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Abstract—This study presents a stochastic model for the inde-
pendent system operator’s (ISO’s) optimal coordinated long-term
maintenance scheduling of generation units and transmission lines
with short-term security-constrained unit commitment (SCUC).
Random disturbances of power systems including forced outages
of generation units and transmission lines, load forecast errors,
and fuel price fluctuations are modeled as scenario trees using the
Monte Carlo simulation. Lagrangian relaxation (LR) is applied
to separate the coordinated optimization problem into long-term
equipment maintenance (LTEM) and stochastic long-term SCUC
(LTSCUC) subproblems. For the stochastic LTSCUC subproblem,
scenario bundle constraints are relaxed via LR and the optimiza-
tion problem is decomposed into deterministic LTSCUC problems.
LR is applied to each deterministic LTSCUC to relax long-term
fuel and emission limits and decompose the problem into short-
term SCUC subproblems. The decomposition is further applied to
short-term SCUC subproblems for separating hourly unit commit-
ment and transmission network constraints. The unit commitment
is formulated as a mixed-integer programming (MIP) problem and
solved by the branch-and-cut method using CPLEX. The outcome
of this study includes the hourly scheduling of outages of gener-
ation units and transmission lines, which corresponds to the op-
timal generation unit commitment and dispatch, and transmission
flows. The hourly schedules minimize the total cost of operation
and maintenance and satisfy long-term and short-term constraints
of generation units and transmission network with the inclusion of
power system uncertainty. A modified IEEE 118-bus system is used
to exhibit the effectiveness of the proposed scheduling approach.

Index Terms—OQOptimal coordination of generation and transmis-
sion outage scheduling, security-constrained unit commitment, sto-
chastic modeling of power systems.

NOMENCLATURE

Variables:

Fe () Production cost function of unit ¢ at
time ¢ at weekly interval p.

I, Commitment state of unit ¢ at time ¢ at
weekly interval p in scenario s.

Jiip State of line [ at time ¢ at weekly
interval p in scenario s.

LOLFE?® Loss-of-load-expectation (LOLE) of

scenario s.
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Expected quantity of loss-of-load-
expectation for all S scenarios.

Load shedding at bus b at time ¢ at
weekly interval p in scenario s.
Power generation dispatch of unit 7 at
time ¢ at weekly interval p in scenario
5.
System demand at bus b at time ¢ at
weekly interval p in scenario s.
Indicators for beginning and end
maintenance of line [ at time 7.
Startup/shutdown cost of unit 7 at time
t at weekly interval p in scenario s.
Objective value of a feasible solution
of the original problem.

Value of optimal LR function of the
maintenance subproblem.

Value of optimal LR function of the
SCUC subproblem in scenario s.
Value of a feasible solution of the
stochastic SCUC subproblem.

Value of optimal LR function of the
stochastic SCUC subproblem with
relaxed bundle constraints.

Sum of optimal LR function values

of maintenance and stochastic SCUC
subproblems with relaxed bundle
constraints.

Maintenance status of unit ¢ at time

t at interval p, O if unit is offline for
maintenance, otherwise 1.
Maintenance status of line [ at time

t at interval p, O if line is offline for
maintenance, otherwise 1.

Estimated standard deviation of LOLE.

Lagrangian multipliers.
Indexes.

Maintenance cost of unit ¢ at time ¢ at
interval p.

Starting and ending time for
maintenance window of equipment 4.
Maintenance cost of line [ at time ¢ at
interval p.

Maintenance duration.

Partial maintenance number upper limit
of line /.
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MToff l Minimum time interval between two
- consecutive partial maintenances of

line /.

MT! Minimum duration for partial
maintenance of line /.

NB Number of buses.

NG Number of units.

NL Number of transmission lines.

NP Number of weeks under study.

NT Number of hours at each weekly
interval (168 h).

Ps Weight of scenario s.

Prin,i Minimum capacity of unit z.

Praxi Maximum capacity of unit s.

Pp 4 System demand at time ¢ at weekly
interval p in scenario s.

PUpty Value of lost load (VOLL) of bus b at
time ¢ at weekly interval p in scenario
s.

S Total number of scenarios.

O fix Predefined standard deviation of
LOLE.

€1,€2 Predefined convergence threshold.

1. INTRODUCTION

ESTRUCTURED power systems signify generation and
R transmission participants that are unbundled as self-inter-
ested entities which are also responsible for their maintenance
outage scheduling in a competitive environment. In such en-
vironments, generation companies (GENCOs) submit their
maintenance plans and constraints to the independent system
operator (ISO) including maintenance time windows, available
maintenance resources, and generation price offers. Trans-
mission companies (TRANSCOs) also submit their respective
maintenance plans and constraints to the ISO. The ISO is
responsible for the optimal coordination of maintenance for
generation units and transmission lines which would ensure
the security of power systems and maximize the social welfare
[11-[3].

The study in [4]-[7] focused on generation and transmission
maintenance and their coordination. However, the subject
of transmission security in restructured power systems was
not considered. Furthermore, random outages of power sys-
tems were not included when maximizing planned outages in
long-term operation planning studies.

Our proposed coordinated long-term generation and trans-
mission maintenance scheduling intends to coordinate gen-
eration and transmission outage scheduling with short-term
security-constrained generation scheduling. Random outages
of generators and transmission lines, load forecast errors,
and fuel price fluctuations are considered which could in-
fluence the optimal maintenance outage scheduling. Such a
detailed security-constrained maintenance scheduling approach
provides a wider range of options for managing short-term
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economics. Mathematically, the proposed problem is a sto-
chastic, large-scale mixed-integer optimization problem and we
introduce an effective decomposition and coordination strategy
for its solution. The Lagrangian relaxation (LR) technique is
applied to decompose such a stochastic and large mixed-in-
teger programming (MIP) problem into tractable small-scale
subproblems.

The proposed stochastic model could be applied to a verti-
cally integrated utility. Here we consider fuel and emission con-
straints when scheduling the long-term operation of a utility.
The same model can be utilized by centralized energy mar-
kets with ISOs. Here a combination of fuel and emission con-
straints used by traditional utilities, which is a quadratic func-
tion of power generation, represents the energy constraint for a
GENCO. That is, GENCOs submit energy limits which indicate
that the sum of daily generation for individual units, or the en-
tire GENCO, would not exceed a prescribed level. The energy
constraint is utilized by security-constrained unit commitment
(SCUC) which is a market clearing tool in the day-ahead energy
market.

The attributes of the proposed stochastic model, for the coor-
dination of long-term generation and transmission maintenance
schedules with the short-term SCUC, are presented in the fol-
lowing:

1) Coordination of generation maintenance with transmission
maintenance. We introduce a binary variable for repre-
senting the transmission line status and adopt an optimiza-
tion technique that applies to both generation and transmis-
sion maintenance scheduling.

2) LR is used to decompose the original stochastic problem
into long-term equipment maintenance (LTEM) and
long-term SCUC (LTSCUC) with fuel and emission sub-
problems, with unit commitment and transmission line
status as coordinating (coupling) variables. The LTEM
and LTSCUC subproblems are solved individually and vi-
olations are identified. Lagrangian multipliers are updated
iteratively for subproblems until the stopping criterion is
met.

3) Random outages of generators and transmission lines, load
forecast errors, and fuel price fluctuations are simulated
by the Monte Carlo method when solving the LTSCUC
subproblem. The uncertainty could influence the mainte-
nance schedule when updating Lagrangian multipliers. The
scenario-based technique is used to solve the stochastic
LTSCUC subproblem. Scenario reduction is adopted when
solving the stochastic LTSCUC as a tradeoff between com-
putation time and solution accuracy. The LR method is
adapted to relax bundle constraints and a modified surro-
gate subgradient method is used for a faster convergence.

4) The chronological load profile is considered in the LTEM
scheduling and its coordination with the short-term SCUC.

The rest of the paper is organized as follows. Section II de-
scribes the proposed model and its solution methodology. Sec-
tion III presents the detailed formulation of maintenance and
generation scheduling subproblems. The coordination and so-
lutions methodologies are presented in Section IV. Section V
presents and discusses a modified IEEE 118-bus system with
54 units and 91 loads. The conclusion is drawn in Section VI.
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II. STOCHASTIC MODEL DESCRIPTION

In this paper, we analyze the optimal maintenance scheduling
of a vertically integrated utility. The same methodology would
also apply to restructured power systems. The utility’s objective
is to minimize the hourly cost of security-constrained short-term
operation and long-term maintenance.

In applying (1) to a vertically integrated utility, the first two
terms represent the cost of maintenance for generation and
transmission equipment respectively. The remaining terms
represent the production cost. We could consider a variable
hourly maintenance cost coefficients (D;;, and Ej,) for each
equipment. If the proposed model is used in restructured power
systems, GENCOs and TRANSCOs would be independently
responsible for generation and transmission maintenance, no
equipment maintenance cost will appear in (1), and D;;, and
Ey, would be zero. The ISO would use the objective (1) to
schedule equipment maintenance outages based on a GENCO’s
or a TRANSCO’s preferred maintenance schedule. Accord-
ingly, D, and Ey, will be zero during the most preferred
periods for maintenance of the corresponding equipment in
order to increase the chance of maintenance during such pe-
riods:

NP NT NG
Min ZZZDW 1— Xitp)

” 11\tfP11\;; NL

+ZZZEH1; 1—Yltp +ZP5

p=1t=11=1

NP NT ( NG

DD A2 [Fuitn (Pl - I5) +5US, + D3,
p=1t=1 \i=1

NB
+ D Py LSi 0t (1)

b=1

Such objectives may not be easily realized by a one-step op-
timization technique due to the enormity of the maintenance
scheduling problem. Thus, we schedule the long-term equip-
ment maintenance and the short-term unit commitment prob-
lems separately, which are based on the decomposition tech-
nique depicted in Figs. 1-3. The distinct features of the proposed
model include the way we introduce stochastic variables in the
coordinated generation and transmission maintenance problem,
handle scenario bundle constraints, and link maintenance and
operation schedules. Fig. 1 shows the decomposition strategy
of LTEM represented by (2)—(9) and LTSCUC constraints. Cou-
pling constraints (11), (12) of LTEM and LTSCUC are relaxed
using the LR method. LTEM and LTSCUC subproblems are
solved individually before the coupling constraints are checked.

If the coupling constraints (11), (12) are not satisfied, La-
grangian multipliers 1 and 7 corresponding to the two con-
straints are updated and the pseudo price signals are fed back to
the subproblems. We introduce I as the unit commitment status
variable and .J as the transmission line status variable, so that
the transmission line maintenance can be treated the same way
as that of generation units. The network security is checked in
the deterministic LTSCUC subproblem and the same strategy is
used for updating the Lagrangian multiplier n and 7.
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Optimizing Stochastic LTEM & LTSCUC by Solving Its Dual Problem

Long-term equipment maintenance Stochastic long-term SCUC

subproblem subproblem
(LTEM) (LTSCUC)
Lagrangian Loop
XY ¢ 1,J
Check coupling constraints
between LTEM and LTSCUC
I<X J<Y
N —xy
1,J
Construct final feasible
solution
Lagrangian multiplier adjustment

Update Lagrangian multipliers related
to ISX JLY

Multipliers n and Multipliers 1) and

Fig. 1. Decomposition and coordination of LTEM and LTSCUC.

Optimizing stochastic
LTSCUC subproblem by
solving its dual

Preserve Lagrangian multipliers for coupling
constraints and initialize Lagrangian
multipliers for scenario bundles

i

S Disjoint Deterministic LTSCUC subproblems

Deterministic LTSCUC
subproblem with scenario 1

Deterministic LTSCUC
subproblem with scenario S

Lagrangian Loop

Update Lagrangian
multipliers for scenario
bundles by surrogate
gradient algorithm

Meet bundle
constraints?

LJ to the lower
problem in Figure one

Multipliers 6

Fig. 2. Decomposition of scenario bundle constraints.

Optimizing deterministic Preserve Lagrangian multipliers for
LTSCUC subproblem for | coupling constraints and scenario bundles,
scenario s by solving its initialize Lagrangian multipliers for fuel

dual and constraints

P individual short-term SCUC subproblems for scenario s

B Short-term SCUC Short-term SCUC
subproblem of period 1 subproblem of period P

Lagrangian Loop
Check fuel and Y
gmission constraint;
Pseudo source N

prices a and B R —
Update Lagrangian multipliers for fuel
and emission constraints

Fig. 3. Decomposition and coordination of deterministic LTSCUC.

Get the final
solution

Fig. 2 shows the decomposition strategy of the stochastic
LTSCUC for managing the scenario bundle constraints (10).
Scenario bundle constraints are relaxed by the LR method and
the deterministic LTSCUC problem (shown in Fig. 3) is solved
in each scenario. If the LTSCUC results in Fig. 2 do not satisfy
the scenario bundle constraints, Lagrangian multipliers 6 are up-
dated and the corresponding pseudo price signals are fed back
to scenarios for the next iterative solution. Since the problem
is not convex, there is no guarantee that the bundle constraints
would be entirely satisfied. Thus, the scenarios consider approx-
imate solutions for fast convergence while maintaining a rel-
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atively high level of accuracy. The iterative process will stop
when the total violation of weighted bundle constraints is below
a certain tolerance. A heuristic process is then used to obtain a
feasible solution for satisfying the scenario bundle constraints.
We use the modified surrogate subgradient method to improve
the convergence. The solution details shown in the next section
illustrate a tradeoff between the computation speed and the ac-
curacy of solution.

Fig. 3 illustrates the decomposition of the deterministic
LTSCUC into tractable subproblems. Fuel and emission con-
straints are relaxed with resource penalty prices represented by
Lagrangian multipliers o and 3. Based on the decomposition
process, the individual short-term unit commitment problems
will be solved without the fuel and emission constraints.

If the results do not satisfy the fuel and emission constraints,
the Lagrangian multipliers o and (3 are updated and the cor-
responding penalty resource prices are fed back to solve the
short-term subproblems again [8], [9].

III. FORMULATION OF SUBPROBLEMS

The LTEM and LTSCUC formulations, constraints, and co-
ordination are summarized as follows.

1) Generation Maintenance Constraints: Generation main-
tenance windows: In the following, (2) shows starting and
ending times when the maintenance is allowed. Also, (3) rep-
resents the total maintenance duration, and (4) shows that each
unit could only be maintained once within the maintenance
window:

Xir =0o0r 1whene; <7 <1

otherwise X;, = 1Vi,7 <e;or7t >; )
i(l—Xif)ZMDi Vi (3)
bFMD—1
> (1=Xir) > MDi - [Xir1) — Xir]

\V’TL,:/]z =e;,--,li—MD; +1

li
Z {1-X;r — [Xi—1) — Xir] } >0
T:Vki,k:li—MDi+2,---,li. 4)

Generation maintenance resources and crew availability: The
crew availability would limit the number of units that can be
maintained simultaneously. For example, if units 1, 2 and 3 are
to be maintained simultaneously, the constraint is represented
as X1 = Xar = Xjs,. Otherwise, for a single equipment,
(1-X1,)4+ (1 —X3:)+ (1 — X3,) < 1. If unit 1 is main-
tained before unit 2, 20 _ (1 — X1,) — (1 — Xo;) > 0. While
X1+ = Xo; indicates that unit 1 and 2 are to be on mainte-
nance outage simultaneously. We can also represent limited re-
sources for maintenance and crew availability at each location
as Y ;e fri - (1 — Xir) < Hp, where fg; is the resource
needed for the maintenance of unit 7 and Hp, is the total re-
source quantity available at time 7 for area A.
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2) Transmission Maintenance Constraints: Partial mainte-
nance is allowed for transmission lines. Hence

Yir =00r 1whene, <7 <13

otherwise Y, = 1V, 7 <ejorT > )
I
> (1=Yi) =MD VI ©
T=e€
qir —Tir = -Y}(T—l) —Yir, @ +mr <1,
NT-NP
1< Y i € MNgaxy VILVT (7
=1
k+MTZY, ,—1
> (1=Y) > Vi) = Yir) - MT,

=k
Vik=ep,-- 0= MTE  +1
L
Z {1 =Y = [Yig—1y = Yie] } > 0
T=k
ik =1 — MT2, +2,--. 1 ®)

k+MT? S 1

min,l

>

=k

YZT Z (YZT - Yl(‘rfl)) - MTOff

min,l

Vik=ey- I — MTJT +1
7
> Vi = Vi = Yig—y] } 2 0
=k
Vik =10 — MTL +2.-- )

3) Stochastic LTSCUC Constraints: Short-term SCUC con-

straints presented in [18] are considered here in addition to

» Reliability constraints: An explicit reserve requirement
constraint is not introduced. The optimal reserve require-
ment is implicitly determined because we add a penalty
load shedding item to the objective function and include
a LOLE constraint.

* Scenario bundle constraints: Scenario bundle constraints
indicate that if two scenarios s and s’ are indistinguishable
from the beginning to time (P, 7) on the basis of infor-
mation available at time (P, 7), then the generator com-
mitment decisions rendered for the two scenarios must be
identical from the beginning to time 7. B(s, P,T) rep-
resents a part of scenario s from the beginning to time
(P, 7). In the scenario bundle constraints (10), the gen-
erator commitment decision / rather than the line status
J is included. The line status .J is used as a state vari-
able to relate the transmission maintenance decision and
SCUC in (12). Based on (12), if a line is on maintenance,
the line status .J for all scenarios would be zero; otherwise,
J would be one. The status of .J is determined by the op-
timization of LTSCUC because the line would be utilized
in minimizing the operation cost. That is, it would not be
necessary to include the line status in the scenario bundle
constraints (10):

Iy = Iy for (p,1) € {(P,7)|B(s, P,7) = B(s/, P,7)} .
(10)
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The detailed formulation of LTSCUC constraints can be
found in our previous works [20], [22].
4) Coupling Constraints for LTEM and LTSCUC in Fig. 1:
Coupling constraints of generator maintenance X and unit com-
mitment status I (11):

IS

itp

< Xitp Vs, Vi, Vt, Vp. (11)
Coupling constraints of transmission line maintenance Y and
transmission line status .J (12):
iy < Yiap Vs, VI, Vt, Vp. (12)
The proposed stochastic model differs from the determin-
istic one in several respects. First, the objective of the proposed
stochastic model is to minimize the expected production cost
of all scenarios, whereas the deterministic model would only
minimize the production cost of a certain deterministic case.
Second, the impact of the variance of uncertain variable on the
maintenance schedule is considered. We also incorporate the
coupling constraints of generator maintenance and unit com-
mitment status (11) and the coupling constraints of transmis-
sion line maintenance and transmission lines status (12). Fur-
thermore, there are scenario bundle constraints in the stochastic
LTSCUC subproblem. Hence, the solution of stochastic model
which includes a set of weighted scenarios is not simply the
same as solving a deterministic model separately for each sce-
nario.

IV. SOLUTION OF SUBPROBLEMS

A. Coupling Constraints for LTEM and LTSCUC Subproblems

LR is employed to solve the coupling constraints (11), (12).
Once constraints are relaxed and introduced into the LTEM and
LTSCUC subproblems via the Lagrangian multipliers 7 and 7,
the modified LTEM and LTSCUC subproblems at iteration n
are presented in (13) and (14), respectively:

Xitp) <thp> np]

(z%)m

VLE]\/[(T]n,Wn)
NP NT NG
[ itp *

S>>

p=1t=1:=1

(13)
S.t. constraints (2)-(9)

S NP NT NG
ML’I’LZZZ {Pg ' {Z [Fc,itp (P:tp I:tp)

s=1p=1t=1 =1

+SU;, + SD;,) |

NB
+ vai,tp ) LSlf,tp}

b=1

+ Z ,r]ltp ztp + Z 7rltp Jltp} (14)
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S.t. stochastic LTSCUC constraints described in Section III.

After obtaining a solution for generator maintenance X,
transmission line maintenance Y, as well as unit commitment
I and transmission line status J, we check the constraints and
update the corresponding multipliers 7 and 7 by applying the
subgradient method [19]. The Lagrangian iteration continues
until a converged solution which would meet the stopping
criterion is obtained:

Fs.n n
It ILtp > thp7
s,n+1 up,n s,n n s ,n n
nztp nztp + S (Iztp - thp)/‘ Ltp - thp
Otherwise
s,n+1 s,m down,n s,n rs,m n
nttp - nitp + SG ’ (ILtp - Ltp)/‘ IttP Xth
s,M rn
If Jltp > Yty
s,n+1 up,n s,n Orn s,n rn
Titp ltp , + 51 (Jltp Yltp)/HJltp Yip
Otherwise
s, n+1 down,n s,m
Titp ltp , + St (J Itp Ylfp) ltp Ylfp
where || - || stands for a Euclidean norm, SeP", S&™™ , gupm
and S7°“™" are step sizes at iteration n for updating multi-

pliers of constraints (11), (12). Usually a constant step size or
the one that decreases with iterations such as (1 + C)/(n + C)
or1/(C1+4 C2-+/n) would be used, where C', C1, and C2 are
pre-defined positive constants. In [23] the bundle method was
also proposed to update Lagrangian multipliers in order to im-
prove the updating process.

Concerning the coupling constraints (11), (12) for the LTEM
and LTSCUC subproblems, the original problem is non-convex
with integer variables. So additional heuristics strategies are
applied to derive a feasible solution when a predefined number
of Lagrangian iterations or the maximum execution time is
reached. In this case, the LTSCUC solution would offer a fea-
sible solution when generation and transmission maintenance
schedules are assumed fixed according to their values in the
current Lagrangian solution.

B. Stochastic Simulation

We model forced outages of generation units and transmis-
sion lines as independent Markov processes, load forecast er-
rors as uniform random variables, and fuel price fluctuations as
Ornstein-Uhlenbeck processes. For an ISO model, we could re-
place the fuel price with bidding prices offered by market partic-
ipants since the ISO does not deal with fuel prices. The solution
process will still be the same as that discussed in this section. We
introduce a set of scenarios in the Monte Carlo method for mod-
eling the stochastic conditions. For stochastic programming, we
assign a weight P to each scenario that reflects the possibility
of its occurrence.

A two-state continuous-time Markov chain model is used
to represent available and unavailable states of generators and
transmission lines. The parameters used for the Monte Carlo
simulation are failure and repair rates of each power system
component. Using failure and repair rates, forced outages are
simulated for a specified time period with the assumption that
the power system is at the base case at the beginning of the
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period. Power system components are assumed independent in
our scenario-based simulation and the simultaneous effects of
outages are presented in scenario trees. For the simulation of
load forecast errors, we divide the entire scheduling horizon
into several time intervals. For each time interval we create
additional scenarios based on historical data. The probabilities
are assigned to hourly load quantities according to the likeli-
hood of their occurrence. The proposed scenarios in each time
interval reflect the representative days/hours chosen for each
week/season.

The proposed approach makes it easy for a maintenance
scheduler to include the relevant data of a certain week/season
after assigning a suitable weight to each load scenario. It is
desirable that one could shift the maintenance schedule to
periods with higher fuel prices for mitigating higher operation
cost associated with maintenance outages. We employ the
Ornstein-Uhlenbeck process to simulate random fluctuations in
fuel price [20], [21]. According to Fig. 4, we generate a set of
scenarios, each representing possible fluctuations in fuel price,
load forecast errors, as well as the availability of generation
units and transmission lines.

In the proposed model, we use a low-discrepancy Monte
Carlo method, Latin hypercube, to generate a set of scenarios.
Weights for all scenarios in the initial scenario catalog gen-
erated by the Monte Carlo method are the same. Scenario
reduction is adapted for a tradeoff between solution accuracy
and computation speed, because computation requirements for
solving scenario-based optimization models would depend on
the number of scenarios [13], [14]. Here we use the following
criterion for the stochastic LTSCUC subproblem while taking
into account the solution accuracy:

S
opoLe =4| y_P*-(LOLE* ~TOLE)* |/ §-(S 1)
s=1
S
oLoLE <0fiz LOLE =Y P*-LOLE®. (15)

s=1

The results are assumed to be reasonably accurate when the es-
timated standard deviation of LOLE, oror £, is less than the
predefined boundary o ;.

C. Scenario Bundle Constraints

The sample scenarios for representing the uncertainty are
solved and a good combination of solution outcomes is selected
to represent the stochastic solution. The solution outcome
would satisfy the constraint that if two scenarios are indis-
tinguishable from the beginning to time 7 on the basis of
information available at time 7, then the decision rendered for
two scenarios must be identical from the beginning to time 7.

The LR method is adopted to relax the scenario bundle
constraints. Thus the stochastic problem is divided into several
tractable subproblems for each scenario. Once the scenario
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Scenario Tree
: Each scenario contains
uncertainties of fuel price,
equipment outage and
load demand.
/: o load
g equipment
outage

“o  fuel price

hAALL

Fig. 4. Representation of uncertainty in a scenario tree.

bundle constraints are relaxed, the LTSCUC subproblem for
each scenario is represented as

NP NT NG
Lg(gk):M”’LZ Z P*. Z [Fc,itp (P:tp I;tp)
p=1t=1 i=1
+S th + SDLtp]
NB
+ Zp’l}l‘itp : L‘Sl‘?,tp
b=1
+ Z nztp 11]) + Z 7rltp Jlip
NP NT
155 SN SR R

p=1t=1 s€B(s,P,7)=Qp.

S.t. stochastic LTSCUC constraints described in Section III ex-
cept scenario bundle constraints.

The target c;;p, which is the weighted average of decision,
is the same for all scenarios. Let 03’: be the kth iteration
of Lagranglan multiplier correspondlng to I, = Cip,
i = 1---NG, (p,t) € {P,7}. We obtain a new decision
by calculating the expected value of Ift’;" updating
H,ft’;f"'l, and continuing the iteration. The iteration is termi-
nated When the total weighted violation of bundle constraints,
Z Z seB(s,P.ry=ap, P iy Citp|, is below a
certaln threshold Here, | - | denotes the absolute value. In order
to accelerate the convergence, the surrogate gradient algorithm
is adopted. The process starts by ﬁnding a scenario s which has
the largest weighted violation Zp 1 Z, 1 P7 I iy — Citpl,
updating multipliers, and calculating the scenario s only.
The detailed steps are given in Appendix A. The optimality
conditions for the proposed dual solution via the surrogate sub-
gradient method was provided in [15], [16]. Here, multipliers
move iteratively closer to their global optimal.

In each scenario, the LR algorithm is adopted for the so-
lution of deterministic long-term SCUC problem which deals

as c”p,



1680

with fuel and emission constraints. The LR will divide the orig-
inal problem into several tractable subproblems, i.e., short-term
SCUC subproblems based on MIP. The Lagrangian multipliers
are penalty price signals which optimize the allocation of fuel
consumption and emission allowance based on a hybrid subgra-
dient and Dantzig-Wolfe method [8], [17], [18].

The iteration will be terminated when the total weighted vi-
olation of bundle constraints is below a certain threshold. Ac-
cordingly, a heuristic process will be used to introduce a fea-
sible solution with respect to the scenario bundle constraints.
Here, we find the largest weighted violation P* - |15, — ¢zl
and adjust the multiplier 67, corresponding to hour ¢ at period
p of scenario s. The subproblem for the period p of scenario s
is solved again and new c;;;, are computed. The process will be
repeated for finding the next maximum violation and terminated
within a finite number of iterations.

There are two main LR loops. V Lgy (0™, ™) in (13) and
VL*(#*) in (16) are the optimal LR function values for the
LTEM and LTSCUC subproblems in scenario s at the current
iteration. The optimal LR function of the stochastic LTSCUC
subproblem with the relaxed bundle constraints V' L L at the cur-
rent iteration is calculated by (17). The sum of optimal LR func-
tion values for the maintenance and the stochastic LTSCUC sub-
problems with relaxed bundle constraints V LR at the current
iteration is calculated by (18). The Lagrangian iterations will
continue until the relative difference (duality gap) between V P
(upper bound) and V' LR (lower bound) of the optimal solution
is within a pre-defined tolerance as stated in (19):

VLL= Z VL*(6"%) a7)
VLR=VLpy (", «")+Y_ VL (6%) (18)
(VP—VLR)/VLR|< 1. (19)

Appendix B provides a proof for the validation of stopping cri-
terion. The maximum number of iterations would have to be
set since the duality gap could be intrinsic to the non-convex
problem and would not be further reduced.

V. CASE STUDIES

A modified IEEE 118-bus system is considered in this
section to demonstrate the proposed approach. The intention
is to schedule the hourly maintenance, unit commitment, and
generation economical dispatch over a 672-h (i.e., four weeks)
horizon. The 118-bus system is composed of 54 thermal units,
186 branches, and 91 loads. The test data for the 118-bus
system are given in http://motor.ece.iit.edu/data/coop. The
annual peak load of the system is 6000 MW and the load trend
over the study horizon is shown in Fig. 5.

For this system, three generators are considered for mainte-
nance, each can be on maintenance at any hour. Only one trans-
mission line L51 is considered for maintenance and a partial
maintenance is acceptable. The maximum allowable number of
partial maintenances for this line is two. The partial maintenance
needs to last at least eight hours with a minimum of eight hours
between two consecutive partial maintenances. The concern of
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Fig. 5. Load profile in a 672-h horizon for the 118-bus system.
TABLE I
GENERATOR MAINTENANCE LIMITS FOR CASES 1-3
Unit | AtBus Windows ':E;‘l‘:r';’)“ (Sﬁl‘f‘:r)
Ul10 25 1-624 24 1200
U20 49 1-624 24 1000
U34 76 1-624 24 400
TABLE II
TRANSMISSION LINE MAINTENANCE LIMITS FOR CASES 1-3
Line From Bus | To Bus Windows D(;::;it;:)n ($ﬁ:)s|:r)
L51 38 37 1-336 18 5000
Maximum number | Minimum duration of Minimum interval
of partial partial maintenance between partial
maintenances (hours) maintenances (hours)
2 8 8

this paper is to study the impact of uncertainties, on the coordi-
nated maintenance scheduling of generation units and transmis-
sion lines with SCUC. Thus in the case study, emission limits
and fuel consumption constraints are relaxed by introducing
very large emission and fuel upper limits. The application of LR
for relaxing emission and fuel consumption constraints, proce-
dures for obtaining feasible solutions, and the performance of
the system was discussed in [9] and [20].

We study four maintenance cases for a 672-h (four-week) pe-
riod:

Case 1) Uncoordinated maintenance and unit commitment
schedules.

Case 2) Coordinated generation unit and transmission line
maintenance schedule without the consideration of
uncertainty. We refer to this case as the expected
value problem since expected values are used for
load forecast and fuel price.

Case 3) Impact of uncertainty on the coordinated schedule.

Case 4) Same as Case 3 with a three-day maintenance dura-
tion.

For the first three cases, the equipment maintenance data listed
in Tables I and II are used. In Case 4, the same data as those of
Cases 1-3 are used except the maintenance duration is increased
to 72 h. These cases are discussed as follows.

Case 1: LTEM and LTSCUC subproblems are not coordi-
nated, so the optimal maintenance schedules are obtained indi-
vidually for generators and transmission line maintenance sub-
problems as described in part one and two of Section III. The
optimal maintenance schedule is shown in Fig. 6.
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Fig. 6. Equipment maintenance in Case 1.

TABLE III
CLASSIFICATION OF UNITS

Class Units
Base 4510 112021242527 2829 36 39 4043 44 45
Intermediate 123612 13 3132 38 42 50 54
Peaking 789141516 17 18 19 22 23 26 34
35 37 47 48 51 52 53
Off 30 33 41 46 49

The maintenance of units U10, U20, and U34 are scheduled
at hours of 289-312, 145-168, and 337-360, respectively. The
maintenance of line L51 is scheduled at hours 144-152 and
312-320. Based on the above maintenance schedule, we opti-
mize the hourly unit commitment schedule for 672 h without
the consideration of system uncertainty. The total cost is
$42 133 556, which includes the generator maintenance cost of
$62 400, line maintenance cost of $90 000, and operation cost
of $41 981 156. In the uncoordinated case, the unit commitment
schedule is not considered in the maintenance problem. If the
proposed maintenance schedule is used as input to the unit
commitment problem, the commitment may be more expensive
or could result in load shedding. For example in Fig. 6, L51 and
U20 are both maintained during hours 145-152. An inefficient
utilization of generators and lines at this period could increase
the total cost and/or result in load shedding.

Case 2: This case coordinates the equipment maintenance
outage and the unit commitment schedule without considering
any uncertainty. Table III shows, based on the percentage of
time, the units that are committed as base (committed more
than 85% of the time in four weeks), intermediate (between
85% and 10% of time), peaking (less than 10% of time), and off
units. The optimal maintenance schedule is shown in Fig. 7, in
which much of the maintenance is scheduled near the minimum
loading hours for maintaining the power systems reliability
and economics. The maintenance of base units U10 and U20
is scheduled at the minimum loading hours of 481-504 and
457-480, respectively. Furthermore, the maintenance of line
L51 is at hours 140-157, which shifts the maintenance of
peaking unit U34 to the next available minimum loading hours
of 289-312. The optimal cost is $40 176 827 which includes the
generator maintenance cost of $62 400, line maintenance cost
of $90 000, and operation cost of $40024 427. Compared with
the optimal cost of Case 1, a saving of $1 956729 is achieved
due to the simultaneous consideration of LTEM and LTSCUC
subproblems.

Case 3: In this case, the power system uncertainty is con-
sidered for the coordination of LTEM and LTSCUC problems.
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Fig. 7. Equipment maintenance in Case 2.

TABLE IV
PROBABILITIES OF EACH SCENARIO AFTER SCENARIO REDUCTION
Scenario 1 2 3 4 5 6
Probability 0.01 0.01 0.28 0.01 0.01 0.39
Scenario 7 8 9 10 11 12
Probability 0.01 0.01 0.01 0.01 0.01 0.24
TABLE V

OPERATION COST FOR EACH SCENARIO ($)

Scenario Operation Cost Scenario Operation Cost
1 40,767,940 7 39,288,403
2 40,202,328 8 41,929,654
3 40,984,806 9 41,345,839
4 39,963,756 10 41,724,055
5 40,717,038 11 41,637,338
6 40,581,050 12 41,283,492
EXP 40,886,157+64,223
Relative Error (%) 0.157

At each hour, there are 461 decision variables and 2094 con-
tinuous variables. Thus the entire coordinated problem over a
672-h horizon contains 309 792 binary variables and 1407 168
continuous variables. One hundred scenarios are created using
the low-discrepancy Monte Carlo simulation method with each
scenario representing forced outages of generation units and
transmission lines, load forecast errors, and fuel price fluctu-
ations. The scenario reduction method reduces the total number
of scenarios from 100 to 12 as a tradeoff between the calculation
speed and the solution accuracy. Table IV shows the scenario
weights after reduction. Table V provides the operation cost of
each scenario, the expected operation cost, and its variance. In
Table V and thereafter, “EXP” is the expected value of all sce-
narios based on the 95% confidence interval, and the “Relative
Error” is calculated as the ratio of 95% confidence interval to
the expected value. The results presented in Tables V show that
after 90% reduction, relative errors in operation costs are less
than 1%.

Table VI compares maintenance cost, operation cost, and total
cost for the above three cases. The coordination of LTEM and
LTSCUC subproblems has reduced the total cost by $1 956 729
in Case 2 as compared with Case 1. This reduction is due to the
coordination of LTEM and LTSCUC subproblems which avoids
any unnecessary load shedding or the commitment of peaking
units. It also shows that the uncertainty has increased the total
operation cost by $861 730 in Case 3 as compared with Case 2.
The inclusion of uncertainty would provide a more comprehen-
sive coordination of maintenance outages and hourly unit com-
mitment to satisfy the system security constraints.
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TABLE VI
CosT COMPARISON IN THREE CASES
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Case Maintenance Operation Total
Cost (8) Cost (8) Cost (8)
Case | 152,400 41,981,156 42,133,556
Case 2 152,400 40,024,427 40,176,827
Case 3 152,400 40,886,157 41,038,557
Load (Mw) | 6000
5000
4000
3000
L51
| E [ 2000
0 L 1000
uto| T L

S S S S S S S R
1 49 97 145 193 241 289 337 385 433 481 529 577 625 Hours

Fig. 8. Equipment maintenance in Case 3.

The optimal maintenance schedule is presented in Fig. 8. The
load forecast in Fig. 8 is the same as that in Fig. 5. Among
the simulated scenarios, the base unit U10 is on forced outage
at hours 143-148 in scenario 6, and at hours 153—-156 in sce-
nario 10. Thus the optimal maintenance schedule of unit U10 is
shifted to hours 145—168, and the maintenance of units U20 and
U34 is shifted to hours 481-504 and 289-312, respectively.

Furthermore, the forced outage of transmission line L51 is
simulated to be between hours 100-103 in scenario 3. Thus
its maintenance outage is scheduled at periods of 97-105 and
126-134. The optimal cost is $41038557 which includes
the generator maintenance cost of $62400, the transmission
line maintenance cost of $90000, and the operation cost of
$40886 157.

To further evaluate the advantage of the stochastic model, a
new set of scenarios is generated as shown in Table VII. We
apply the stochastic problem solution (i.e., solution of Case 3)
and the expected value problem solution (i.e., solution of Case
2) to each scenario. Tables VIII and IX show the operation
costs for each scenario which are calculated by adopting the sto-
chastic and the deterministic problem solutions of the mainte-
nance and the unit commitment decision variables in each sce-
nario. By comparison, the difference in the expected cost be-
tween stochastic and deterministic solutions is $543 397 (i.e.,
$41491977-%$40 948 580), which shows the potential operation
cost saving for utilizing the stochastic model. By comparison,
the upper limit of the expected operation cost for the proposed
stochastic solution (i.e., $40 948 580 + $78 305 = $41 026 885)
is smaller than the lower limit of the expected operation cost
of the deterministic decision (i.e., $41491977 — $105887 =
$41 386 090), which exhibits a potential saving when applying
the stochastic model. The scenario costs in Table VIII are not
necessarily smaller than those in Table IX for the deterministic
solution. The costs for scenarios 6, 9, and 11 in Table VIII are
higher than those in Table IX.

Fig. 9 shows the relationship between maintenance and MCPs
calculated by the LTSCUC subproblem in a four-week horizon.
The maintenance is likely to be scheduled when MCPs are low.

TABLE VII
PROBABILITIES OF EACH SCENARIO AFTER SCENARIO REDUCTION
Scenario 1 2 3 4 5 6
Probability 0.18 0.03 0.25 0.03 0.12 0.09
Scenario 7 8 9 10 11 12
Probability 0.01 0.03 0.04 0.04 0.02 0.16
TABLE VIII

OPERATION COSTS USING STOCHASTIC VALUE SOLUTION ($)

Scenario Operation Cost Scenario Operation Cost
1 40,713,112 7 39,684,448
2 40,085,069 8 41,868,003
3 40,774,148 9 41,856,600
4 40,003,360 10 41,450,497
5 40,660,151 11 42,002,161
6 41,311,224 12 41,259,936
EXP 40,948,580 + 78,305
Relative Error (%) 0.191
TABLE IX
OPERATION COSTS USING EXPECTED VALUE SOLUTION ($)
Scenario Operation Cost Scenario Operation Cost
1 41,514,139 7 40,080,098
2 40,477,383 8 42,674,071
3 41,162,509 9 40,873,073
4 40,396,517 10 42,247,362
S 41,463,449 11 41,487,957
6 40,985,739 12 42,516,608
EXP 41,491,977 + 105,887
Relative Error (%) 0.255
MCP ($/MWh) | 20
18
16
14
L51 BN
U34 f--- - - 112
u20 .- 10
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8
1 49 97 145 193 241 289 337 385 433 481 529 577 625 Hours

Fig. 9. Equipment maintenance in the stochastic case combined with MCP.

When units are on maintenance, expensive units have to be com-
mitted to meet system loads, which will increase certain hourly
MCPs. The maintenance carried out at the low MCP periods
could mitigate price risks in spot markets.

Figs. 10 and 11 show the iterative LR function values and
the number of infeasible relaxed constraints (11) and (12), re-
spectively. Fig. 11 shows that after 58 iterations of LTEM and
LTSCUC, there are three violated coupling constraints corre-
sponding to (11) and (12). We fix the maintenance schedule at
iteration 58 and execute the LTSCUC to obtain a feasible and
near-optimal solution of $41038 557. Fig. 10 shows that at it-
eration 58, the relative difference between V LR ($40 865 834)
and V P ($41038557) is 0.423% which satisfies the precision
requirement. For the stochastic LTSCUC, we show the conver-
gence of the last stochastic LTSCUC subproblem.

Figs. 12 and 13 show the iterative LR function values of
(17) and the weighted violation of bundle constraints, re-
spectively. Fig. 13 shows that after 27 iterations, the total
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Fig. 10. Iterative LR function values in Case 3.
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Fig. 12. Iterative LR values of (16) for one stochastic LTSCUC in Case 3.
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Fig. 13. Iterative weighted violation for one stochastic LTSCUC in Case 3.

weighted violation of bundle constraints is satisfied with a
VLL of $40731316. Then, we apply the heuristic process
to find a feasible solution with respect to the scenario bundle
constraints. This process would require another 15 iterations
and the relative difference between V LL ($40731316) and
V LP ($40886157) is 0.380% as shown in Fig. 12.

Case 4: In this case, a three-day maintenance duration is
studied. Other assumptions are the same as those of Cases
1-3. Also, the power system uncertainty is modeled in this
case. First, we consider the uncoordinated solution for LTEM
and LTSCUC. The optimal maintenance schedule is shown
in Fig. 14. The total cost is $42 951648 which includes the
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Fig. 14. Maintenance with uncoordinated LTEM and LTSCUC.
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Fig. 15. Maintenance with coordinated LTEM and LTSCUC in Case 4.

generator maintenance cost of $187 200, the line maintenance
cost of $360000, and the operation cost of $42 404 448. Note
that the uncoordinated LTEM and LTSCUC solutions will
result in the scheduling of maintenance at periods with higher
loads and more expensive operation costs. Next we consider
the coordination of LTEM and LTSCUC solutions. The optimal
maintenance schedule is shown in Fig. 15. Thus the optimal
maintenance of unit U10 is scheduled at hours 145-216,
which do not coincide with the low-load period at hours
121-144, and maintenance of units U20 and U34 is scheduled
at hours 457-528 and 288-360, respectively. The total cost is
$41798521 which includes the generator maintenance cost
of $187 200, the line maintenance cost of $360 000, and the
operation cost of $41251 321.

As we compare the coordinated and the uncoordinated re-
sults, a saving of $1153 127 (i.e., 42951648 — 41798 521)
occurs due to the coordination of LTEM and LTSCUC. Fur-
thermore, the inclusion of uncertainty provides a more accu-
rate coordination of maintenance outage and hourly generation
unit commitment, satisfies the system security constraints, and
makes a more efficient usage of fuel contracts.

The cases are tested on a 2.39-GHz server and the execu-
tion time is estimated based on parallel calculations with 12
CPUs. The CPU time of LTSCUC for one scenario is about 4
min, and the number of iterations for scenario bundle constraints
is within 27 for the given accuracy. The heuristic process for
obtaining a feasible LTSCUC solution requires another 15 it-
erations and 15 * 0.2 minutes of computation. Thus the total
CPU time for one iteration of LTEM and LTSCUC is about
1.9h (4 % 27 + 15 % 0.2 min), with the parallel processing of
LTEM and stochastic LTSCUC subproblems. Notice that only
the objective functions are changed in the following iterations,
and the solutions obtained at previous iterations are still fea-
sible which can be used as initial solutions in the current iter-
ation. Furthermore, previous Benders cuts can also be used at
the current LTSCUC calculation. Such strategies would reduce
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the computation time. However, these strategies would not be
suitable for the last iteration, which is a heuristic process for
obtaining the feasibility solution by fixing the LTEM solutions
and executing the LTSCUC. In Case 3, the total number of it-
erations between LTEM and LTSCUC is 58, and the total CPU
time is about 57 h. However, if parallel computation is further
adopted in each short-term SCUC calculation process, the total
CPU time would be reduced to about 4.6 hours. In general, the
computation time may not be a major concern since the pro-
posed model is applied to the long-term evaluation. For a com-
plex stochastic mixed-integer linear problem presented in the
paper, the proposed decomposition methodology would provide
a reliable solution with an acceptable duality gap within a rea-
sonable CPU time.

VI. CONCLUSIONS

Due to random events in power systems, a stochastic
problem is proposed in this paper which coordinates LTEM
and LTSCUC solutions with fuel and emission constraints.
The approach considers the uncertainty in the availability of
generation units and transmission lines, load forecast errors, as
well as fuel price fluctuations, which are simulated as scenario
trees by the Monte Carlo Method. LR is applied to decompose
the original problem into maintenance and unit commitment
subproblems, multipliers 1 and 7 corresponding to generator
and line status coupling constraints are updated and fed back
to the maintenance and unit commitment subproblems. The
uncertainty is represented in the unit commitment scenarios,
and LR is applied to solve the stochastic unit commitment
problem with fuel allocation and emission allowance con-
straints. The solution results for the hourly maintenance and
unit commitment subproblems represent the coordination of
security, optimal unit commitment, resource allocation, and
equipment maintenance in uncertain power systems. Compared
with the expected value problem solution, the solution of the
proposed stochastic model would provide potential savings in
operation costs. The proposed approach can be applied to a
vertically integrated utility as well as the ISO’s operation in a
restructured power system.

APPENDIX A

The process starts by ﬁndm% a scenarlo s which has the
largest weighted violation > _ NI, — cipls
updating multipliers, and calculatmg the scenario s only. The
steps are as follows:

Step 0: Calculate [, for each scenario with s =
1,---,S. Compute c;zp = ZseB(S pry=ap, P°

Ltp/ ZSGB(S Pr)=Qp- pP*.
Step 1: Update multlpllers The multlphers are updated as

05,7 = 03F + 1% - d3;¥, where ¥ is the step size which
satisfies 0 < 7% < (L* — L*)/||d*||* and d:tg is the
modified surrogate subgradient, which is given by

5,0 5,0 0
d1tp Iﬁp — Citp

s,k s,k s,k—1 k—1
ditp - |:Iztp - Cn‘pi| + ’yztp |:Iitp — Citp i|

s,k s,k s k—1
where 77, = max{0, —- (I}, —ck,)/dii, " Ys € [1,2].
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Step 2: Use new multipliers to recalculate the problem, get
new solutions for I3, .
Step 3: Check the stopping crlterla If the criterion given

by > e B(s,Pr)=0p, [_)S Zp 1 Zt 1 5y, — citp| S eais
met, then stop; otherwise, go to Step 1.

APPENDIX B

Proof for Stopping Criterion:
problem is defined as

VP* = Min {f(:v) + Zg(ys)}

The original optimization

St. zeX y'eY’®
y* <z Vs
Y’ = ysl for s€ B(s,P,7)=Qp,. (BI)

The Lagrangian dual of the primal problem (B1) is written as

* . N S
VL* = ]7\7{[2% N ]V[ym x) + E 9(y®)
= LSS € =
for sEyB( Pg) sgpf s

+Zn (y° —x]} (B2)

We minimize the following Lagrangian function (B3) at the cur-
rent iteration n which is a lower bound of (B2)

)+ > gy
+y (Y - x)] . (B3)

Let V P be the objective value of a feasible solution of the orig-
inal problem (B1), which is the upper bound of V' P*. Based on
the above discussions

VL= Main
z€X,y* €Y S ,yS=y*
for s€B(s,P,7)=Qp,

VL<VL*<VP*<VP. (B4)

(B3) is further decomposed into two subproblems as (B5) and
(B6) corresponding to x and y, respectively:

VL, = %1}7(1 [f(ﬁ) - Z(Us’n l)] (BS)
VL, = Min lz 9+ (" -ys)]
St. y*eY? ’ )
y® zysl for se€ B(s,P,7)=Qp,. (B6)

Based on the discussion in Section IV-C, the Lagrangian dual
of (B6) is

VLL; = ZWegx { Min

ySEYs

> a) +
+ )
P,

s€B(s,P,T)=p~

>

0% -y%) (B7)
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In this paper, we minimize the following Lagrangian function at
the current iteration k& which is the lower bound of (B7):

VLL, = Mi s oyt
v = Min zszg(y )+XS:77 y
+ > ety B
s€EB(s,P,T)=Qp,
Accordingly
VLL, <VLL, <VL,. (B9)
Combining (B4)-(B6) and (B9), we get
VLL,+ VL, <VLL,+VL, <VL,+VL,
=VLLSVL*<VP*<VP. (Bl0)

Thus the stopping criterion (B11) is used to terminate the iter-

ative process since the unknown optimal solution V' P* is be-
tween (VLL, + VL,) and VP:

VP — (VLL, + VL,)|
<er B11
(VLL,+ VL) ' (B11)
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