44 0 10
6 21.973 80 0 80 0 0 43.97 80 0 52 0 10
7 37.802 80 0 80 0 0 46.27 80 10 55.82 0 10
8 54.841 80 0 80 0 0 65.96 80 10 54.07 0 10
9 70.692 80 0 80 0 0 86.27 80 10 50.74 0 10
10 84.893 80 0 80 0 0 90 80 2499 46.58 0 10
11 83.264 80 10 80 0 0 90 80 36.98 43.10 0 10
12 90 80 14.935 80 0 0 90 80 37.42 44.80 10 10
13 90 80 22.855 80 0 0 90 80 48.46 41.87 10 10
14 90 80 24.593 80 0 0 90 80 51.02 41.08 10 10
15 90 80 26.1 80 0 0 90 80 53.30 40.34 10 10
16 90 80 27.332 80 0 0 90 80 55.21  39.69 10 10
17 90 80 28.377 80 0 0 90 80 56.86 39.11 10 10
18 90 80 29.4 80 0 0 90 80 57.37 3835 1093 10.33
19 90 80 24.824 80 0 0 90 80 51.37 40.97 10 10
20 90 80 17.487 80 0 0 90 80 40.92  43.90 10 10
21  88.566 80 10 80 0 0 90 80 4520 40.34 10 10
22 84.794 80 0 80 0 0 90 80 2485 46.62 0 10
23 68.239 80 0 80 0 0 83.03 80 10 51.31 0 10
24 61.859 80 0 80 0 0 74.75 80 10 52.72 0 10
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Table 6. Ncuc (Case 2_2, Case 2_3)

Hour

C
=

THE DAILY COST OF BID BASED GENERATION DISPATCH ($)

164063.2
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Table 7. Active Power (Mw) Generation Dispatch, Ncuc (Case 2_2, Case 2_3)

5 CAsE2 2 CAsSE2_3

o

T Ul U2 U3 U4 5) U6 Qsk Ul U2 U3 U4 U5 U6
1 4885 80 0 57.15 0 10 7797 6113 80 0 55.69 0 0
2 3680 80 0 57.85 0 10 74.87 4855 80 0 56.74 0 0
3 2313 80 0 57.34 10 0 64.33 43.83 80 0 57.12 0 0
4 2999 80 0 57.42 10 0 64.06 40.53 80 0 57.40 0 0
5 3105 80 0 57.40 10 0 64.15 4164 80 0 57.31 0 0
6 3772 80 0 57.82 0 10 7527 4952 80 0 56.66 0 0
7 5559 80 0 56.55 0 10 79.27 68.09 80 0 54.94 0 0
8 7644 80 0 53.85 0 10 83.05 89.52 80 0 51.71 0 0
9 8102 80 10 55.59 0 10 81.78 89.15 80 0 57.28 10 0
10 90 80 16.92 54.64 0 10 86.64 8431 80 10 56.15 10 10
11 90 80 26.42 53.59 0 10 8731 79.42 80 4425 56.02 0 0
12 90 80 40.29 5155 0 10 87.73 8695 80 4951 5558 0 0
13 90 80 50.22 49.73 0 10 88.02 90 80 54.99 5532 0 0
14 90 80 5247 49.27 0 10 88.09 90 80 56.81 55.27 0 0
15 90 80 54.44 4885 0 10 88.15 90 80 5846 5522 0 0
16 90 80 56.07 48.50 0 10 88.20 90 80 60.07 54.91 0 0
17 90 80 56.98 48.09 0 10.55 88.22 90 80 49.72 55.16 10 0
18 90 80 56.98 4751 0 12.14 88.18 90 80 50.83 55.10 10 0
19 90 80 5277 49.21 0 10 88.10 90 80 57.06 55.26 0 0
20 90 80 4344 51.01 0 10 87.82 88.67 80 50.61 55.48 0 0
21 90 80 32,62 52.75 0 10 8750 82,69 80 46.77 5581 0 0
22 90 80 16.81 54.65 0 10 86.62 84.20 80 10 56.16 10 10
23 7827 80 10 55.69 0 10 80.72 86.41 80 0 57.39 10 0
24 8559 80 0 52.27 0 10 84.47 79.30 80 0 57.67 10 0

Impact of Shunt FACTS Devices on Security Constrained Unit Commitment (G.A. M.Hosaini Hajivar)



34 a ISSN: 2252-8792

Table 8. Ncuc with (Case 3_1, Case 3 2)
THE DAILY COST OF BID BASED GENERATION DISPATCH ($)

164063.2 167852.04
Case3_ 1 CAse3 2

Hour

Ul U2 U3 U4 U5 U6 UL U2 U3 U4 U5 U6
0 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 0 1 0 1 1 1 0 1 0 1
2 1 1 0 1 0 1 1 1 0 1 0 1
3 1 1 0 1 1 0 1 1 0 1 0 1
4 1 1 0 1 1 0 1 1 0 1 0 1
5 1 1 0 1 1 0 1 1 0 1 0 1
6 1 1 0 1 0 1 1 1 0 1 0 1
7 1 1 0 1 0 1 1 1 1 1 0 1
8 1 1 0 1 0 1 1 1 1 1 0 1
9 1 1 1 1 0 1 1 1 1 1 0 1
10 1 1 1 1 0 1 1 1 1 1 0 1
11 1 1 1 1 0 1 1 1 1 1 0 1
12 1 1 1 1 0 1 1 1 1 1 1 1
13 1 1 1 1 0 1 1 1 1 1 1 1
14 1 1 1 1 0 1 1 1 1 1 1 1
15 1 1 1 1 0 1 1 1 1 1 1 1
16 1 1 1 1 0 1 1 1 1 1 1 1
17 1 1 1 1 0 1 1 1 1 1 1 1
18 1 1 1 1 0 1 1 1 1 1 1 1
19 1 1 1 1 0 1 1 1 1 1 1 1
20 1 1 1 1 0 1 1 1 1 1 1 1
21 1 1 1 1 0 1 1 1 1 1 0 1

1 1 1 1 0 1 1 1 1 1 0 1

1 1 1 1 0 1 1 1 1 1 0 1

1 1 0 1 0 1 1 1 1 1 0 1

Table 9. Active Power (Mw)

s CAase3 1 CASE3 2

2 U1 u2 u3 u4 us U6 Qsr Ul u2 U3 U4 ) ué Qsr
1 4885 80 0 57.15 0 10 7797 57.01 80 0 49.35 0 10 4.62
2 3680 80 0 57.85 0 10 74.87 42.67 80 0 52.19 0 10 5.6
3 3313 80 0 5734 10 0 64.33  37.40 80 0 53.19 0 10 5.71
4 2999 80 0 5742 10 0 64.06 33.76 80 0 53.83 0 10 5.05
5 3105 80 0 5740 10 0 64.15 34.98 80 0 53.62 0 10 5.27
6 3772 80 0 57.82 0 10 75.27 43.76 80 0 51.99 0 10 5.54
7 5559 80 0 56.55 10 79.27  45.98 80 10 55.87 0 10 18.71
8 7644 80 0 53.85 10 83.05 64.99 80 10 54.87 0 10 13.18
9 8102 80 10 55.59 10 81.78 83.88 80 10 52.81 0 10 16.28
10 90 80 16.92 54.64 10 86.64 90 80 2191 4937 0 10 18.38
11 90 80 2642 5359 10 87.31 90 80 3324  46.53 0 10 18.83

12 90 80 40.29 5155
13 90 80 50.22 49.73
14 90 80 5247 49.27
15 90 80 5444 4885
16 90 80 56.07 48.50
17 90 80 56.98 48.09
18 90 80 56.98 4751
19 90 80 52.77 49.21
20 90 80 4344 51.01
21 90 80 3262 52.75
22 90 80 16.81 54.65
23 7827 80 10 55.69
24 8559 80 0 52.27

10 87.73 90 80 3411  48.02 10 10 23.04
10 88.02 90 80 4407  46.02 10 10 23.36
10 88.09 90 80 46.34 4549 10 10 23.43
10 88.15 90 80 48.35 4501 10 10 23.49
10 88.20 90 80 50.02 4459 10 10 23.54
10.55 88.22 90 80 51.45 4422 10 10 23.58
12.14 88.18 90 80 52.86 43.84 10 10 23.62
10 88.10 90 80 46.65 4542 10 10 23.44
10 87.82 90 80 3725 47.44 10 10 23.14
10 87.50 90 80 40.83  44.36 0 10 19.06
10 86.62 90 80 21.78  49.40 0 10 18.37
10 80.72  80.86 80 10 53.22 0 10 15.49
10 84.47  73.17 80 10 54.140 0 10 13.59

[eNeololNoloNoloNoNeloNeNoNoNolNoNoNoNo]
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Table 9. Active Power (Mw))
5 Case3 1 CAse3 2
o
T Ul u2 us U4 U5 Us Qs u1 u2 u3 U4 us U6 Qs
1 4885 80 0 5715 0 10 7797 5701 80 0 49.35 0 10 462
2 368 80 0 5785 0 10 7487 4267 80 0 52.19 0 10 5.6
3 3313 80 0 57.34 10 0 6433 3740 80 0 53.19 0 10 571
4 2999 80 0 57.42 10 0 64.06 33.76 80 0 53.83 0 10 505
5 3105 80 0 57.40 10 0 64.15 3498 80 0 53.62 0 10 527
6 3772 80 0 5782 0 10 7527 4376 80 0 51.99 0 10 554
7 5559 80 0 5655 0 10 7927 4598 80 10 55.87 0 10 1871
8 7644 80 0 5385 0 10 8305 6499 80 10 54.87 0 10 1318
9 8102 8 10 5559 0 10 8178 8388 80 10 52.81 0 10 1628
10 90 80 1692 5464 0 10 8664 90 80 2191 49.37 0 10 1838
11 90 80 2642 5359 0 10 8731 90 80 3324 4653 0 10 1883
12 90 80 4029 5155 0 10 8773 90 80 3411 4802 10 10 23.04
13 90 80 5022 4973 0 10 8802 90 80 4407 46.02 10 10 23.36
14 90 80 5247 4927 0 10 8809 90 80 4634 4549 10 10 2343
15 90 80 5444 4885 0 10 8815 90 80 4835 4501 10 10 2349
16 90 80 5607 4850 0 10 8820 90 80 5002 4459 10 10 2354
17 90 80 5698 4809 0 1055 8822 90 80 5145 4422 10 10 2358
18 90 80 5698 4751 0 1214 8818 90 80 5286 4384 10 10 2362
19 90 80 5277 4921 0 10 8810 90 80 4665 4542 10 10 23.44
200 90 80 4344 5101 0 10 8782 90 80 3725 4744 10 10 23.14
21 90 80 3262 5275 0 10 8750 90 80 4083 44.36 0 10  19.06
22 90 80 1681 5465 0 10 8662 90 80 2178  49.40 0 10 1837
23 7827 80 10 5569 0 10  80.72 8086 80 10 53.22 0 10 15.49
24 8559 80 0 5227 O 10 8447 7317 80 10 54140 0 10 1359
Generation Dispatch, Ncuc (Case 3_1, Case 3 2
Table 10. Scuc (Case 4_1, Case 4_2)
THE DAILY COST OF BID BASED GENERATION DISPATCH (3$)
28774243 239067.86
o THE DAILY COST OF BID BASED GENERATION DISPATCH WITHOUT SHEDDING COST ($)
3 166345.63 160032.86
T THE DAILY SHEDDING COST (3)
121396.8 79035
Case4 1 LCs CASE4 2 LCs
UL U2 U3 U4 US U6 (MW) UL U2 U3 U4 U5 U6 (Mw)
o 1 1 1 1 1 1 - 1 1 1 1 1 1 -
17 1 1 0 1 0 1 33% 1 1 0 1 0 1 -
2 1 1 1 1 0 1 1434 1 1 o0 1 0 1 -
3 1 1 0 1 0 1 0824 1 1 0 1 0 O -
4 1 1 1 1 0 1 02762 1 1 O 1 0 O -
5 1 1 0 1 0 1 05% 1 1 0 1 0 O -
6 1 1 o0 1 0 1 17317 1 1 o0 1 0 1 -
7 1 1 1 1 0 1 40783 1 1 0 1 0 1 -
g8 1 1 1 1 0 1 68148 1 1 0 1 0 1 266
9 1 1 1 1 0 1 95128 1 1 0O 1 0O 1 518
0 1 1 1 1 0 1 116520 1 1 0O 1 O 1 743
12 1 1 1 1 1 1 12837 1 1 0 1 0 1 876
2 1 1 1 1 1 1 147065 1 1 1 1 0 1 1061
3 1 1 1 1 0 1 160117 1 1 1 1 O 1 1187
4 1 1 1 1 1 1 165492 1 1 1 1 0 1 1215
5 1 1 1 1 1 1 16.64 1 1 1 1 0 1 1239
% 1 1 1 1 1 1 167142 1 1 1 1 0 1 1258
7 1 1 1 1 1 1 172187 1 1 1 1 0 1 1275
8 1 1 1 1 1 1 172820 1 1 1 1 0 1 1291
9 1 1 1 1 1 1 16531 1 1 1 1 0 1 1218
20 1 1 1 1 0 1 152724 1 1 1 1 0 1 1101
2201 1 1 1 0 1 139429 1 1 0 1 0 1 960
2 1 1 1 1 0 1 116473 1 1 0 1 0 1 742
23 1 1 1 1 0 1 90497 1 1 0 1 0 1 479
24 11 1 1 0 1 8.093 1 1 0 1 0 1 378
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Table 11. Active Power (Mw) Generation Dispatch, Scuc (Case 4 1, Case 4_2)

= CAsE4 1 CAsE4 2
§ UNIT No. UNIT No.
1 2 3 4 5 6 1 2 3 4 5 6

1 4671 80 0 4862 0 1801 4101 80 0 5803 0 17.09
2 2443 80 10 5501 0 14.07 3298 80 0 5892 0 13.03
3 32318 0 5277 0 1535 2988 80 0 59.22 0 11.59
4 2318 80 10 4228 0 2151 2771 80 O 59.41 0 10.60
5 3056 80 0 5322 0 14.98 2844 80 0 59.35 0 10.93
6 3698 80 0 5157 0 16.06 33.62 80 0 58.86 0 13.33
7 3810 80 10 5298 0O 17 44948 0 57.39 0 19.77
8 5117 80 10 5201 O 1997 57.88 80 0 56.24 0 23.05
9 6434 80 10 4998 0 2273 7014 80 0 5522 0 25.92
10 69.23 80 18.65 4671 0 24.74 80.85 80 0 54.18 0 28.90
11 31.64 80 61.75 32.28 10 28.31 87.07 80 0 53.51 0 30.84
12 3539 80 61.26 29.89 10 38.61 88.29 80 10 53.48 0 29.15
13 70.72 80 49.05 3574 0 27.87 89.96 80 14.84 52.90 0 30.05
14 68.02 80 39.33 41.21 10 26.04 89.99 80 16.26 52.76 0 30.22
15 66.33 80 42.84 4055 10 26.24 90 80 17.52 52.65 0 30.36
16 62.17 80 49.35 39.34 10 26.08 90 80 1855 52.55 0 30.47
17 67.19 80 43.92 40.38 10 26.24 90 80 19.42 52.47 0 30.57
18 66.04 80 46.34 39.91 10 26.38 90 80 20.28 52.39 0 30.67
19 67.76 80 39.87 41.11 10 26.07 89.99 80 16.45 52.75 0 30.24
20 72.03 80 40.83 3858 0 2721 90 80 10 53.19 0 29.95
21 7253 80 29.84 4238 0 2619 90 80 O 52.79 0 33.28
22 69.39 80 18.38 4674 0 2473 90 80 O 5419 0 28.88
23 6215 80 10 5038 0 2243 6823 80 0 5538 0 25.47
24 56.93 80 10 5127 0 21.02 6329 80 0 5579 0 24.31

Table 12. Scuc (case 5_1, case 5_2)

THE DAILY COST OF BID BASED GENERATION DISPATCH ($)

262955.52 202171.96
THE DAILY COST OF BID BASED GENERATION DISPATCH WITHOUT CURTAILMENT COST ($)

= 198946.17 198096.96
3 THE DAILY CURTAILMENT COST ($)
= 64009.35 4075

CAse5 1 CASES 2

UNIT No. LC2 UNIT No.
1 2 3 4 5 6 1 2 3 4 5 6

o 1 1 1 1 1 1 - 1 1 1 1 1 1
1 1 0 1 1 o0 1 - 1 0 1 1 0 O
2 1 0 1 1 o0 1 - 1 0 1 1 0 O
31 0 1 1 0 1 - 1 0 1 1 0 O
4 1 0 1 1 0 1 - 1 0 1 1 0 O
5 1 0 1 1 0 1 - 1 0 1 1 0 O
6 1 0 1 1 o0 1 - 1 0 1 1 0 O
7 1 0 1 1 o0 1 - 1 0 1 1 0 O
g8 1 0 1 1 1 1 - 1 0 1 1 1 O
9 1. 0 1 1 1 1 - 1 0 1 1 1 1
10 1 0 1 1 1 1 - 1 0 1 1 1 1
117 1 0 1 1 1 1 2.5770 1 0 1 1 1 1
2 1. 0 1 1 1 1 8.5773 1 0 1 1 1 1
31 0 1 1 1 1 12.8719 1 0 1 1 1 1
4 1 0 1 1 1 1 13.7159 1 0 1 1 1 1
5 1 0 1 1 1 1 14.4552 1 0 1 1 1 1
%66 1 0 1 1 1 1 15.1123 1 0 1 1 1 1
7 1 0 1 1 1 1 15.6765 1 0 1 1 1 1
88 1 0 1 1 1 1 16.2278 1 0 1 1 1 1
9 1. 0 1 1 1 1 13.7783 1 0 1 1 1 1
20 1 0 1 1 1 1 9.8723 1 0 1 1 1 1
22 1 0 1 1 1 1 5.1542 1 0 1 1 1 1
2 1 0 1 1 1 1 - 1 0 1 1 0 1
231 0 1 1 1 1 - 1 0 1 1 0 1
24 1 0 1 1 1 1 - 1 0 1 1 0 1

LCx
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Q7 (Mw)

Q21 (MW)

Tablel3. Active Power (Mw) Generation Dispatch, Scuc (Case 5_1, Case 5_2)

Figure 3. Reactive Power generation by SFD (cases 2_3)

= CASE5 1 CASE5 2
38: UNIT No. UNIT No.
1 2 3 4 5 6 1 2 3 4 5 6
1 90 0 4275 5324 0 10 90 0 46.66 58.73 0 0
2 90 0 30.08 55 0 10 90 0 35.10 59.29 O 0
3 90 0 2546 5542 0 10 90 0 30.76 59.48 0 0
4 90 0 2224 5572 0 10 90 0 27.74 5961 O 0
5 90 0 2332 5562 O 10 90 0 28.76 5957 0 0
6 90 0 31.03 5489 O 10 90 0 3598 59.25 O 0
7 90 0 4993 5199 O 10 90 0 5295 5841 O 0
8 90 0 59.80 4756 10 1239 90 0 62.56 56.26 10 0
9 90 0 57.72 40.67 10.01 3735 90 O 64.94 5151 18.69 10
10 90 0 56.21 31.72 19.04 5333 90 0 64.94 47.24 1151 35.70
11 90 0 55.33 28.73 26.08 55.93 90 0 64.94 43.69 15.63 43.78
12 90 0 55.39 32.78 2554 58.08 90 0 64.84 38.50 21.18 55.65
13 90 0 55.30 37.20 23.67 55.93 90 0 64.68 33.42 28.78 61.41
14 90 0 55.55 37.10 24.06 59.70 90 0 64.32 31.96 30.85 62.77
15 90 0 56.08 36.25 24.82 60.06 90 0 64.32 32.60 30.65 63.05
16 90 0 56.19 36.56 24.78 60.28 90 0 64.32 33.13 30.48 63.28
17 90 0 56.15 37.19 2452 6044 90 0 64.32 33.58 30.33 63.47
18 90 0 56.12 37.77 2429 60.61 90 0 64.32 34.02 30.19 63.66
19 90 0 55.94 36.03 2481 59.82 90 0 64.32 32.06 30.82 62.82
20 90 0 55.77 32.87 2586 58.58 90 0 64.84 36.98 23.54 57.40
21 90 0 55.78 28.41 2752 57.12 90 0O 64.93 41.74 10 56.89
22 90 0 56.22 31.82 18.87 53.28 90 0 64.78 46.77 0 47.82
23 90 0 58.07 4175 10 3339 90 0 64.74 5244 0 25.07
24 90 0 58.94 4453 10 2325 90 O 64.70 5434 0 16.72
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Figure 4. Reactive Power generation by SFD (cases 4_2)
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Figure 5. Reactive Power generation by SFD (cases 5_2)
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