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Abstract—This paper presents the solution to the security- con-
strained unit commitment (SCUC) problem with a detailed repre-
sentation of high voltage direct current (DC) transmission system
with current source converters (CSCs). The SCUC problem is de-
composed into a master problem for solving unit commitment (UC)
problem and hourly transmission security check subproblems that
evaluate branch flows and bus voltages of integrated AC/DC trans-
mission systems. The solution of the transmission security check
subproblem is based on a linear programming (LP) formulation
that minimizes AC bus mismatches subject to AC/DC transmission
constraints. The final SCUC solution prescribes an economic and
secure operation and control strategy for AC/DC transmission sys-
tems and coordinates DC power transfers for enhancing the eco-
nomics and the security of AC transmission systems. Numerical
tests illustrate the efficiency of the proposed AC/DC transmission
model.

Index Terms—AC/DC transmission systems, Benders decom-
position, current source converters, security-constrained unit
commitment.

NOMENCLATURE

b Index for AC buses.

c Index for contingencies.

h Index for DC converters.

1 Index for generating units.

l Index for transmission lines.

m Index for AC bus terminals
connected to converters.

Lac,n DC current of converter h.

MPy 1, MP, > Slack variables for the real power
mismatch at bus b (>= 0).

MQy1,MQy2 Slack variables for the reactive
power mismatch at bus b (>= 0).

NB Number of AC buses.

P,Qm Real and reactive power
withdrawals at bus m.

P}:;J'7 Qigi Real and reactive power

injections at bus m.
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Real and reactive power of
converter h.

Resistance of DC line.

Off-nominal tap ratio of the
transformer connected to
converter h.

DC voltage of converter h.
AC bus voltage at bus m.

Objective value of SCUC
subproblem.

Commutation reactance of
converter h.

Firing/extinction angle of
converter h.

Power factor angle of converter
(0 < én < (m)/(2) for
rectifier, —(7)/(2) < ¢ < 0 for
inverter).

Real power mismatch at bus m.

Reactive power mismatch at
bus m.

DC mismatches of converter h.

Permissible real power
adjustment for unit 2.

Bus-unit incidence matrix.

Admittance matrix of DC
transmission system for
converters A.

Unit state vector.

DC current vector and its
incremental vector.

Jacobian matrices.

Mismatch vector for real power
slack variables.

Mismatch vector for reactive
power slack variables.

Real power generation vector and
its increment.

Upper and lower limit vectors for
reactive power generation.

AC and DC bus voltage vectors.
Vector of SCUC variables.
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o, Ad Power factor angle vector and its
increment.

a, Ao Firing/extinction angle vector
and its increment.

0, A6 Bus phase angle vector and its
increment.

TP, P Simplex multiplier vectors.

dP, Initial AC bus real power
mismatch vector.

dQ, Initial AC bus reactive power

mismatch vector.

dR1y,dR2y,dR3 Initial mismatch vectors for DC

equations.

Aldc max; Alde,min Upper and lower limit vectors for

incremental converter currents.

APL,., APLg4. Increment vectors for AC and

DC line flows.

APLac max; APLgc min Upper and lower limit vectors for
incremental AC line flows.

APLgc max, APLgc min Upper and lower limit vectors for
incremental DC line flows.

Incremental vector of reactive
power generation.

AQ
AQmax; AQmin Upper and lower limit vectors for
incremental unit reactive power.

AT Increment vector for transformer

taps.

AT max, AT min Upper and lower limit vectors for

incremental transformer taps.

AV, AVq4. Increment vectors for AC and

DC bus voltages.

AVinax; AVinin Upper and lower limit vectors for

incremental AC voltages.

Increment vector for
phase-shifter angles.

Upper and lower limit vectors for
incremental phase-shifter angles.

A’Ymax ’ A’Ymin

Upper and lower limit vectors
for incremental firing/extinction
angles.

Aamax ’ AC!min

A A¢ Upper and lower limit vectors for

incremental power factor angles.

max’ min

1. INTRODUCTION

C transmission systems are often considered for deliv-
D ering bulk power via long distances. The attributes of
DC transmission systems include low capacitance, low average
transmission cost in long distances, ability to prevent cascaded
outages in AC transmission systems, rapid adjustments for
direct power flow controls, ability to improve the stability of
AC transmission systems, mitigation of transmission conges-
tion, enhancement of transmission capacity, rapid frequency
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Fig. 1. Market clearing process with AC/DC transmission.

control following a loss of generation, ability to damp out
regional power oscillations following major contingencies, and
offering major economic incentives for supplying loads [1]-[4].
Flexible and fast DC controls provide efficient and desirable
performance for a wide range of AC transmission systems [5].

Proper control modes applied to rectifiers (source) and in-
verters (sink) could maintain DC voltages near rated values and
set power factors as high as possible. DC transmission system
would require two control modes out of five for source and sink
operations. The control modes include fixed firing/extinction
advance angles, tap setting of converter transformers, DC cur-
rents, DC voltages, and DC power [6], [7]. The selection of DC
control modes depends on the nature of specific applications for
enhancing the economic and security.

DC transmission system configurations include monopolar,
bipolar, tripolar, and multi-terminal which are used in diverse
applications including the reinforcement of AC transmission
flows and the interconnection of several AC transmission sys-
tems with different operating frequencies [8].

In the past, DC transmission systems were modeled in the
optimal power flow (OPF) problem to analyze the impact of
DC transmission systems on the operation of AC transmission
systems [9], [10]. Several numerical techniques such as uni-
fied and sequential methods were considered for solving inte-
grated AC/DC transmission flow equations [11]-[13]. The uni-
fied method solves AC and DC power flow equations simulta-
neously. The sequential method applies an iterative procedure
between AC and DC transmission systems.

With the advent of electricity restructuring, DC transmission
systems were utilized to maintain the system security and de-
crease social costs. The simplest approach to consider DC trans-
mission systems in SCUC was to regard DC terminals as con-
stant power injections or withdrawals in AC transmission sys-
tems [14]-[16]. However, such simplified models in SCUC may
ignore the dependency of AC power flows to DC transmission
variables.

Fig. 1 depicts the market clearing process for AC/DC trans-
mission systems. The AC system includes AC generators,
loads, and transmission lines. The DC transmission system is
composed of converter terminals and DC transmission lines. At
first, the independent system operator (ISO) receives supply/de-
mand bids and collects AC/DC transmission data provided by
transmission companies (TRANSCOs). Once the market is
cleared, the ISO will send hourly schedules (unit commitment,
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generation dispatch, and load schedules) to the AC system
and optimal control strategies to the TRANSCOs which will
activate control signals (tap-changing and phase-shifting trans-
formers, adjustable shunt capacitors, firing angles of thyristors,
and taps of converter transformers) to operate AC/DC trans-
mission systems.

Since most DC transmission installations in the world use a
line-commutation based current source converter (CSC) [17],
we study in this paper the application of CSC-DC transmis-
sion system. The other option for the modeling of DC transmis-
sion system is based on the voltage source converter (VSC-DC)
[18]-[20]. The application of VSC-DC to SCUC is under in-
vestigation and will appear in our subsequent publications. The
proposed SCUC model would secure the power flow solution
and optimize the hourly UC by a set of proper control strategies
of AC/DC transmission systems. The SCUC solution for han-
dling AC/DC transmission constraints applies Benders decom-
position for mitigating transmission congestion and improving
power system economics while satisfying system security con-
straints including transmission flow and bus voltage limits. Once
a credible contingency occurs on AC/DC transmission lines or
generating units, contingency subproblems will minimize trans-
mission violations. In such cases, preventive actions will accom-
modate uncontrollable contingencies by transferring the base
case operating point to a secure state. A corrective action will
otherwise be considered for accommodating controllable con-
tingencies [21].

The rest of the paper is organized as follows. Section II
models the CSC (DC terminal) and power flow equations for
the DC transmission system. The SCUC formulation with
AC/DC transmission constraints and Benders decomposition
based solution are presented in Section III. The proposed algo-
rithm is tested with the IEEE 14-bus and IEEE 118-bus systems
in Section IV. We summarize the conclusion in Section V.

II. DC TRANSMISSION SYSTEM MODEL

DC transmission systems consist of at least two converters
(i.e., rectifiers and inverters) and overhead lines that link con-
verters. In order to eliminate harmonics generated by AC/DC
systems, AC filters are installed on the AC side of DC terminals.
In this section, we review DC transmission systems and corre-
sponding DC power flow equations for our SCUC formulation.

A. CSC Model

Fig. 2 presents a typical CSC system which is connected to
AC bus m through a coupling transformer. In order to model the
CSC h which is linked to the AC bus m, five converter variables,
i.e., Vac,n, Ide,n, Th, on, and ¢y, are considered in Fig. 2. These
variables determine the DC line operating state.

A converter, either a rectifier or an inverter, is modeled by
(1)—(3). The converter equations (1) and (2) express Ve in
terms of V,,, and other converter variables while the coupling
transformer is assumed to be lossless. The converter equation
(3), which can be expressed using a nodal-mesh procedure,
represents the DC voltage-current relationship which depends

P,

Qerm’h Lic,n
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1:T, \
AC bus Zi Ve DC buses
Vi<, Firing a/ —o/
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Fig. 2. Schematic diagram of a CSC-DC system.

on the DC transmission system configuration (i.e., monopole,
bipole, tri-pole, or a multi-terminal link):

3v2
Vdc,h, = —\/_Tth COS ey,
™

3
— — X, nlac,n rectifier (1)

™
3V2

Vdc,h = _—71' Ty Vi cos ayp,
3
+ _X(‘,hId(‘,,h, inverter
m
3V2
Vae,n = 0.995 \/_Tth cos ¢p, rectifier  (2)

m
32
Vien = —0.995 V2
m

f(Vde,1laen) = 0. 3)

Ty Vi cOs ¢y, inverter

Here, (3) for converter h is rewritten as (4) in a matrix form:
Idc,h - Gh . Vdc =0 (4)

where Gy, is the admittance matrix of DC transmission system
for converter h. A DC terminal is selected as slack bus in each
DC transmission system. Similar to that in an AC transmission
system, the slack bus balances the real power among DC termi-
nals in the DC transmission system [22].

B. Control Modes of DC Transmission Systems

Each CSC (rectifier or inverter) is regulated by two out of five
control modes. The modes are as follows.
1) Constant current (CC)

Igc,n = const
2) Constant voltage (CV)
Vde,n = const
3) Constant power (CP)
Pierm,h = Vae,nlde,n = const

4) Constant firing/extinction angle (CFA/CEA)

ap, = const
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5) Constant transformer tap ratio (CTR)

T}, = const

The selection of two control modes would maximize the eco-
nomic benefits of DC transmission systems while keeping all
variables within their limits. The rules for selecting effective
CSC control modes are given below [1]-[3],

Rule 1) At least one converter in each DC transmission
system would select CV as the first control mode;
other converters would maintain CC as the first
control mode. If converters are not operating at
their minimum firing/extinction angles, CP may be
applied as the second control mode.

If a rectifier is not operating at its minimum firing
angle, the rectifier would be operated as (CC/CP
plus CV). For an inverter which is not operating at its
minimum extinction angle, (CC/CP/CV plus CEA)
is selected.

Once the minimum firing angle of rectifier is
reached, the rectifier would switch from (CC plus
CV) to (CFA plus CTR). In this case, the inverter
would maintain CC plus CEA.

If an inverter is operating at its minimum extinction
advance angle, it would switch to (CC/CP/CV plus
CTR).

Rule 2)

Rule 3)

Rule 4)

C. Power Flow Equations of DC Transmission Systems

Using the per-unit system given in Appendix A, nodal power
balance equations at the AC bus m that is linked to converter h
are listed as

APm:Pyiy?j_Pm_Ptorm,h:O )
AQm = Q;EJ - Qm - Qterm,h =0 (6)
where
Pterrn,h = Vdc,hIdc,h (7)
Qterm,h = ‘/dr,,hld(‘,,h, tan ¢h,~ (8)

CSC always consumes reactive power and Qterm,n 1S non-neg-
ative. Similarly, (1), (2) and (4) are replaced in pu as

ARl = VchL — T3 Vi, cos ay, + XCJLIdc,h =0 rectifier

{ ARl = Vaen + ThVimcosay, — Xe plyge,, =0 inverter

)

{ ARQ}L = Vdc,h —0.995T},V,, cos ¢}L =0 rectifier (10)
AR2p, = Vge,n + 0.995T,V,,, cos g, = 0 inverter

AR3p = Igeh — GhVae = 0. (11)

In the next section, we will apply the Newton—Raphson method
that utilizes the linearized version of (5)—(11) for the network
security violation checking in base case and contingency
conditions.
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III. SCUC WITH DC CONSTRAINTS

A. Formulation of SCUC With AC/DC Constraints

SCUC is generalized in (12) where f(x) is composed of pro-
duction cost, and start up and shut down costs of individual units
for the study horizon [21], [23]-[25]:

Minf(x)
S.t
gl(x) < bl
gel(x) = bel
g2(x) < b2
ge2(x) = be2 (12)

where x is composed of on/off status and generation of gener-
ating units, startup and shutdown indicators, and AC/DC trans-
mission system variables. The first set of inequality constraints
gl(x) < bl and equality constraints gel(x) = bel repre-
sents UC constraints such as
1) Power balance;
2) Generating unit capacity;
3) System spinning and operating reserve requirements;
4) Ramping up/down limits;
5) Minimum up/down time limits;
6) Maximum number of simultaneous on/offs in a plant;
7) Maximum number of on/offs of a unit in a given period;
8) Fuel and multiple emission limits;
The second set of inequality constraints g2(x) < b2 and
equality constraints ge2(x) = be2 includes
9) AC/DC power flow equations;

10) Limits on AC/DC control variables including real and re-
active power generations, controlled shunt capacitors, tap-
changing and phase-shifting transformers, firing/extinction
angles and coupling transformer tap ratios of converters;

11) AC/DC network security constraints including AC/DC
transmission flow and bus voltage limits, and limits to DC
currents, voltages and power of converters;

12) Time limited corrective controls, such as permissible real
power adjustments, for handling contingencies.

B. Solution of SCUC With AC/DC Constraints

We apply the Benders decomposition to solve the SCUC
with AC/DC transmission systems as depicted in Fig. 3. The
master problem applies MIP for solving the UC problem.
The Newton—Raphson based subproblem is utilized to check
transmission flows and bus voltages in base case and con-
tingency conditions. The SCUC subproblem considers both
real and reactive power mismatches at AC buses which are
minimized based on optimal adjustments of scheduled power
generation, tap-changing transformers, and phase shifters in the
AC system, and by adjusting DC transmission controls (e.g.,
converter firing/extinction advance angles and transformer tap
settings). The subproblem generates Benders cuts for the next
UC iteration once the mismatch exists in either base case or
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Fig. 3. SCUC with AC/DC transmission systems.

contingencies. This iterative procedure will continue until all
mismatches are removed.

C. SCUC Subproblem for Base Case

The subproblem for base case is formulated as (13)—(26).
(14)—(26) represents AC/DC power flow equations, limits on
real and reactive power generations, AC and DC line flows,
real power withdrawals at AC converter buses, AC bus voltages
magnitudes, transformer tap settings, phase shifter angles, DC
bus voltages, DC voltages and currents of converters, converter
firing/extinction advance angles, and converter power factor
(lagging/leading) angles, respectively. Note that (15) is for all
generating units except the ones at the slack bus. Appendix B
lists the elements of Jacobian matrices J1,J2,J3, and J4 for
DC transmission systems:

NB

Minw =Y (MP1, + MP2 + MQ1, + MQ2,)
b=1
(13)
- A5 -
A - AP 2}[
A-AQ
0 o et
0 AVyg.
0 Alg.
Aa
L A¢ |
MP1 MP2 dPg
MQ1 MQ2 dQ,
+ 0 — 0 = | dR1g (14)
0 0 dR2,
0 0 dR3g
AP=0 =« (15)
A(Qmin S AQ S A(Qmax ?7"7’ (16)
A:I-D]--‘ac,min S A]-)Lau:
Ad
AV
= [J2] AT < APL,c max 17

Ay

AP]—-‘dc,min S AP]—-‘dc

= [J3] [AA‘II;:] < APLgc,max (18)
APtermmin < APterm

= [34) {AA‘II;] < APterim s (19)
AViin <AV < AVinax (20)
ATnin < AT < AT ax 21
AYmin A7 < Avnax (22)
AVicmin < AVyae < AVye max (23)
Alge min £ Alge < Alge max (24)
Aapmin < Aa < Aapmax (25)
APmin < Ad < Adpax- (26)

The steps for solving the SCUC subproblem include
Step 1) Calculate elements of corresponding Jacobian ma-
trices J1,J2,J3, and J4, initial AC bus mismatch
vectors dPg and dQ,, and initial DC power mis-
match dR1g,dR2p, and dR3q. The calculation
is based on the initial UC solution and the given
AC/DC transmission system state.
Step 2) Use LP to minimize (13) and calculate changes in
the AC/DC transmission state and control variables.
Step 3) Update state and control variables. Recalculate ele-
ments of Jacobian matrices and mismatch vectors.
Step 4) Minimize (13) and calculate changes in AC/DC
transmission system state and control variables. If
the difference between the last two iterative changes
is less than a specified tolerance, stop the process.
Otherwise, go back to Step 3.
If w is larger than zero, a mismatch Benders cut (27) will be
formed and added to the UC problem for calculating the next
iterative solution of master problem:

w + T(P - P) + IJJQmax(I - i) - %Qmin(]: - i) S 0 (27)

where I and P are the UC and generation dispatch results in the
current iteration, respectively.

D. SCUC Subproblem for Contingencies

The subproblem for a contingency c¢ is formulated in
(28)—(41). The objective function (28) is introduced according
to the Newton-Raphson method for minimizing real and
reactive bus power mismatches and calculating a converged
AC power flow solution subject to transmission flow and bus
voltage limits.

In each contingency case, corrective and preventive actions
are considered for managing AC/DC violations. Corrective ac-
tions refer to the redispatch of generating units and adjustments
of transmission flow controls for mitigating transmission flow
violations in real time. Preventive actions refer to day-ahead ad-
justments of transmission flows by applying transformer con-
trols, as well as UC and economic dispatch (ED) of generating
units. Preventive actions will be applied if corrective actions are
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not feasible in real time. (30) represents the physically accept-
able corrective action for generating units [25]:

NB
Min w® = (MP1§ + MP2;
b=1
+MQ1§ + MQ25) (28)
A -
A-AP* i‘T’:
A-AQ° ,
o |-pul|SY
0 AVvdc
0 AT
Aa‘
L Ag° ]
MP1° MP2° dP;
MQ1°¢ MQ2°¢ dQ;
+ 0 - 0 = | dR1§ (29)

0 0 dR2;

0 0 dR3;
Pc—P°’| <A 7 1° (30)
AQL, < AQ° < AQG ., ¥ ¥° 31
APL; ,.in < APL, < APL;_ .« (32)
APLe min < APLG, < APLG 1ax (33)
APf{ermmin < APferm < APferm max (34)
AVe. < AVe<AVE L (35)
AT, < AT < ATS (36)
Avpin < AY° < Avpax (37)
AV e min £ AVG. < AVGe max (38)
AT min < AL, < ATGe ax (39)
Aoy i, < Aa < Aoy (40)
Adrin < AP < Ay an- (41)

If w. is larger than zero, a mismatch Benders cut (42) for con-
tingency c¢ will be formed and added to the master UC problem
for calculating the next iterative solution:

w4+ 7¢(P — P°) 4+ 9 Quax (I — 1°)

~ Quin(I-1°) < 0. (42)

IV. NUMERICAL EXAMPLES

The modified IEEE 14-bus system and the IEEE 118-bus
system are studied. Optimal control strategies for DC transmis-
sion systems are determined based on SCUC results. We set the
mismatch tolerance at 0.001 pu (or 0.1 MVA). Numerical exam-
ples presented in this section are mainly to show the economic
benefits of DC system while maintaining the system security in
base case and contingency conditions.

A. IEEE 14-Bus System

The IEEE 14-bus system depicted in Fig. 4 is considered with
pertinent data listed in Appendix C. This system has 5 gener-
ating units, 20 branches, 11 loads and 3 transformers. Bus 1 is
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Fig. 4. 1EEE 14-bus system.

selected as slack bus. The following cases are considered to ex-

amine the efficiency of the proposed model.
Case 0: UC solution without transmission constraints
Case 1: SCUC solution with AC transmission constraints
Case 2: ED solution when line 1-5 is replaced with a two-
terminal DC line
Case 3: SCUC solution for Case 2
Case 4: SCUC for Case 1 considering the outage of line
2-3
Case 5: SCUC for Case 3 considering the outage of line
2-3
Case 6: SCUC for Case 3 with a simplified DC model
(fixed power injection model).

The above cases are discussed as follows:

Case 0: When AC transmission constraints are not con-
sidered, the cheapest generating unit 1 is committed at all
hours to supply the base load. The cheap units 2 and 3 with
higher bidding prices of 10$/MW and 18$/MW are com-
mitted at certain hours to serve system loads. The expen-
sive units 4 and 5 are always off. The corresponding hourly
UC and ED results are listed in Tables I and II with an op-
erating cost of $45 666.28.
Case 1: In this case, the impact of AC transmission con-
straints on UC results is studied. The network security
checking subproblem (13)—(26) is solved over 24 hours.
The final SCUC solution is obtained after 6 iterations be-
tween master UC problem and network security checking
subproblem. Tables IIT and IV show the hourly UC and ED
in which UC changes in comparison to Case 0 are shown
in bold. For example, the expensive generating unit 4 is
committed at hours 1, 2, 7-24 to remove violations. We
observed that the AC line 1-2 is the most congested line at
peak-load hours because the cheapest unit 1 is dispatched
at its maximum. In Table IV, unit 1 will pick up system
losses. For example, at hour 1, the total generation dispatch
is 184.16 MW which satisfies the system load of 181.3 MW
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TABLE I
UC IN CASE 0
Unit Hours (1-24)

1 rr1r1rrr1rrrrrrrtrrrrrraal

2 It1oo0t1tt11rt1rt1rr1r1rrt1rr1r1rr1111

3 00000001 1TI1TTITIO0OTITTITITITITI1T11

4 000000000000000000000000

5 000000000000000000000000

TABLE II
UNIT GENERATION DISPATCH IN CASE 0
Hour Unit 1 Unit 2 Unit 3 Unit 4 Unit 5

1 150.00 31.30 0.00 0.00 0.00
2 150.00 20.94 0.00 0.00 0.00
3 130.22 20.00 0.00 0.00 0.00
4 103.60 0.00 0.00 0.00 0.00
5 129.50 0.00 0.00 0.00 0.00
6 135.40 20.00 0.00 0.00 0.00
7 150.00 31.30 0.00 0.00 0.00
8 150.00 40.02 12.00 0.00 0.00
9 150.00 50.00 12.38 0.00 0.00
10 150.00 50.00 27.92 0.00 0.00
11 150.00 50.00 30.51 0.00 0.00
12 150.00 50.00 17.56 0.00 0.00
13 150.00 45.20 12.00 0.00 0.00
14 150.00 46.84 0.00 0.00 0.00
15 150.00 50.00 27.92 0.00 0.00
16 150.00 50.00 33.10 0.00 0.00
17 150.00 50.00 20.15 0.00 0.00
18 150.00 50.00 30.51 0.00 0.00
19 150.00 50.00 43.46 0.00 0.00
20 150.00 50.00 53.82 0.00 0.00
21 150.00 50.00 59.00 0.00 0.00
22 150.00 50.00 33.10 0.00 0.00
23 150.00 50.00 25.33 0.00 0.00
24 150.00 50.00 12.38 0.00 0.00

and the loss of 2.86 MW. The operating cost in this case
increases to $64 086.07.

Case 2: In this case, line 1-5 is replaced with a two-ter-
minal DC line shown in Fig. 5. The DC transmission data
are listed in Tables X VIII-XX. We solve the ED problem
based on UC results in Case 1 and find that a feasible ED
cannot be obtained at certain hours. For instance, at hour
10, there is a reactive power mismatch of 2.14 MVar at
bus 8. One possible reason is that the DC converters in this
case consume additional reactive power and the committed
units cannot provide enough reactive power. One option for
calculating a feasible ED is to commit the most expensive
unit 5 at bus 8 to supply additional reactive power. A new
UC is calculated in Case 3.

Case 3: A new SCUC is calculated to examine the impact
of the DC line flows. Tables V and VI show the UC and
ED results. The bold numbers show the difference between
Cases 3 and 1. Compared with Case 1, the more expensive
unit 3 is off at hours 3 and 6 to reduce the operating cost
since the DC transmission system allows the cheapest unit
1 to increase its generation. In fact, the DC line can transfer
additional power (compared to the AC line 1-5 flow in
Case 1) from bus 1 to bus 5 which results in the mitigation
of congestion on line 1-2 and the additional dispatch of
cheapest unit 1. Consequently, it is not necessary to turn
on the more expensive unit 3 for supplying the load at hour
3. In addition, the expensive units 4 and 5 are committed to
maintain bus voltages within their limits. In this case, the
system operating cost drops to $61 212.71 which is reduced
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TABLE III
UC IN CASE 1
Unit Hours (1-24)
1 rrrrrrrrrrrrrrtrrrrrrrn
2 rr11r11r11rr11r1111111111
3 1110111111111l
4 110000111111 111 111111111
5 000000000000000100111100
TABLE 1V
UNIT GENERATION DISPATCH IN CASE 1
Hour Unit 1 Unit 2 Unit 3 Unit 4 Unit 5
1 83.21 50.00 40.95 10.00 0.00
2 82.54 50.00 31.09 10.00 0.00
3 82.65 50.00 20.26 0.00 0.00
4 77.14 28.44 0.00 0.00 0.00
5 80.11 39.68 12.00 0.00 0.00
6 82.98 50.00 25.15 0.00 0.00
7 80.11 50.00 40.95 10.00 0.00
8 84.50 50.00 60.60 10.00 0.00
9 85.20 50.00 70.38 10.00 0.00
10 82.76 50.00 68.29 30.21 0.00
11 82.43 50.00 68.37 33.08 0.00
12 84.08 50.00 73.21 13.59 0.00
13 84.87 50.00 65.41 10.00 0.00
14 84.17 50.00 55.64 10.00 0.00
15 82.76 50.00 68.29 30.21 0.00
16 85.20 50.00 80.00 11.03 10.00
17 83.93 50.00 69.02 2043 0.00
18 82.43 50.00 68.37 33.08 0.00
19 83.91 50.00 80.00 22.77 10.00
20 82.64 50.00 80.00 34.48 10.00
21 82.00 50.00 80.00 40.36 10.00
22 85.20 50.00 80.00 11.03 10.00
23 83.25 50.00 69.11 26.30 0.00
24 85.20 50.00 70.38 10.00 0.00
Rectifier Ry = Inverter
Tge,1 0.0342
&L
+ Wy - pterm,Z
Qterm,z
Z -«
Bus 1 Vi1 Vdc,2 ; Bus 5
- +
X = 0.126 iy Xe2=0175
Fig. 5. Two-terminal DC transmission line.
TABLE V
UC IN CASE 3
Unit Hours (1-24)
1 r11i1rr111rr1111111111111'1
2 rrrrrrrrrrrrrr1r1rr11111gd
3 1100101111111 11111111111
4 111001111111111111111111
5 000000011111101111111111

by $64 086.07—$61 212.71 = $2873.36 as compared with

Case 1.

Table VII shows the hourly bus power mismatch per itera-
tion. Bus power mismatches have decreased significantly at the
second SCUC iteration in comparison with those at the first it-
eration. At the third SCUC iteration, the bus power mismatch
at certain hours is smaller than the tolerance of 0.1 MVA. Con-
sequently, no Benders cut are generated at those hours and the



538

TABLE VI
GENERATION DISPATCH IN CASE 3
Hour Unit 1 Unit 2 Unit 3 Unit 4 Unit 5
1 94.69 50.00 17.56 2243 0.00
2 100.20 50.00 14.18 10.00 0.00
3 90.35 50.00 0.00 13.09 0.00
4 85.62 20.00 0.00 0.00 0.00
5 93.61 26.32 12.00 0.00 0.00
6 96.67 50.00 0.00 12.32 0.00
7 94.69 50.00 17.56 2243 0.00
8 104.99 50.00 30.45 10.00 10.00
9 106.28 50.00 39.61 10.00 10.00
10 108.22 50.00 53.28 10.00 10.00
11 108.49 50.00 55.63 10.00 10.00
12 106.93 50.00 44.16 10.00 10.00
13 105.64 50.00 35.04 10.00 10.00
14 96.07 50.00 43.98 10.00 0.00
15 108.22 50.00 53.28 10.00 10.00
16 108.86 50.00 57.86 10.00 10.00
17 107.20 50.00 46.50 10.00 10.00
18 108.49 50.00 55.63 10.00 10.00
19 110.09 50.00 67.08 10.00 10.00
20 109.34 50.00 75.06 13.19 10.00
21 106.80 50.00 77.72 18.20 10.00
22 108.86 50.00 57.86 10.00 10.00
23 107.85 50.00 51.06 10.00 10.00
24 106.28 50.00 39.61 10.00 10.00
TABLE VII

HOURLY NODAL MISMATCH PER ITERATION OF SCUC (MVA) IN CASE 3

Hour Iterl Iter2 Iter3 Iter4 Iter5 Iter6 Iter7
1 106.00 28.34 13.24 3.09 0.28 <0.1 <0.1
2 4190 45.43 17.97 <0.1 4.21 <0.1 <0.1
3 67.29 11.05 4.38 13.37 <0.1 3.59 <0.1
4 0.35 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
5 22.75 5.32 3.31 6.63 2.77 0.28 <0.1
6 27.87  25.70 5.36 15.48 1.55 <0.1 <0.1
7 106.00  28.34 13.24 3.09 0.28 <0.1 <0.1
8 44.61 10.33 20.10 8.41 <0.1 <0.1 <0.1
9 4799  29.36 10.25 0.17 <0.1 <0.1 <0.1
10 5044 2574 13.46 0.15 <0.1 <0.1 <0.1
11 50.91 24.92 14.19 0.24 <0.1 <0.1 <0.1
12 48.88  28.27 10.60 0.19 <0.1 <0.1 <0.1
13 46.30  33.25 15.13 15.22 0.47 0.42 <0.1
14 56.33  42.80 15.18 17.70 <0.1 <0.1 <0.1
15 5044 2574 13.46 0.15 <0.1 <0.1 <0.1
16 51.38 2421 14.90 0.12 <0.1 <0.1 <0.1
17 49.34  27.62 11.31 0.31 <0.1 <0.1 <0.1
18 50.91 24.92 14.19 0.24 <0.1 <0.1 <0.1
19 53.33  21.02 18.42 0.18 <0.1 <0.1 <0.1
20 55.05 18.28 18.34 0.23 0.16 <0.1 <0.1
21 58.34 2278 0.78 0.35 <0.1 <0.1 <0.1
22 51.38 2421 14.90 0.12 <0.1 <0.1 <0.1
23 4997  26.55 12.75 0.12 <0.1 <0.1 <0.1
24 4799  29.36 10.25 0.17 <0.1 <0.1 <0.1

number of cuts have decreased from 24 at iteration 1 to 7 at itera-
tion 5. There are no mismatches after 7 iterations. The economic
control strategy of DC transmission system is devised based
on the optimal operation of converters shown in Tables VIII
and IX. This control scheme would be specified for each recti-
fier/inverter terminal in order to maintain two out of five control
modes. Table X shows a set of 24-hour control strategies for the
DC transmission system. At hour 1, the rectifier is operating at
its minimum firing angle of o, = 5 Deg (in Table VIII) and,
according to Rules 1 and 3, the first control mode is CFA = 5
Deg and the rectifier maintains CTR = 1.09 pu. At this hour,
the inverter maintains CC = 129 A and CV = —1.10 pu.

The control mode at hours 2—4 is the same as that at hour 1.
At hour 5, neither the rectifier firing angle nor the inverter ex-
tinction angle reaches its minimum. According to Rules 1 and 2,
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TABLE VIII
RECTIFIER OPERATION STATUS IN CASE 3
Hour Pierm Qterm Vae Lo a T

MW) (MVar)  (pw) (A) (Deg) (pw)

1 44.69 13.42 1.11 129 5.00 1.09
2 50.20 16.00 1.12 145 5.00 1.10
3 40.35 11.93 1.07 121 5.00 1.05
4 35.62 9.56 1.11 104 5.00 1.08
5 43.59 13.60 1.08 130 6.08 1.06
6 46.67 14.32 1.11 135 5.00 1.09
7 44.69 13.42 1.11 129 5.00 1.09
8 54.99 18.51 1.11 160 5.00 1.10
9 56.28 19.22 1.11 164 5.00 1.10
10 58.22 20.32 1.10 170 5.00 1.10
11 58.48 20.55 1.10 171 5.39 1.10
12 56.94 19.58 1.10 166 5.00 1.10
13 55.63 18.93 1.10 162 5.00 1.10
14 46.07 14.05 1.11 133 5.00 1.09
15 58.22 20.32 1.10 170 5.00 1.10
16 58.87 20.68 1.10 172 5.00 1.10
17 57.20 19.77 1.11 166 5.28 1.10
18 58.48 20.55 1.10 171 5.39 1.10
19 60.09 21.35 1.10 176 5.00 1.10
20 59.33 20.86 1.10 173 5.00 1.10
21 56.80 19.45 1.11 165 5.00 1.10
22 58.87 20.68 1.10 172 5.00 1.10
23 57.84 20.15 1.10 169 5.30 1.10
24 56.28 19.22 1.11 164 5.00 1.10

TABLE IX
INVERTER OPERATION STATUS IN CASE 3
Hour Pterm Qterm Vdc Id" o T

(MW)  (MVar) (pw) (A) (Deg) (puw)

1 -44.14 10.16 -1.10 129 5.00 1.12
2 -49.51 12.10 -1.10 145 5.00 1.13
3 -39.86 9.01 -1.06 121 5.00 1.07
4 -35.26 7.68 -1.10 104 5.00 1.12
5 -43.03 11.03 -1.07 130 6.08 1.09
6 -46.07 10.84 -1.10 135 5.00 1.13
7 -44.14 10.16 -1.10 129 5.00 1.12
8 -54.14 14.00 -1.09 160 5.00 1.12
9 -55.40 14.53 -1.09 164 5.00 1.12
10 -57.26 15.36 -1.08 170 5.00 1.12
11 -57.52 15.45 -1.08 171 5.39 1.12
12 -56.03 14.80 -1.09 166 5.00 1.12
13 -54.76 14.31 -1.09 162 5.00 1.11
14 -45.49 10.63 -1.10 133 5.00 1.12
15 -57.26 15.36 -1.08 170 5.00 1.12
16 -57.89 15.63 -1.08 172 5.00 1.11
17 -56.29 14.89 -1.09 166 5.28 1.12
18 -57.52 15.45 -1.08 171 5.39 1.12
19 -59.07 16.13 -1.08 176 5.00 1.11
20 -58.35 15.76 -1.09 173 5.00 1.12
21 -55.90 14.70 -1.09 165 5.00 1.12
22 -57.89 15.63 -1.08 172 5.00 1.11
23 -56.91 15.16 -1.09 169 5.30 1.12
24 -55.40 14.53 -1.09 164 5.00 1.12

the rectifier would maintain CC = 130 A. The second rectifier
control mode is CV = 1.08 pu. At this hour, the first inverter
control mode is CAE = 6.08 Deg and its second control mode
is CP = —43.03 MW. The alternative second inverter control
modes are CTR = 1.09 pu or CV = —1.07 pu.
Case 4: Using the UC results in Table III, the system state
can be transferred from base case to a new state in the event
of line 2-3 outage (CTGL2-3) without any changes in UC.
Only the generating unit dispatch is changed in accordance
with (30). This is a controllable contingency and only cor-
rective actions (changing the generation dispatch based on
units physical ramping) are required in real time to mitigate
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TABLE X
CONTROL STRATEGIES FOR DC TRANSMISSION SYSTEM IN CASE 3
Rectifier Inverter

Hr.  First Control Second Control First Control Second Control

Mode Value Mode Value Mode Value Mode Value
1 CFA 5.00Deg CTR 1.09pu CC 129A CV  -1.10pu
2 CFA 5.00Deg CTR 1.10pu CC 145A CV  -1.10pu
3 CFA 5.00Deg CTR 1.05pu CC 121A  CV  -1.06 pu
4 CFA 5.00Deg CTR 1.08pu CC 104A CV -1.10pu
5 CC 130A CV 1.08pu CAE 6.08Deg CP -43.03MW
6 CFA 5.00Deg CTR 1.09pu CC 135A CV  -1.10pu
7 CFA 5.00Deg CTR 1.09pu CC 129A CV  -1.10pu
8 CFA 500Deg CTR 1.10pu CC 160A CV  -1.09pu
9 CFA 5.00Deg CTR 1.10 pu CC 164A CV -1.09pu
10 CFA 5.00Deg CTR 1.10 pu CC 170A CV  -1.08 pu
11 CC 17TA  CP 5848MW CAE 539Deg CV -1.08 pu
12 CFA 5.00Deg CTR 1.10 pu CC 166 A CV  -1.09pu
13 CFA 5.00Deg CTR 1.10pu CC 162A CV  -1.09 pu
14 CFA 5.00Deg CTR 1.09pu CC 133A CV  -1.10pu
15 CFA 5.00Deg CTR 1.10 pu CC 170 A CV  -1.08 pu
16 CFA 5.00Deg CTR 1.10 pu CC 172A CV  -1.08 pu
17 CC 166 A CP 5720MW CAE 528Deg CV  -1.09pu
18 CC 171A  CV  1.10pu CAE 539Deg CP .57.52MW
19 CFA 5.00Deg CTR 1.10 pu CC 176 A CV  -1.08 pu
20 CFA 5.00Deg CTR 1.10 pu CC 173A CV  -1.09 pu
21 CFA 5.00Deg CTR 1.10pu CC 165A CV  -1.09 pu
22 CFA 5.00Deg CTR 1.10 pu CC 172A CV -1.08pu
23  CC 169A CV 1.10pu CAE 530Deg CP _56.91MW
24 CFA 5.00Deg CTR 1.10 pu CC 164A CV -1.09 pu

TABLE XI
UC IN CASE 5
Unit Hours (1-24)

1 rrr11rr1rrr1rrr1rr1r1rr111r1111

2 rtrr1rrrrrrrt1rrrtrrrrrrlaa

3 1111111111 1r1111111111111

4 1110011111111 11111111111

5 000000011111101111111111

violations. The total operating cost is $64 849.43 which is
higher than that without the contingency (Case 1).

Case 5: If CTGL2-3 occurs in the AC/DC transmission
system described in Case 2, the system security would
not be satisfied based on the UC results in Table V. The
bus mismatches at hours 3, 4, and 6 cannot be eliminated
by only changing the generation dispatch (corrective ac-
tions). Consequently, three Benders cuts (42) are generated
to change the UC results. In this case, generating unit 3 is
committed (preventive actions) at hours 3,4 and 6 to satisfy
the system security in the event of CTGL2-3. In Table XI,
the UC changes in comparison to that in Case 3 are shown
in bold. The total operating cost increases to $64 269.91.
Case 6: In this case, we run the SCUC when the DC system
is a fixed injection at buses 1 and 5 at all hours. We also
assume that the power factor at rectifier and inverter ter-
minals is 0.98 and the DC line has no losses. Fig. 6 shows
the total operating cost when the DC transmission system
is modeled with different injections between 30 MW and
55 MW. It is obvious that the proposed model would result

Fig. 7. IEEE 118-bus system.

in lower costs. There is no feasible SCUC solution when
power flow injections are smaller than 30 MW or higher
than 55 MW.

B. IEEE 118-Bus System

We consider a modified IEEE 118-bus system shown in Fig. 7
to study the proposed model. This system has 54 units, 186
branches, 14 capacitors, 9 tap-changing transformers, and 91
demand sides. The peak load of the system is 6000 MW that
occurs at hour 21. The 118-bus system data are given at http://
motor.ece.iit.edu/DC/CSC/IEEE118.xls.
The following cases are tested.
Case 0: Base case without transmission constraints
Case 1: SCUC solution with AC transmission constraints
Case 2: SCUC solution when the AC line 32-113 is re-
placed with a two-terminal DC transmission system. The
rectifier terminal is connected to bus 113 and the inverter
terminal to bus 32 with the same parameters as those in
Table XVIII. This DC system is installed in the congested
area based on SCUC results obtained in Case 1. The con-
gested area is highlighted in Fig. 7.
The operating cost of UC in Case 0 is $1 727 170 which in-
creases to $1 732274 when the AC transmission constraints are
considered in Case 1. The additional $5103.64 cost is mainly
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due to the congestion of AC line 23-32 at peak hours which
causes the commitment of expensive units. Case 2 replaces the
AClline 32—-113 with a two-terminal DC transmission line which
results in an operating cost of $1 729 950. The DC transmission
flow has decreased the transmission congestion cost of AC line
23-32 from $5103.64 to $2780 when it transfers more power
from bus 113 to bus 32. In Case 2, at the peak hour, the flow on
DC transmission line 32—-113 increases to 38.22 MW in com-
parison to 3 MW in Case 1.

Fig. 8 shows the convergence results for Case 2 at hours 6 and
20. Here additional iterations are required for SCUC to converge
at higher load hours (11 iterations at hour 20) as compared to
those at low-load hours (3 iterations at hour 6).

V. CONCLUSION

In this paper, controllable DC transmission systems are mod-
eled in SCUC along with AC transmission systems. Benders de-
composition is applied to effectively handle both AC and DC
transmission constraints. The SCUC solution determines the op-
timal selection of DC control strategies and optimal hourly DC
transmission schedule at the minimum cost while maintaining
the system security. A set of optimal controls for DC transmis-
sion systems can successfully mitigate the AC transmission flow
congestion and enhance power system economics. We com-
pared the proposed model with a simplified DC transmission
system model with fixed power flow injections/withdrawals that
was widely used in SCUC. The simplified DC model may not
provide a feasible SCUC solution while the proposed SCUC
model guarantees the convergence. The test results also indicate
that a given UC solution for an AC transmission system may not
result in a feasible once the AC lines are partly replaced by DC
lines. Additional adjustments in UC and ED, and transmission
control are needed to ensure the feasibility.

APPENDIX A
BASE FOR PER UNIT VALUES

The base values for AC/DC transmission systems are listed
in Table XII.
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TABLE XII
AC AND DC BASE VALUES

AC Base DC Base
Viase (V) 3[
e Vdc base = Vbau kV)
S/m.s‘e (MVA) Pdc,ha\c - Vc/( Jbase ILIL base — Sha.\'e MW)
Spas -
I base = \/57‘7[:“) (kA) I de,base — ﬁ I base (kA)
Y hzme Vhau Vdc base 18
Zba.\'e = — = (Q) Z(l(',buxe = = —Z[mu (Q)
Shase \fl base Ly Jbase 7
6
X cbase = —Z base ( Q)
T
APPENDIX B

AC/CSC-DC JACOBIAN MATRICES

Reference [21] provides the Jacobian matrices J1 and J2 re-
lated to the AC system. The non-zero elements of Jacobian ma-
trix J1 related to the DC transmission system are

OAP,, OAPy,

= —Iqc,n, = -V Ly

OVce,n dehs O0lgc,n det

OAQm
- = —Tac,nt L

angh dc,h Lan b1
IAQm,
——— = —Vgent ,

aIdc,h deh at gbh/
OAQ,, 1

= —Vienlicnr | —=

b, dehiden <cos (j)z)
OARl, [ —Tpcosay for rectifier

OV, | +Thcosay for inverter
0AR1,, _ OR1,, [ =X, for rectifier
WVacn  Olaen, | +Xen for inverter
0AR1,, | +Viucosay,  for rectifier

OT, ~ | —Vincosay for inverter
OARly, [ 4+T,V,,sinay for rectifier

dap, | =IwVmsinay for inverter
0AR2, [ —0.995T}, cos ¢y, for rectifier JAR2;,
OV | +0.995T} cos ¢y, for inverter  OVye,
OAR2, [ —0.995V,, cos ¢y, for rectifier

aT, | +0.995V,, cos ¢, for inverter
0AR2;, | +0.995T}, V;,, sin ¢y, for rectifier

Apn | —0.995T,V,, sin¢y, for inverter.

The partial derivatives of AR3;, depend on the of the DC
configuration. For example, the partial derivatives of A R3, for
the two-terminal DC system shown in Fig. 5 are

OAR3,  OAR3, 1 OAR3, 1
0lgc,1 " OVaen  Rac Vaes  Rac
OAR3,  OAR3, 1 OAR3, 1
0lyc,2 " OVie1  Rae OVaea  Rac
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where the subscribe 1 represents the rectifier, 2 for the inverter. TABLE XVI
Similarly, since the elements of Jacobian matrix J3 depend on DISTRIBUTION FACTORS OF LOADS AT DIFFERENT BUSES
the DC cpnﬁguratlon, we 1.1st non-zero elemf{nts pf J3 for the Load  AtBus MW Load Factor MVar Load Factor
two-terminal DC transmission system shown in Fig. 5 as 1 2 0.0838 0.1728
2 3 0.3637 0.2585
3 4 0.1846 -0.0531
aAPLdC,l_? _ aAPLdC,l_? . 4 5 0.0293 0.0218
A ) 5 6 0.0432 0.1020
’ i 6 9 0.1139 0.2259
OAPLgco—1 I, OAPLgcp—1 v, 7 10 0.0347 0.0789
— s, = 2, (77 = —Vdc,2
1% C, ol ’ 8 11 0.0135 0.0245
de,2 de,2 9 12 0.0236 0.0218
10 13 0.0521 0.0789
where the subscribe 1 represents the rectifier, 2 for the inverter. 11 14 0.0575 0.0680
The elements of Jacobian matrix J4 are listed as
TABLE XVII
OAPicrm,n OAPicrm,n HOURLY LOAD DISTRIBUTION
oV, ldehs  Taor—— = Vde,h-
de,h de,h Hour MW MVar Hour MW MVar
1 181.30 51.45 13 207.20 58.80
2 170.94 48.51 14 196.84 55.86
3 150.22 42.63 15 227.92 64.68
4 103.60 29.40 16 233.10 66.15
APPENDIX C 5 129.50 36.75 17 220.15 62.48
6 155.40 44.10 18 230.51 65.42
IEEE 14-BUS SYSTEM DATA 7 181.30 51.45 19 243.46 69.09
8 202.02 57.33 20 253.82 72.03
TABLE XIII 9 212.38 60.27 21 259.00 73.50
UNIT DATA 10 227.92 64.68 22 233.10 66.15
11 230.51 65.42 23 22533 63.95
Unit Bus Bid Pmin Pmax Qmin Qmax Min 12 217.56 61.74 24 21238 60.27
No. ($/MW) (MW) (MW) (MVar) (MVar) On/Off (h)
1 1 8 50 150 -100 100 1
3 3 18 12 80 -60 100 1 CONVERTER DATA FOR THE DC TRANSMISSION SYSTEM
4 6 25 10 45 -30 30 1
5 8 40 10 45 -30 30 1 :
Type X, Zmin Zmin Vde, min Vde, max Min l_\r/lax
ap ap
R o T
BUS DATA ec. 9 : : : :
Inv. 0.175 5 30 0.90 1.10 0.9 1.5
Bus Min Max Bus Min Max
No. Voltage  Voltage No. Voltage Voltage
(pu) (pu) (pw) (pw)
I 1.04 1.07 8 1.02 1.10 TABLE XIX
2 1.03 1.05 9 1.00 1.03 DC Bus DATA FOR THE DC TRANSMISSION SYSTEM
3 1.00 1.02 10 1.00 1.05
4 1.00 1.03 11 0.98 1.05 Bus No. Min Voltage (pu) Max Voltage (pu)
5 1.00 1.04 12 1.04 1.07 1 0.95 1.20
6 1.05 1.10 13 1.01 1.07 2 0.90 1.10
7 1.01 1.05 14 0.98 1.07
TABLE XV
TABLE XX
AC BRANCH DATA
DC BRANCH DATA
Line From Bus To R X Charging Flow
No. Bus __ (pu) (pu) __ Shunt (pu) _Limit (MW) Line From To R Flow
1 I 2 00194 00592  0.0264 50 No. DCBus DC Bus (pu) Limit (MW)
2 1 5 00540  0.2230 0.0246 65
3 2 3 0.0470 0.1980 0.0219 60 1 1 3 0.0342 65
4 2 4 00581 0.1763 0.0187 60
5 2 5 0.0570  0.1739 0.0170 60
6 3 4 0.0670 0.1710 0.0173 60 REFERENCES
7 4 5 00134 0.0421 0.0064 40 ) o )
8 4 7 0.0000 0.2091 0.0000 65 [1] K.R. Padlyar, HVDC Power Transmissions. New York: Wllcy, 1990.
9 4 9 0.0000  0.5562 0.0000 40 [2] A.E.Hammad and W. F. Long, “Performance and economic compar-
10 5 6 0.0000  0.2520 0.0000 65 isons between point-to-point HVDC transmission and hybrid back-to-
11 6 11 0.0950  0.1989 0.0000 50 back HVDC/AC transmission,” IEEE Trans. Power Del., vol. 5, no. 2,
12 6 12 01229  0.1558 0.0000 50 pp. 1137-1144, Apr. 1990.
13 6 13 0.0662  0.1303 0.0000 50 [3] S. Wang, J. Zhu, L. Trinh, and J. Pan, “Economic assessment of HVDC
14 7 8 0.0000  0.1762 0.0000 50 project in deregulated energy markets,” in Proc. 3rd Int. Conf. Electric
15 7 9 0.0000  0.1100 0.0000 30 Utility Deregulation and Restructuring and Power Technologies, Nan-
16 9 10 0.0318  0.0845 0.0000 50 jing, China, Apr. 2008.
17 9 14 01271  0.2704 0.0000 50 [4] X. P. Zhang and L. Yao, “A vision of electricity network congestion
18 10 11 0.0821  0.1921 0.0000 50 management with FACTS and HVDC,” in Proc. 3rd Int. Conf. Electric
19 12 1302209  0.1999 0.0000 50 Utility Deregulation and Restructuring and Power Technologies, Nan-
20 13 14 01709  0.3480 0.0000 50
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