Polynomial Time Algorithms and Extended
Formulations for Unit Commitment Problems

Kai Pan, Kezhuo Zhou} and Yongpei Guan

Department of Industrial and Systems Engineering
University of Florida, Gainesville, FL. 32611
Emails: kpan@ufl.edu; zhoukezhuo@ufl.edu; guan@ise.ufl.edu

July 29, 2016

Abstract

Recently increasing penetration of renewable energy generation brings challenges for power
system operators to perform efficient power generation daily scheduling, due to the intermittent
nature of the renewable generation and discrete decisions of each generation unit. Among all
aspects to be considered, unit commitment polytope is fundamental and embedded in the models
at different stages of power system planning and operations. In this paper, we focus on deriving
polynomial time algorithms for the unit commitment problems with general convex cost function
and piecewise linear cost function respectively. We refine an O(7?) time, where T represents the
number of time periods, algorithm for the deterministic unit commitment problem with general
convex cost function and accordingly develop an extended formulation in a higher dimensional
space that provides integral solutions in which the physical meanings of the decision variables
are described. Furthermore, for the case in which the cost function is piecewise linear, by
exploring the optimality conditions, we derive more efficient algorithms for both deterministic
(i.e., O(T) time) and stochastic (i.e., O(N) time, where N represents the number of nodes in
the stochastic scenario tree) unit commitment problems. We also develop the corresponding
extended formulations for both deterministic and stochastic unit commitment problems that
provide integral solutions. Similarly, physical meanings of the decision variables are explored to

show the insights of the new modeling approach.
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1 Introduction

Unit commitment (UC) is fundamental in power system operations. It decides the unit commitment
status (online/offline) and power generation amount at each time period for each unit over a finite
discrete time horizon, with the objective of minimizing the total cost while satisfying the load
(energy demand). Each unit should satisfy associated physical restrictions, such as generation
upper /lower limits, ramp-rate limits, and minimum-up/-down time limits.

Due to its significant importance in power system operations, UC has brought broad attention
in academic and industry. In early 1960s, a dynamic programming algorithm was developed in [16]
to formulate and solve the unit commitment problem, in which the generation amount is discretized
and the algorithm itself is not polynomial. Later on, in [25], a more general dynamic programming
approximation algorithm was developed to solve the problem with multiple units. Since these
algorithms are not polynomial time, it is almost intractable. To target large size problems, other
solution approaches such as Lagrangian relaxation (see, e.g., [28, 5]), genetic algorithms (see, e.g.,
[13, 26]), and simulated annealing (see, e.g., [29, 17]), have been developed to solve the problem.
Detailed reviews of these approaches to solve the UC problem can be found in [20] and [23]. Among
these approaches, the Lagrangian relaxation approach has been broadly adopted in industry, due
to its advantages of decomposing the network constrained UC problem into a master problem and
a group of subproblems where each subproblem solves an individual UC problem.

However, the Lagrangian relaxation approach does have limitation. For instance, it cannot
guarantee to provide an optimal or even a feasible solution at the termination, in particular, when
there are transmission network constraints currently faced by most wholesale markets, operated by
Independent System Operators (ISOs), in US. On the other hand, advanced mixed-integer-linear
programming (MILP) techniques have been improved significantly during the past decades, and
meanwhile MILP in general has advantages in terms of ease of development and maintenance, ability
to specify accurate solutions, and exact modeling of complex functionality (cf. [18]). Thus, recently,
optimization algorithm developments for power system operations are switching from Lagrangian
relaxation to MILP approaches. For instance, MILP approaches have been adopted by all ISOs in
US (see, e.g., [11, 4]) and creates more than 500 million annual savings (cf. [18]). Among different
approaches MILP can contribute to the power system operations, one particularly important one
is to formulate and solve the transmission network-constrained unit commitment problem (cf. [3]).

The earliest MILP UC formulation was proposed in the 1960s as described in [10], and further

improvements have been developed until recently. For instance, in [7], an exact and computationally



efficient MILP formulation is provided to address the single-generator self-scheduling unit commit-
ment problem in order to maximize the total profit. In [9], security-constrained UC problems are
modeled and solved through the MILP approach for large-scale power systems with multiple gen-
erators. Considering the fact of large-scale instances to be solved in practice, it is crucial to further
develop efficient approaches to speed up the branch-and-cut algorithm for MILP so as to obtain an
optimal mixed-integer solution in short time. As indicated in [11] and [27], a strong (tight) MILP
formulation plays a significant role in speeding up the solution procedure, as strong formulations
reduce the feasible region of the linear programming (LP) relaxation of the original problem and
improve the LP relaxation bounds.

There has been research progress on developing strong formulations for the unit commitment
problem by exploring its special structure. For instance, in [15], alternating up/down inequalities
are proposed to strengthen the minimum-up/-down time polytope of the unit commitment prob-
lem. In [22], the convex hull of the minimum-up/-down time polytope considering start-up costs
is provided, in which additional start-up and shut-down variables are introduced to provide the
integral formulation. Recently, new families of strong valid inequalities are proposed in [19], [6],
and [21] to tighten the ramping polytope of the unit commitment problem.

In many situations the assumption of known, deterministic data (such as load or price) is not
necessarily realistic for the UC problem. In addition, recently, renewable generation has been
increasingly penetrating into the power grid system. Due to its intermittent nature and generation
amount dependency among time periods, recently, a formulation of the stochastic version of the
deterministic UC which allows generation amount or price dependence were proposed in [12]. In this
approach, the extension of the deterministic UC was studied in which a stochastic programming
approach (see, e.g., [24]) is adopted to address uncertain problem parameters. We refer to the
resulting model as the stochastic UC problem. The advantage of utilizing stochastic UC modeling
approaches can help make decisions adaptively.

In general, both the deterministic UC and stochastic UC problems can eventually formulated
as MIPs, with general convex (typically quadratic) cost function (leading to MIQPs) or with piece-
wise linear cost function approximations (leading to MILPs). The perfect cases are to (1) derive
polynomial time algorithms to solve the problems and/or (2) discover extended formulations in
the form of linear programs that can provide integral solutions. Developing efficient polynomial
time algorithms is very important because this will help speed up the algorithm to solve each

subproblem in the Lagrangian relaxation approach and meanwhile it can help solve self-scheduling



unit commitment problems efficiently. In addition, the derived extended formulations can also
be embedded into the network-constrained unit commitment and help solve it efficiently. For the
polynomial time algorithms, a beautiful algorithm for the deterministic UC with general convex
cost function was studied in [8] in which an O(T?) time, where T represents the number of time
periods, algorithm is developed. In this paper, we first refine the O(T3) time algorithm in [8] for the
deterministic UC problem with general convex cost function by reducing the computational time
to solve the problem from O(T?) time in [8] to O(T?) time, when economic dispatch problem has
been presolved. More importantly, our developed O(T?) time dynamic programming algorithm can
help derive an extended formulation that provides integral solutions. Then, we study the problems
with piecewise linear cost functions, which is common in practice. For these cases, we discover the
optimality conditions for the generation amounts in optimal solution at each time period for both
the deterministic and stochastic UC problems. This key observation helps reduce the search space
significantly and thus leads to a very efficient polynomial time algorithm. Accordingly, we develop
efficient dynamic programming algorithms, different from the ones described in [16] and [25], that
takes only O(T') time to solve the deterministic UC problem and O(N) time to solve the stochastic
one, where N represents the number of nodes in the scenario tree. Towards the extended formu-
lation of UC, a recent study was provided in [14], in which an integral formulation is provided by
using the theorem described in [1, 2]. In this paper, we provide extended formulations based on
the innovative dynamic programming algorithms we developed and furthermore physical meanings
of the decision variables in the extended formulations are elaborated. To summarize, the main

contributions of this paper can be described as follows:

(1) We refine an O(T?) time algorithm for the deterministic UC problem with general convex
cost function, which solve the problem in O(7?) time when the economic dispatch problem

has been presolved.

(2) When the general convex cost function is approximated by a piecewise linear function, by ex-
ploring the optimality conditions for the deterministic unit commitment with piecewise linear
cost function, we derive a more efficient polynomial time dynamic programming algorithm

that runs in O(T") time.

(3) When uncertainty is considered, by exploring the optimality conditions for the corresponding
derived multistage stochastic unit commitment with piecewise linear cost function, we derive

an efficient polynomial time dynamic programming algorithm that runs in O(NV) time.



(4) Motivated by the dynamic programming algorithms described in (1), (2), and (3), we derive
extended formulations for both the deterministic and stochastic UCs in the high dimensional

space which can be solved as linear programs.

To the best of our knowledge, in this paper, we provide the most efficient polynomial time
algorithms to solve the deterministic UC and the first studies on the polynomial time algorithm
development and extended formulations for stochastic unit commitment problems. The remaining
part of this paper is organized as follows. In Section 2, we propose an efficient dynamic program-
ming algorithm to solve the deterministic unit commitment problem with ramping constraints and
general convex cost function. We also derive an extended formulation that can provide integral
solutions. In Section 3, we derive the optimality conditions for the deterministic unit commitment
problem with piecewise linear cost function and accordingly develop a more efficient polynomial
time dynamic programming algorithm to solve the problem. This study is extended to the case
in which uncertainty is considered and accordingly a stochastic unit commitment is formulated in
Section 4. In this section, we also explore the optimality conditions for the stochastic unit commit-
ment problem and develop an efficient polynomial time algorithm to solve the problem. Extended
formulations, which can also provide integral solutions, are provided for both the deterministic and

stochastic UC models. Finally we conclude this paper in Section 5.

2 Deterministic Unit Commitment with General Convex Cost
Function

We first introduce the notation and describe the deterministic unit commitment problem. We let
T be the number of time periods for the whole operational horizon, L (¢) be the minimum-up
(-down) time limit, C' (C) be the generation upper (lower) bound when the machine is online, V'
be the start-up/shut-down ramp rate (which is usually between C' and C, i.e., C <V < C), and
V be the ramp-up/-down rate in the stable generation region. In addition, we let binary decision
variable y represent the machine’s online (i.e., y; = 1) or offline (i.e., y; = 0) status, binary decision
variable u to represent whether the machine starts up (i.e., uy = 1) or not (i.e., uy = 0), and
continuous decision variable x represent the generation amount. Moreover, we define two more
continuous variables, i.e., SU; and S Dy, to represent the start-up and shut-down costs respectively.
In particular, we let SU; denote the start-up cost at stage ¢ following the start-up profile and SD;
denote the shut-down cost at stage t + 1. We let a general convex cost function f(-) denote the

fuel cost minus revenue as a function of its electricity generation amount, online/offline status, and



electricity price. We assume that the machine has been offline for sy time periods (sp > ¢) before

time 1. Therefore, the corresponding deterministic unit commitment problem can be described as

follows:

min

s.t.

T T—1
Z(SUt+ft(xtayt)) +25Dt (1a)
t=1 t=L
t
> wi <y, Vi€ (LTl (1b)
i=t—L+1
t
Z U; g 1-— Yt—v, vVt € [&T]Za (1C)
i=t—0+1
Yt — Yt—1 — Ut S 07 Vt S [17T]Z7 (ld)
— Tt +Qyt S 07 Vt S [17T]Z7 (]‘e)
Ty — 62/1& S 07 Vt S [17T]Z7 (lf)
zp— 21 < Vyo1 + V(1 —yi—1), VE € [1,T)z, (1g)
w1 — 2 < Vy + V(1 =), Vt € [1,T]z, (1h)
k—1
SU > SU(t+ 5o — 1)(us — Y _ys), Yt € [1,T]z, (1i)
s=1
t—1
SU > SUt—k—1)(ur— Y s,
s=k+1
Vte [L+/0+1,T)z,k € [L,t—{—1]z, (1j)

SD; > SD(t —k+ 1) (ux — Y _(1—ys)),

s=k
Ve [L,T -1z ke[l,t — L+ 1]z, (1K)
Yt, Ut S {Oa 1}7 SUt,‘S’Dt Z 07 o = Yo = 07 (11)

where constraints (1b) and (1c) describe the minimum-up and minimum-down time limits, respec-

tively (if the machine starts up at time ¢ — L + 1, i.e., the machine is online at time ¢t — L + 1, it

should stay online in the following L consecutive time periods until time ¢; if the machine shuts

down at time ¢t — ¢ 4+ 1, i.e., the machine is offline at time t — £ 4+ 1 and online at time ¢ — ¢, it

should stay offline in the following ¢ consecutive time periods until time t), constraints (1d) describe

the logical relationship between y and w, constraints (le) and (1f) describe the generation lower

and upper bounds, and constraints (1g) and (1h) describe the generation ramp-up and ramp-down

rate limits. Constraints (1i) describe the start-up cost if the machine starts up for the first time,

where SU(+) is a start-up cost function whose variable is the offline time length before starting



up. Constraints (1j) describe the start-up cost when the machine starts up some time later after a
shut-down. Constraints (1k) describe the shut-down cost, where SD(-) is a shut-down cost function
whose variable is the online time length before shutting down. Typically SD(-) is a constant func-
tion. In the above formulation, the objective is to minimize the total cost minus the revenue. For
notation convenience, we define [a, bz with a < b as the set of integer numbers between integers a

and b, i.e., {a,a+1,---,b}.
2.1 A Refined O(T?) Time Dynamic Programming Algorithm

The polynomial time algorithm for the unit commitment problem with general convex cost function
was first developed in [8], where an O(T?) time dynamic programming algorithm is proposed.
This nice algorithm keeps tracking the “on” periods for the machine and use backward dynamic
programming to solve the problem. In this algorithm, each state space (h, k) for h,k € [1,T]z,k >
h+ 7t — 1, where 77 denotes the minimum-up time limit, represents the machine is on during
the period [h, k]z, i.e., the machine is turned on at time h and turned off at time k 4+ 1. Then the
Bellman equation can be written as follows:

V((h7 k)) = Eth + rzkr-ri—l%—rl—i—l{CkT + V((Tv Q)),O},

for all possible (h, k), (r,q) in the state space. In this equation, E Dy represents the optimal value
of economic dispatch problem for state (h, k), 7~ denotes the minimum-down time limit and Cl,
corresponds to the start-up cost when the machine shuts down at time k£ + 1 and starts up at time
r. We call this “part II” of the algorithm. An efficient shortest path algorithm was developed in
[8] to solve this “part II” in O(T?). To speed up the algorithm, the economic dispatch problem for
all possible “on” intervals can be precalculated. We call this “part I” of this algorithm. In [8], an
intelligent algorithm was developed to solve “part I” problem in O(T3) time as well.

As compared to [8], we propose a more efficient polynomial-time dynamic programming al-
gorithm for “part II”. We first define the optimal value function and then develop the Bellman
equations accordingly. The key difference as compared to [8] is that we use different state spaces
and double value functions corresponding to each time period ¢. For instance, we let V;(t) represent
the cost from time ¢ to the end when the machine starts up at time ¢ and V| (t) represent the cost
from time ¢ to the end when the machine shuts down at time ¢ + 1 (i.e., ¢ is the last “on” period

for the current “on” interval). Thus, we have the following dynamic programming equations:

Vi(t) = {SD(k—t+1)+C(t, k) +V,(k),Ct,T)+ V(T)},

min
k€[min{t+L—1,T—1},T—1]z



Vte L, T)z, (2a)

Vi(t) = i SU(k—t—1)+V3(k),0}, Vte [L, T —(—1 2
1(t) ke[tﬁfmz{ ( ) + Vi (k),0}, vt € [L, 12, (21)
Vi(t) =0, Vt € [T = £,T)g, (20)

where C(t, k) represents the optimal generation cost (i.e., the objective value of economic dispatch
problem) if the machine starts up at time ¢ and shuts down at time k + 1 (i.e., online at k).
Equations (2a) indicates that when the machine starts up at time ¢, it can keep online until time &
when k —t+ 1 > L. Equations (2b) indicates that when the machine shuts down at time ¢, it can
keep offline to the end or starts up again when minimum-down time limit is satisfied. Following the
start-up (resp. shut-down) profile, our start-up (resp. shut-down) function can capture the length
of offline (resp. online) time before starting up (resp. shutting down). Equations (2c) describe that
the machine cannot start up again due to minimum-down time limit.

As we consider the unit commitment problem from time period 1 to T and assume the machine

is kept offline for sg time periods, our goal is to find out the value of the following function:

z =V (=s0) := teI[I%i%Z{SU(SO +t—1)+ V4(t),0}. (3)

In order to obtain the optimal objective value and corresponding optimal solution, we calculate
Vi(t) and V| (t) for all ¢ and record the optimal candidate for them. To calculate the value of
each optimal value function in Bellman equations (2a) — (2c¢) when t is given with ¢ < T, we
search among the candidate solution for each k£ < T, which takes O(T') time. Thus, the total
time to calculate V| (—sg) is O(T?) for “part II”. The optimal solution for UC can be obtained
by tracing the optimal candidate for the optimal value function starting from V|(—sp), and this
takes O(T) time in total. In summary, our backward induction dynamic programming algorithm
for the deterministic unit commitment problem takes O(T?) time for “part II” (i.e., if all C(t, k)
are presolved). Our algorithm refines the algorithm in [8]. More importantly, our algorithm is very

beautiful to derive a better reformulation in the following section.

2.2 Linear Program Reformulation for Dynamic Programming

In this section, we reformulate the dynamic program in Section 2.1 into a linear program and
derive its dual formulation to approach the final extended formulation. By incorporating the
dynamic equations (i.e., (2a) - (2c) and (3)) as constraints, we obtain the following equivalent

linear program:

max z (4a)



st. 2 < SU(so+t—1)+Vi(t), vt € [1,T)z, (4b)
Vi(t) < SD(k —t+ 1)+ C(t, k) + Vi (k),
Vk € min{t+ L - 1,7 —1},T — 1]z, Vt € [1,T]z,
Vi(t) <O, T)+ V (T), vVt € [1,T]z,

)

)

Vi(t) < SU(k —t—1) + Vi(k), Vk € [t + £+ 1, T|z,Vt € [L,T — €~ 1]z,  (de)
Vi(t) =0, Vt € [T —¢,T]y, (4f)
)

2 <0,Vi(t) <0, Vte [L, T —{—1]z. (4g

Note here that the optimal value functions in the dynamic program become decision variables in
the above formulation and to obtain the value V| (—sg) under the dynamic programming framework
it is equivalent to maximize the variable z in the linear program.

Since the above linear program cannot be solved directly as C(t,k) (the objective value of
economic dispatch problem) are unknown, we first show how to obtain the value of C(t, k) by
discussing two cases, i.e., the cases k <T — 1 and k=T

When k& < T — 1, we have the following formulation to calculate C(t, k) with (¢, k) given:

k

C(t,k) = min Z bs (ha)
s=t

st —xs < —C, Vs €[t k]z, (5b

xs—xs—1 <V, Vs €[t +1,k]z,
rs—1— x5 <V, Vs et+1,kl|z,

(
¢s > a;rs +bj, Vs € [t, k]z,j € [LN}Z' (5h

When k = T, we have the corresponding formulation by removing constraint (5e) as the machine is
not required to shut down at time T + 1 if it stays online until time 7". Note here that we assume
the generation cost function to be piecewise linear at this moment in order to reformulate model
4, but we return it back to be the general convex function in the final extended formulation.
Next, to incorporate the economic dispatch constraints (e.g., (5b) - (5h)) into our proposed linear

program (4), we take the dual of the economic dispatch model and embed its dual formulation into



model 4. For instance, for £k < T — 1 we have the dual formulation as follows.

O(t, k) =

k
max Y (ATC = A\C) + V(e + ) + Z Vot +a; +ZZb Jsj (6a)
s=t s=t+1 s=t j=1
N
st M =N - oy ol = aidy =0, (6b)
j=1
)\i—)\;+uk+ak_—a;—2aj6kj:0, (6¢)

N
b + ot E: S
As _)‘s +Us —O0g41 — O +05+1 - a’1653 _07
j=1

Vs [t+1,k— 1]z, (6d)
N
255]‘ = 1, Vs € [t, k]z, (66)
j=1

ME<0,Vs et klg, pe <0, 0F <0,Vs € [t+1,k|z,

53]’ >0,Vj € [LN]Z,S € [t’k]Z7 (6£)

where A\ and A, are dual variables corresponding to constraints (5b) and (5c), u and g are the

dual variables corresponding to constraint (5d) and (5¢), o} and o are dual variables corresponding

to constraints (5f) and (5g), and d,; are dual variables corresponding to constraints (5h). For k = T,

we obtain the corresponding dual formulation by removing the dual variable pyj from model (6).

Now we obtain an integrated linear program, as shown in the following, by plugging the dual

formulation of economic dispatch problem and redefine C(¢,k) to be a decision variable in the

following model.

max

s.t.

z (7a)
(4b) — (4 ) (7b)
k N
C(t, k) <Z/\+C ASC) + V(g + ) + Zva +o)+ D) bids,
s=t s=t+1 s=t j=1

Vk € [min{t + L — 1,7 —1},T — 1)z,vt € [1,T]z, (7c)

T T T N
CHtT)<Y MNC-AO)+Vm+ > Vief +07)+ D> by,

s=t s=t+1 s=t j=1
Vi e [LT]Za (7d)

(6b) — (6£), Vk € [min{t + L — 1,7}, T]z, V¢ € [1, Tz (7e)

Note here that the right-hand-side of constraints (7c) and (7d) correspond to the objective function

n (6a).



In the following, we try to obtain the extended formulation of the original MIP model (1).

Before that, we take the dual of the above linear program (7) and obtain the following dual linear

program:
T T T-1
min Y SU(so+t—Dag+Y ., > SD(k—t+1)8u+
t=1 t=1 k=t+L—1
T—(—1 T k
Z Z SU(k—t— 1)y + Z wak (8a)
t=L k=t+/+1 tkeTIC s=t
T
st Y o <1, (8b)
t=1
T
—o+ Y Bu=0,Vte[l,L+ g, (8¢)
k=t+L—1
T t—f—1
—ar+ Y, Buk— Y, wm=0,Vte[L+L+1,T], (8d)
k=t+L—1 k=L
t—L+1 T
=3 Bt Y w0, Vte[L,T (1] (8e)
k=1 k=t+0+1
t—L+1
Oy — > B=0,Vte[T—(T], (8f)
k=1
Pk — B = 0, Vtk € TKC, (82)
a, < Cpu, Vs € [t k]z,Vtk € TK, (8h)
—qfk < —Cpy, Vs € [t, k‘]z,vtk e TK, (81)
atx < Vpu, Vtk € TK, (8i)
ah < Vi, Vth € TK, k< T —1 (8k)
@t —a, < Vpw, Vs € [t +1,k]z, Ytk € TK, (81)
a5 — qfk_l < Vpu, Vs € [t + 1,k|z,Vtk € TK, (8m)
Wiy, — @G5, > bipw, Vs € [t,klz,j € [1,N]z,Vtk € TK, (8n)
o, B,7,p >0, (80)

where TK represents the set of all possible combination of ¢ € [1,T]z,k € [min{t + L — 1,7}, T)z.
In the above dual formulation, dual variables «a, 3,7, # correspond to constraints (4b) — (4f) respec-
tively, and dual variables p, g, w correspond to constraints (7c¢) — (7e) for each tk € TK respectively.

Note here that we can remove constraints (8n) by letting N — oo and consider wj; as a general

convex cost function of ¢;,. and fy;. In the following, we will remove constraints (8n) and consider

10



wy,. as a general convex cost function.
After replacing p with S (due to (8g)) in the dual formulation (8), we obtain the following
simplified model:

T T T—-1
min Y SU(so+t—1Dag+» Y SD(k—t+1)By +
t=1 t=1 k=t+L—1
T—(—1 T k
Z Z SUk—t— 1)y + Z wak (9a)
t=L k=t+/+1 tkeTIC s=t
T
s.t. Zat S 1, (Qb)
t—0—1
—ay + Z /Btk—Z’th—O vt € [1,T)z, (9¢)
k=t+L—1
t—L+1
— > But Z Yor <0, Vit € [L,T -~ 1]z, (9d)
k=1 k=t+4+1
t—L+1
= > Bu=0,Vte [T (T, (9e)
k=1
Qﬁtk S ka S 6ﬁtka Vs € [tv k]Z7Vtk € TK:) (9f)
¢ < VB, Ytk € TK, (9g2)
& <VBu, Vtk e TK,k<T —1 (9h)
@t = ai < VB, Vs € [t+1,k|z,Vtk € TK, (9i)
@ — 4y < VB, Vs € [t+1,k]z, Vtk € TK, (9))
a,B,v7 > 0. (9k)

In the next section, we will prove that an extended formulation for MIP model (1) can be derived

based on linear program reformulation (9).

2.3 Extended Formulation for Deterministic Unit Commitment with General
Convex Cost Function

We first show that the polytope (9b) — (9k) is an integral polytope in the following lemma.

Lemma 1 The extreme points of the polytope (9b) — (9k) are binary with respect to decision vari-

ables o, 3,7, 0.

Proof: To prove Lemma 1, we assume a linear objective function so that the optimal solution lies

in the extreme point set. Thus, we make the following assumption without modifying the polytope

(9b) — (9K).

11



o wy. = aj.q;. + b B, where af, and by, are pre-specified parameters;
o Vi(t) =E, Vte [T —{,T|z, where E; is a pre-specified cost.

Based on the above assumptions, here we consider the objective function as

T—(—1
min ZSUso+t—1ozt+Z Z SD(k —t+1)By + Z Z SU(k—t— 1)y
t=1 k=t+L—1 t=L k=t+{+1
T
+ > Bt ) Zafkqfwakm (10)
t=T-¢ theTK s=t

For notation brevity, we denote (10) as min ¢’ (a, 8,7, 60, q¢) where c is the column vector including
all coefficients in (10). Now we prove that for any value of ¢, we can provide an optimal solution
that is integral with respect to «, 3,7, 6 to the linear program with (10) as the objective function
and (9b) — (9k) as constraints, which means that Lemma 1 holds.

Considering the assumptions we make, we can obtain an optimal solution with the dynamic
programming algorithm (2) — (3). Under this optimal solution, we let af = 1 if the machine starts
up for the first time at time ¢; otherwise, we let o = 0. 3}, = 1 if the machine starts up at time ¢
and shuts down at time k + 1; otherwise, we let 3}, = 0. v}, = 1 if the machine shuts down at time
t + 1 and starts up at time k; otherwise, we let ~},, = 0. 0] = 1 if the machine shuts down at time
t+ 1 and stays offline to the end; otherwise, we let 8, = 0. We also let ¢} for each s € [t, k]z take
the value of optimal generation output if the machine starts up at time ¢ and shuts down at time
k + 1; otherwise, ¢ = 0. Now we claim our constructed (o, 8*,7*, 6%, ¢*) is an optimal solution
to the linear program with (10) as the objective function and (9b) — (9k) as constraints.

We first verify the feasibility. Since at most one af = 1, constraint (9b) is satisfied. For each ¢
in constraints (9c), if all §;;, = 0, by definition, a; = 0 and all v}, = 0. When one 3}, = 1, then if
the machine starts up at time ¢ for the first time, af = 1 and all v}, = 0; otherwise, oy = 0 and
there exists exactly one v, = 1. For all these cases, constraints (9c) are satisfied. For each ¢ in
constraints (9d), if one f}, = 1, then it may start up again after shutting down at time ¢ + 1 and
the minimum-down time limit should be satisfied, which indicates Zg:t 4041 Ytk = 1; moreover, the
machine may stay offline after shutting down at ¢ + 1, which indicates Zg:t+e+1 Y = 0. If all
Bi; = 0, then all v, should be 0. Thus, constraints (9d) are satisfied. For each t in constraints (9e),
if one 3}, = 1, due to the minimum-down time limit, the machine cannot start up again after then,
so 0; should be 1. If all 8, = 0, 6; should be 0. So constraints (9¢) are satisfied. For constraints
(9f) — (9j), they are immediately satisfied by the construction of our solution and the definition of

the economic dispatch problem. Also, (9k) is satisfied obviously.
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We then verify the optimality. We claim that the objective function (10) under the constructed

solution equals to the objective value of the dynamic programming algorithm (2) — (3) as follows.

T T—0—1 T
ZSUso+t—1a§+Z Z SD(k —t+1)85 + > SUk—t— 1)y
t=1 k=t+L—1 t=L k=t+(+1
+ Z Ew0; + Z Z agedin + bikBik)
t=T—¢ tkeTIKC s=t
= SU(so+1t —1)+ > SDk—t+1)+ Y SUk-t-1)+E,
tk:B}, =1,k<T—1 thiy}, =1
k
+ Z Zafkqlf]: + bg, (11a)
tk:B, =1 s=t
= SU(so+t1 —1)+ > SDk-t+1)+ Y SU(k-t-1)+E,
th:B5,=1,k<T—1 thiys, =1
+ > Cltk) (11b)
th:B, =1
= Vi(=s0), (11c)

where t1 and t3 in (11a) represent o, = 0 and 6, = 0 respectively, (11b) is based on our assumption
at the beginning of the proof, and (11c) is based on the construction of our solution. By the Strong
Duality Theorem, the constructed solution (a*, 8*,~v*, 0%, ¢*) is an optimal solution for model (9).

From the above analysis, we notice that (a*, 8%, v*, 6% ¢*) is binary with respect to «a, 3,7, 6
and optimal for the dual program for all possible cost coefficient ¢. Thus, we have proved our claim.

From Lemma 1, we can further observe that this formulation itself has specific physical mean-
ings. In particular, we notice that the optimal solution «; in the dual program represents whether
in stage ¢ the machine starts up for the first time or not. If yes, then af = 1; otherwise, a; = 0.
Similarly, if the machine starts up from stage ¢ and shuts down at stage k + 1, §}; = 1; otherwise,
B4, = 0. If the machine shuts down at stage ¢ +1 and starts up again at stage k, 7}, = 1; otherwise,
74 = 0. If the machine shuts down at stage ¢t + 1 and stays offline to the end, 0] = 1; otherwise,

7 = 0. That is, the lemma provides insight to formulate the problem in a different way. In the
following, we present the detailed extended formulation for the problem in this way and justify
the correctness of the model. Before that, we have the following Corollary holds, which shows the

property of the optimal solution of model (9).
Corollary 1 The optimal solution of model (9) are binary with respect to decision variables c, 3,7, 0

13



Proof:  The detailed proof is omitted here since we can follow the same proof in Lemma 1 to

construct a solution for the dual program (9) and show its feasibility and optimality. =

Proposition 1 If (a*, 5*,v*,0%,q*) is an optimal solution to dual program (9), then
= > g ui= Y Bhui= Y e Vse[LTl (12)
thkeTKt<s<k thkeTK t<s<k tkeTK,k=s

is an optimal solution to the deterministic UC problem (1).

Proof:  From Corollary 1 and constraints (9f) — (9j), we can easily conclude that y* and u* are
binary and z*,y*, u* satisfy constraints (1b) — (1h). That is, z*,y*, u* are feasible to the unit

commitment problem. Meanwhile, through plugging z*, y*, u* into (1a), we can observe that

T T-1
Z(SUt + felaf, up)) + Z SDy
t=1 t=L

T

= Y SUGso+t—1oj+ Y. SD(k—t+1)

t=1 th:Bg,=1,k<T—1
T—-1 T k
+ 3N SUk -ty YD wik (13)
t=L k=t+0+1 the TK s=t
Thus, z*, y*, u* are optimal to the unit commitment problem. |

Now we are ready to establish the extended formulations for deterministic unit commitment prob-
lem. We replace the constraints (1b) — (11) with constraints (9b) — (9k) and add equations (12) to

represent the relation between original decisions and the dual decision variables.

Theorem 1 The extended formulation of the deterministic unit commitment problem can be writ-

ten as follows:

T T-1
min Z(SUt + ft(xh yt)) + Z SDt (14&)
t=1 t=L
s.t. Ts = Z qfk;) Ys = Z ﬁtka
theTKt<s<k tkeTKt<s<k
us= Y Y Vs €[LT]z (14b)
tkeTK,k=s
(1) — (1K), (14c)
(9b) — (9K), (14d)

and if (x*, y*, u*, a*, B*,v*, 0%, ¢*) is an optimal solution to the extended formulation, then (z*,y*, u*)

is an optimal solution to the deterministic UC problem (1).
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Proof: The conclusion holds immediately by replacing (z*,y*, «*) in the objective function and
constraints (14c) with the expressions in (12) and following the proof described in Proposition 1

and the conclusion described in Corollary 1. m

Remark 1 From the reformulation described above, we can observe that our extended formulation
not only provides integral optimal solution to UC problem (1), but also is an integral formulation

with respect to variables y,u, o, 8,7, 6 due to Lemma 1.

3 Deterministic Unit Commitment with Piecewise Linear Cost
Function

In practice, the general convex cost function is usually approximated by a piecewise linear func-
tion. In this section, we propose a more efficient dynamic programming algorithm for this type of
problems. To explore the property more conveniently, we consider simplified start-up/shut-down

cost first. That is, we consider objective function in the following way.

min Zthl Uup + U(yi—1 — yr + ue) + frl@e, ye). (15)

Thus, here we have constraints (1b) - (1h) plus (11) and decision variables x,y, u. We first explore
the optimality condition of this problem and develop a new algorithm to solve the deterministic
UC problem. In addition, extended formulation in a higher dimensional space is derived from our

proposed algorithm.

3.1 An Optimality Condition

We denote D = {(x,y,u) € RT x B?" : (1b) — (1h)}, a; = max{n € [1,T]z : C +nV < C},
az =max{n € [1,T)z : V+nV < C},and @ = {0, (C+nV)ol,, (V+nV)i2,, (C—nV)sL,}. Note

n=0 n=0"

here that as < a1 < T because V > C. We let conv(D) represent the convex hull description of D.
Proposition 2 For any extreme point (z,y,u) of conv(D), T, € Q for allt € [1,T]z.

Proof: By contradiction. Suppose that there exists some ¢t € [1,T]z such that z; ¢ Q for an
extreme point (Z, 7, ) of conv(D), i.e., T; € (C,C) \ Q. In the following we construct two feasible
points of conv(D) to represent (Z,y,u) in a convex combination of these two points, leading to the
contradiction. If ¢t > 2 and |z — 41| = V, we let s; < t — 1 be the smallest index such that
|Zs, 41 — Ts,| = |Tsy42 — Tsy41]| = -+ = |Z4 — Zr—1| = V; otherwise, we let s; =¢. If t <T — 1 and

|Tep1 — T| =V, we let s >t + 1 be the largest index such that |Tiy1 — T¢| = |Tpqo — Tepa| = -+ =
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|Zs, — Zs,—1| = V; otherwise, we let s; = t. We construct two points (z!,9, ) and (z%, ¥, u) such
that z1 = Z, + € for r € [s1, 8]z, T2 = T, — € for r € [s1,82]z, and T} = 22 = 7, for r ¢ [s1, 82]z,
where € is an arbitrarily small positive number.

Now we show these two points constructed are feasible for conv(D) by considering the following

three possible cases.

(1) If Z5,—1 = 0, then we have C < Z;, < V. Otherwise, 1) If Z5, = C, it follows that z; = C + kV
for some k € [0,t — s1|z due to |Ts, 41 — Ts,| = |Ts,42 — Tsy, 41| = -+ = |Tt — T4—1] = V. Since
T ¢ Q, it further follows that k > oy +1 = min{T, | (C — C)/V |} + 1, which contradicts to the
fact that k < T and 7, < C. 2) If Z5, = V, it follows that Z; = V + kV for some k € [0,t — s1]z
due to |Ts,4+1 — Ts,| = |Tsy42 — Tsy+1| = -+ = |Tt — T4—1] = V. Since z; ¢ Q, it further follows
that k > ag +1 = min{T, |(C — V)/V ]} + 1, which contradicts to the fact that k& < T and
Z; < C. Similarly, if Zsy+1 = 0, then we have C' < Z,, < V. Therefore, in either case, it is

feasible to increase or decrease s, and T, by e.

(2) If Zs,—1 > 0, then we have C < z5, < C. Otherwise, 1) If Z;, = C, we can similarly show the
contradiction as above. 2) If 5, = C, it follows that 7, = C — kV for some k € [0,t — s1]z
due to |Ts,4+1 — Ts,| = |Tsy+2 — Tsy+1| = - = [T — Ty—1] = V. Since z; ¢ Q, it further follows
that k¥ > a3 +1 = min{T, |(C — C)/V |} + 1, which contradicts to the fact that k& < T and
7y > C. Similarly, if Zs,11 > 0, then we have C < Z,, < C. Therefore, in either case, it is

feasible to increase or decrease T, and T, by € since |Ts, — Ts,—1| <V and |Tgy41 — Tsy| <V

by definition.

(3) If sy — 1,504+ 1 ¢ [1,T]z, i.e., sy = 1 or s = T, then similarly we can follow the arguments
above to show that C < #,, < C and C < #,, < C. It follows that it is feasible to increase or

decrease 5, and Zs, by €.

In summary, we show that in all cases it is feasible to increase or decrease zs, and Zs, by € and
thus feasible to increase or decrease Z, by € for all r € [s1, s2]z. It follows that both (z!, 4, %) and
(22,7, u) are feasible points of conv(D), and (Z, %, u) = %(aﬁl, g, u) + %(:)?2,37,@). Therefore, (Z, 7, u)

is not an extreme point of conv(D), which is a contradiction. =

Now, we begin to characterize the optimality condition for Problem (15). Generally fi(x¢, y) =
ax? + bxy + cys — g, where (a, b, ¢) is determined by the generator physics, and it is often approx-

imated by a K —piece piecewise linear function ¢y = fi(z¢,y:) > ,uixt + vy, V1 < k < K so that
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the unit commitment problem can be formulated as a mixed-integer linear programming model,
where pf = 2aZy + b — ¢ and v = ¢ — afy, with T being the x—value corresponding to the k—th
supporting node on the curve of fi(x¢,y;) at each time period ¢ and 71 = C, T = C'. Therefore

Model (15) can be reformulated as

T
min ZUUt + U (Y1 — ye +we) + @1
=1
(z,v,

s.t. u) € D.

ot > phwe + vpy, Yk € [1, Kz, Vt € [1,T]z. (16)

Note here that the cost function ¢y is a linear function if there is only one piece, i.e., K = 1. It
is easy to observe that any two adjacent pieces at each time period t, e.g., ¢ > u}@xt + vy and
> uzﬂxt—kukﬂyt, intersect at Ay = (Zx+Zk+1)/2. Therefore, we can obtain K —1 turning points
with z—value Ag,Vk € [1, K — 1]z on the K —piece piecewise linear function for each time period.

We denote x, = {n € [1,T]z: C < Ax+nV < C}and Q4 = QU{(Ax+nV )ney,, ¥k € [1, K — 1]z}

Proposition 3 Problem (15) has at least one optimal solution (Z,y,u) with T € Qq for all t €
[17T]Z'

Proof: By contradiction. Suppose that there exists some ¢t € [1,T]z such that z; ¢ Qg for
the optimal solution (Z,¥, %) of Problem (15), i.e., 7; € (C,C) \ Qq, with the optimal value z =
Zthl Uty + U(§s—1 — 9t + 1) + @¢. In the following we construct a feasible solution to obtain a
better objective value. If ¢ > 2 and |z, —Z;—1| = V, we let s; < t—1 be the smallest index such that
|Tsy+1 — ZTsy| = |Tsy42 — Tsy41| = -+ = |Tt — Ty—1| = V; otherwise, we let sy =¢. If t <T — 1 and
|Zip1 — 2| =V, we let s >t + 1 be the largest index such that Ty — Zy| = |Tppo — Tppa| = -+ =
|Ts, — Ts,—1| = V; otherwise, we let so = t. Following the proof in Proposition 2, we can always
construct two feasible points of D, (z', ¥, %) and (22,3, u), such that ! = Z, + € for r € [s1, 82]z,

2 =%, —cforr € [s1,82)z, and T = 72 = &, for r ¢ [s1,s2]z, where € is an arbitrarily small

8l

positive number.

Now we show one of (!, 9, ) and (z2, 7, 4) produces a better objective value and is also feasible
for constraints (16). It is easy to observe that for each time period s, if 5 > 0, then at most two
adjacent pieces of linear functions of constraints (16) are tight; otherwise, it leads to Z; = 0. Since
Ty ¢ Qg, there is at most one piece of linear function of constraints (16), e.g., piece k;, is tight
for each time period r € [s1, s3]z, as two adjacent pieces (e.g., pieces k and k + 1) intersect at

Ay, which belongs to Q4. Note that if there exist two adjacent pieces (e.g., pieces k and k + 1)
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intersecting at Aj, for some time period r € [s1, s2]z, then Z, = Ay and it follows that z; = A+ sV
for some s € [—|s — r|,|s — r|]z by definition, which contradicts the fact that 7, ¢ Q4 and s < T.
Therefore, we can increase or decrease Z, by € for r € [s1, s2]z to decrease the optimal value by
at least | 72wy |e and the resulting solution, (z!,y,u) or (z2,3,1u), is feasible for both D and

constraints (16), which is a contradiction. =

In other words, in order to find an optimal solution to the UC problem (1), we only need to

consider the feasible solutions (z,y,u) where z; € Qg for all ¢t € [1,T]z.

3.2 An O(T) Time Dynamic Programming Algorithm

As Qg is a finite set and the cardinality of Qg4, denoted as Ny, does not depend on the total time
period 7', rather than solve the original MILP model (15), we can explore a backward induction
dynamic programming framework by defining the corresponding states and decisions for each stage
t. We first define the state space for the dynamic programming algorithm and then describe the
state-decision relation through a directed graph, as shown in Figure 1, associated with predeter-
mined parameters of the UC problem. The Bellman equations can be derived accordingly based
on the state space and the directed graph.

To begin with, we define the state space as S = 5, U SopUS1. In detail, S, consists of a dummy
state that we consider it as a “source” here, which is used as initial state for the decision maker at
stage 1. Sy U Sp represent all the other states that have the structure of (z,y,u,d) where z,y,u
here have the same meaning as the notation defined in the beginning of Section 2 except that here
they are variables for any single time period and the variable d represents the duration for current
online/offline status. Sy = {(z,y,u,d) € Qg x B x B x [1,{]z : x = 0,y = 0,u = 0}, representing
the set of all states when the generator is offline. Note here that the candidate decisions for the
decision maker remain the same whenever the duration for offline status d > ¢, so it is enough to
set the upper bound for duration variable d as minimum-down time limit ¢. & = {(z,y,u,d) €
QixBxBxI[1,Llz:x>0,y=1,u=1whend=1;2 >0;y = 1,u =0 when d > 1} represents
the set of all states when the generator stays online. To be specific, we let d = 1, if the generator
just starts up at its current state so we have x > 0,y = 1,u = 1; we let d > 1 if the generator has
been online for at least two time periods so we have © > 0,y = 1,4 = 0. Note here that it is also
enough to set the upper bound for the duration variable d as minimum-up time limit L when it is
online since the candidate decisions remain the same whenever d > L.

Based on our construction of state space, we can observe that S is a finite set and does not
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depend on the number of time periods 7. To formulate the Bellman equations, we construct a
directed graph where the nodes consist of all the elements in the state space and the arcs represent
possible decisions from one state to another (i.e., correspondingly from one time period to the
next). More specifically, we add directed arcs from the “source” node to (0,0, 0,¢) and all possible
(2,1,0,L). These nodes form the set of decision candidates at stage 1. We also add possible
directed arcs between any two nodes in Sy U S;. For example, there are arcs from (0,0,0,1) to
(0,0,0,2), from (0,0,0,2) to (0,0,0,3), ..., from (0,0,0,£—1) to (0,0,0,¢), from (0,0,0,¢) to itself
and all possible (x,1,1,1) € S; that satisfies start-up ramp constraint < V. Note here that
self-loop arc is allowed since, as mentioned above, it is enough to take d as /¢ if the offline status
d lasts longer than the minimum-down time limit. For node (x,y,u,d) € & with d < L, we add
an arc from it to all possible (2/,y/, v/, d’') € & satisfying ramp-up/down constraints |z — 2/| <V
and logical constraint d' = d + 1. For node (z,y,u, L) € &1, we add an arc from it to all possible
(' 9y, v/, L) € 8 satisfying ramp-up/down constraints |z — 2/| < V. Self-loop arc is also allowed
here. For node (x,y,u,L) € & with z < V| i.e., shut-down ramp constraint is satisfied, we add
an arc from it to (0,0,0,1). Furthermore, we label the nodes with positive integers starting from
the “source” node with index 1 and denote all the direct successors of node i as S(7) and all the
immediate predecessors of node i as P(i). We denote the values of z,y,u in node i as iy, iy, iy.
Now we are ready to establish the dynamic programming framework. Let F;(i) represent the
optimal value function for stage t considering node ¢ as the state of the previous stage. Based on
Proposition 3, an optimal decision for current stage lies in S(i). The Bellman equations can be

formulated as follows:

Ft(l) = min U.Ju + Q(Zy - jy +Ju) + ft(jmjy) + Ft+1(j)7

Jes(i)
VieS,Vte[1,T — 1]z, (17a)
FT(Z) = JIEHS{E) U]u +Q(iy - jy +]u) + fT(jmajy)v Vi € 87 (17b)

where f(jz, jy) describes the generation cost minus revenue, Uy, represents the start-up cost, and
U(iy — jy + ju) represents the shut-down cost. For notation brevity, we let Ey; = Uy, + U(iy —
Jy + Ju) + [t(Jz, Jy) for t € [1,T]z. Accordingly, the objective of our backward induction dynamic
programming is to find out the value of Fj(1).

In order to obtain the optimal objective value and optimal solution, we need to calculate F(7)
for all possible ¢t and ¢ and record the optimal candidate for them. To calculate the value of each

optimal value function in the Bellman equations (17), we search among the candidate solution
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Figure 1: Directed graph

j € S(i) for each ¢ and this step takes O(Ry) time. Since there are in total NgL + ¢ number of
nodes in the state graph, the computational time at each time period is O(Rg(NgL + ¢)). Thus,
the total time to calculate the value of objective Fi(1) is O(Rg(R4L + ¢)T'). The optimal solution
for UC can be obtained by tracing the optimal candidate for the optimal value function starting
from Fj(1), and this takes O(T') time in total. Because X4, L, £ are constant numbers with respect
to the physical parameters of UC problem, we conclude that our backward induction dynamic
programming algorithm for the deterministic unit commitment problem is an O(T') time algorithm.

When start-up profile is considered, we have the following observations.

Remark 2 If the start-up profile is taken into account in the UC model (15), then we need to
extend the upper bound of the offline duration variable d from £ to T, which as a result will increase

the computational complexity from O(T) time to O(T?) time.

3.3 Extended Formulation for Deterministic Unit Commitment with Piecewise
Linear Cost Function

Based on the Bellman equations (17) for the deterministic UC model, now in this section, we re-

formulate the problem as a linear program incorporating dynamic programming Bellman equations
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as constraints. The incentive for the reformulation is to develop a linear program that can provide
integral solutions to the unit commitment problem in a higher dimensional space. The primal form

of our linear program can be formulated as follows:

max  Fi(1) (18a)
s.t. Ft(l) < Etij + Ft+1(j), Vi € S,j € S(z),Vt € [1,T — 1]2, (18b)
Pr(i) < Ery, Vi€ S,j € S(i), (18¢)

where the parameters Ey;; = Ujy, + Uiy — jy + ju) + [t(jz, jy) as defined under equations (17).

But the primal linear program cannot provide solutions to the UC problem directly. Although
we can solve the primal linear program and search for tight constraints to find solutions for unit
commitment, this takes us back to the dynamic program framework. Thus, we resort to the dual
formulation and then provide an extended linear formulation, which we show can provide solution
to the deterministic UC problem directly.

By taking Lagrangian duality, we can obtain the dual formulation for the linear program (18)
as follows:

min Z Etij Wtij (19&)
t€[1,T]z,i€8,57€5(4)

s.t. Z w11 = 1, (19b)

jes()

Z W15 = 0, Vi € S\S*, (19(3)
jes(@)

Z Wiij — Z W1 ki = 0, Vi e §S,Vt e [Q,T]Z, (19d)
jeS(3) keP(i)
wy; >0, VieS,jeSi),vtell, Tz, (19e)

where wy;; are dual variables corresponding to each constraint in the primal linear program.
In the following lemma, we demonstrate that the above dual linear program can automatically

generate integral solutions for w. Furthermore, we explore physical meaning of these dual variables.
Lemma 2 The extreme points of the polytope (19b) — (19¢) are binary.

Proof:  To prove the lemma, it is equivalent to prove that for VEy;; € (—oo,+00), there exists
at least one optimal solution to the dual program (19) that is binary. First of all, by solving the
UC problem with dynamic program approach with respect to a given E, we can obtain an optimal

decision of (x,y,u). We then construct @, which is binary, to represent the optimal decision. For
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a given optimal decision (x,y,u) € Qg x BT, we can correspondingly draw a path in the graph
starting from the node 1. If in step ¢ of the path the state of the generator goes from node ¢ to
node j, we let wy;; = 1. Otherwise, ws;; = 0. In the following, we prove that this generated w is an
optimal solution to the dual program (19), which is sufficient to prove our claim.

To verify the feasibility, we plug @ into constraints (19b) — (19¢). For constraint (19b), since in
step 1 the state of the generator goes from node 1 to one node in S(1), exactly one wq;; = 1 and
all the other wi1; = 0. Constraint (19c¢) is satisfied since all wq;; =0, Vi € S\ S,. In step t > 2,
only when it goes from node i to one node in S(i), exactly one wy; = 1 and other wy; = 0. As a
result, in step ¢ — 1, it should go from one node in P(7) to node i so exactly one w; 1 = 1 and
other w;_1 ; = 0. It follows that Zjes(i) Wi — Zkep(i) wi—1k = 1 —1 = 0. For all other cases,
Wy = 0, and (19d) is also satisfied. Constraint (19e) is satisfied by definition. Thus, @ is feasible
for the dual program.

To verify the optimality, we denote the optimal objective value obtained by dynamic program
as F'* and the objective value of dual program (19) with respect to w as H(w). We want to prove
H(w) = F*. Recalling the definition of w, we use a path, denoted as (ig, i1, i2, . .., iT), to determine
w. Thus, we have

H(w) = > By (20a)
te[1,T)z,i€8,5€5(4)

Bty i, Wiy i, (20Db)

Etitfli” (20C)

T
t=1
T
t=1

F* = F (1) = min {E1. + Fo(i 21
1(1) jﬁﬂslﬁ){ 1 + F2(j)} (21a)
= Fligi, + I (Zl) (21b)
= Eligi; + min {Ey,; + F5(j)} (21c)
]ES(’ll)

= Brigiy + Eaiyiy + F3(i2) (21d)

T
= ZEtit—lit (21f)

=1
= H(). (21g)

Therefore, we claim that w is the optimal solution to the dual program.
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From the above analysis, we notice that w is binary and optimal for the dual program for any

possible cost coefficient E. Thus, we have proved our claim. ]

From Lemma 2, we can further observe that this formulation itself has specific physical mean-
ings. In particular, we notice that the optimal solution wy;; in the dual program represents whether
in stage t the UC optimal decision corresponds to a state change from node i (in stage ¢t —1) to node
Jj (in stage t) or not. If yes, then wy;; = 1; otherwise, wy;; = 0. That is, the lemma provides insight
to formulate the problem in a different way. In the following, we present the detailed extended

formulation for the problem in this way and justify the correctness of the model.

Proposition 4 If w* is an optimal solution to dual program (19), then
T = Z jxw:ijvy: = Z ij;’jyu? = Z juw;tkija vt € [1,T]z, (22)
1€8,j€S(i) 1€8,j€S (i) 1€8,5€5(1)

is an optimal solution to the deterministic UC problem (15).

Proof:  From the proof of Lemma 2, we can observe that for a given ¢, exactly one wy;; =1 and all
other wy;; = 0. Thus z7, y;, uj are the values included in a certain node along a path which starts
from node 1 in the directed graph. If we denote the entire path as (ig,1,%2,...,ir), then we have
that z; = (i¢)s, yi = (it)y, and uf = (i), for each t € [1,T]z. Recalling the definition of the graph
we can conclude that any “T-step” path (i.e., a path for the whole time horizon) starting from
node 1 results in a feasible solution to the UC problem. Thus, the solution (z*,y*, u*) is feasible.

If we plug (z*,y*, u*) with expressions in (22) into the objective function of the deterministic

UC problem (15), we have

T
ZUU: + Uy — vy +ug) + fag,yf) = Z Eiijwy;-
t=1 te[1,T)z,i€8,5€5(3)
Hence, (z*,y*,u*) is the optimal solution to the deterministic UC problem. =

Now we are ready to establish the extended formulation for deterministic unit commitment
problem. We replace constraints (1b) - (1h) plus (11) with constraints (19b) — (19¢) and add

equations (22) to represent the relation between original decisions and the dual decision variables.

Theorem 2 The extended formulation of the deterministic unit commitment problem (15) can be

written as follows:

T

min ZUUt +U(yt—1 — ye +ue) + fe(ze, ue) (23a)
t—1
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s.t. Ty = Z JzWtig, Yt = Z JyWij

1€8,j€5 () 1€8,5€5(4)

u= Y Juwj, Vt €1, T]z (23b)
i€S,jeS(i)

(19b) — (19e), (23c)

and if (x*,y*,u*,w*) is an optimal solution to the extended formulation, then (x*,y*,u*) is an

optimal solution to the deterministic UC problem.

Proof: The conclusion holds immediately by replacing (z*, y*, u*) in the objective function with the
expressions in (22) and following the proof described in Proposition 4 and the conclusion described

in Lemma 2. [

4 Stochastic Unit Commitment with Piecewise Linear Cost Func-
tion

In this section, we extend our study to the multistage stochastic UC setting to incorporate un-
certainty. With the consideration of renewable generation and/or price uncertainties, as well as
dependency among different time periods, scenario-tree based stochastic UC is introduced in [12].
Under this setting, the uncertain problem parameters are assumed to follow a discrete-time stochas-
tic process with finite probability space and a scenario tree T = (V, ) is utilized to describe the
resulting information structure, as shown in Figure 2. Each node i € V at time t of the tree
provides the state of the system that can be distinguished by information available up to time
t (corresponding to a scenario realization from time 1 to time ¢). Accordingly, corresponding to
each node i € V, we let t(i) be its time period, P(i) be the set of nodes along the path from
the root node (denoted as node 1) to node i, and p; be the probability associated with the state
represented by node i. We also denote V; as the set of root node, i.e., Vi, = {1}. In addition, each
node i in the scenario tree has a unique parent i~ and could have multiple children, denoted as
set C«(7). Meanwhile, we define C(i) = C,(i) U {i}. Moreover, we let i =4, i; =", and i, be
the unique parent node of ¢, _,, for £ > 2. In other words, we define i, be the k-fold parent of
node i. We let V(i) represent the set of all descendants of node i, including itself. Finally, we let
H(i) ={k € V(i) : 0 < t(k) —t(i) < r — 1} be the set of nodes used to describe minimum-up and
minimum-down time constraints (e.g., in Figure 2, r = ¢(j) — t(¢)). The decisions corresponding
to each node i are assumed to be made after observing the realizations of the problem parameters
along the path from the root node to this node i, but are nonanticipative with respect to future

realizations.
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Time 1 Time ¢(7) Time t(j) Time T

Figure 2: Multistage stochastic scenario tree

For the multistage stochastic unit commitment problem, following the notation described above,
we let U (U) denote its start-up (shut-down) cost and a nondecreasing convex function f(-) de-
note the generation cost minus the revenue as a function of its electricity generation amount,
online/offline status, and electricity price. The decision variables include the online/offline status,
start-up decision, and the generation amount at each node in the scenario tree. Accordingly, for
each node ¢, we let binary variables (y;, u;) denote the unit commitment decisions: (1) y; represents
if the generator is online or offline at node ¢ (i.e., y; = 1 if yes; y; = 0 otherwise) and (2) u;
represents if the generator starts up or not at node ¢ (i.e., u; = 1 if yes; u; = 0 otherwise). We also
let continuous variable x; denote the electricity generation amount at node ¢. We also assume the
generator has been offline for sy time periods (sg > ¢).

Based on the notation described above, the formulation for this problem can be described as

follows:
min Y Ui+ Uy~ — i+ w) + fi(wi, v:) (24a)
%
s.t. Vi — Yi- < yp, VieV,Vke Hp(i), (24b)
Yi- —yi <1—yg, VieV,Vke Hf@)? (24C
Vi —Yi- <y, VieV, (

)
24d)
w; <minf{y;, 1 —y;-}, Vi€V, (24e)

)

Cyi <a; < Cy;, VieV, (24f
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zi—x- <Vy-+ V(1 —y-), Vie), (24g)
- —x; <Vy + V(1 —y), YieV, (24h)

yi,ui € {0,1}, YieV, x;- =y- =0. (24i)

In the above formulation, the objective is to minimize the expected total cost, which is equal
to the total generation cost (i.e., start-up, shut-down, and fuel costs) minus the revenue, where
fi(x;,y;) indicates the fuel cost minus the revenue. Constraints (24b) represent the minimum-up
time limits for the generator. That is, if the generator starts up at node 7, then it should stay online
for all the nodes in H, (7). Similarly, constraints (24c) represent the minimum-down time limits.
If the generator shuts down at node 4, then it should be kept offline for all the nodes in H,(7).
Constraints (24d) and (24e) describe the relationship between u and y. Constraints (24f) describe
the upper and lower bounds of electricity generation amount if the generator is online at node i.
Constraints (24g) and (24h) describe the ramp-up rate and ramp-down rate limits, respectively.
Typically the function f(-) is quadratic and can be approximated by a piecewise linear function.
With this approximation, the deterministic equivalent formulation above can be reformulated as

an MILP formulation.

4.1 An Optimality Condition

We denote W = {(z,y,u) € RVl x B2Vl : (24b) — (24h)}, f1 = max{n € [1,2T]z : C +nV < C},
By = max{n € [1,2T)z : V +nV < C}, and Q = {0, (C + V)5, (V +nV)?,, (C —nV)?,}.
Note that 2 < 81 < 2T because V > C.

Proposition 5 For any extreme point (Z,y,u) of conv(W), &; € Q for alli e V.

Proof: By contradiction. Suppose that there exists some i € V such that z; ¢ Q for an extreme
point (Z,¥, %) of conv(W), i.e., ; € (C,C) \ Q. In the following we construct two feasible points
of conv(W) to represent (Z,y,u) in a convex combination of these two points, leading to the
contradiction. Before that, we first construct a subtree of V. If one of or all of the following

conditions hold,
o (i) >2and |x; —z,-| =V,
e t(i) <T —1and |z; — xj| =V for some j such that i = j—,

then we construct a subtree of V that consists of nodes around node ¢ (e.g., the subtree that consists

of blue nodes in Figure 3), denoted as K(4), such that for Vny,ny € IC(i) with n] = ng or ng = nj,
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|Tn, — zn,| =V, and for some node n € k(i) (denoted as boundary node of K(7)), t(n) € {1,T} or

dm € V\ K(i) with n = m™ or m = n~ such that |z, — x,| # V. Otherwise, we let K(i) = {i}.

It is easy to observe that for any node s € IC(i) with s # 4, there exists a unique shortest path to

connect nodes s and i, and we define the distance between nodes s and i, denoted as dist(s, ), as

the number of edges on this unique path, i.e., the number of nodes on this unique path minus one.

For example, in Figure 3, dist(s,i) = 4. We consider two points (z!, 7, %) and (22,7, u) such that

2

Tl =2, +eforr € K(i), 22 = z, — e for r € K(i), and z} = 2 = 7, for r ¢ K(i), where € is an

arbitrarily small positive number.

647

S

Figure 3: Subtree representation

Now we show these two points constructed are feasible for conv(W) by considering the following

three possible cases.

(1)

If there exists some boundary node n of K(7) such that z,, = 0 with m = n~ or n = m™,
then we have C < %, < V. Otherwise, 1) If 7, = C, it follows that ; = C + kV for
some k € [0,dist(n,i)]z by definition. Since Z; ¢ Q, it further follows that k > aj + 1 =
min{27, [(C — C)/V |} + 1, which contradicts to the fact that k¥ < 2T and z; < C. 2) If
T, =V, it follows that Z; = V + kV for some k € [0, dist(n, )]z by definition. Since Z; ¢ O,
it further follows that k > as + 1 = min{27, [(C — V)/V |} + 1, which contradicts to the fact

that & < 2T and #; < C. Therefore, it is feasible to increase or decrease Z, by e.

If there exists some boundary node n of (i) such that Z,, > 0 with m =n~ or n = m™, then
we have C < #, < C. Otherwise, 1) If z, = C, we can similarly show the contradiction as

above. 2) If , = C, it follows that #; = C — kV for some k € [0,dist(n,i)]z by definition.
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Since z; ¢ Q, it further follows that k > a1 +1 = min{2T, | (C —C)/V |} +1, which contradicts
to the fact that k£ < 27T and Z; > C. Therefore, it is feasible to increase or decrease T, by €

since |Z,, — Zy| < V by definition.

(3) If there does not exist node m € V with m = n~ or n = m~ for some boundary node n of K(7),
i.e., t(n) € {1, T}, then similarly we can follow the arguments above to show that C < #, < C.

It follows that it is feasible to increase or decrease T, by e.

In summary, we show that in all cases it is feasible to increase or decrease %, by € for each
boundary node n of (i) and thus feasible to increase or decrease Z, by € for all r € (7). It follows
that both (z!,y,u) and (z2,7,u) are feasible points of conv(W), and (z,9,u) = %(il,gj,ﬂ) +

%(a’cz, y,u). Therefore, (Z, 7, u) is not an extreme point of conv(W), which is a contradiction. =

Now, we begin to characterize the optimality condition for Problem (24). Similar to the deter-
ministic unit commitment problem, f;(x;,v;) = ax? + bx; + cy; — q;xz; is often approximated by a
K —piece piecewise linear function ¢; = fi(x;, y;) > ,u};wi+1/kyi,V1 < k < K, where ,u}; = 2az;+b—gq;
and v; = ¢ — ax; with z; is the x—value corresponding to the k—th supporting node on the curve

of fi(w;,y;) at node i and #; = C, Zx = C. Therefore Problem (24) can be reformulated as

min ZUW +U(yi- — yi + i) + @
=%
st (x,y,u) e W.

@i > piax; + vpyi,Vk € [1, K]z, Vi € V. (25)

Note that the cost function ¢; is a linear function if there is only one piece, i.e., K = 1. It is easy
to observe that any two adjacent pieces at node ¢, e.g., p; > ,u};xi + v;y; and @; > M?Hlfﬂi + Vg+1Yi,
intersect at Ay = (T + Tx+1)/2. Therefore, we can obtain K — 1 turning points with z—value
Ag,Vk € [1, K — 1]z on the K —piece piecewise linear function for each node. We denote y; = {n €
[1,2T)z : C < A, +nV < C} and Qs = QU {(Ag + nV)peg,, Yk € [1, K — 1]z}

Proposition 6 Problem (24) has at least one optimal solution (Z,y,u) with T; € Qs for alli € V.

Proof: By contradiction. Suppose that there exists some i € V such that z; ¢ Qs for the
optimal solution (Z,%,u) of Problem (24), ie., Z; € (C,C) \ Qs, with the optimal value z =
Zz’ev Uu; +U (Yi- — Ui + u;) + @i. In the following we construct a feasible solution to obtain a

better objective value. Following the proof in Proposition 5, we construct a subtree IC(i) as shown
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in Figure 3 and we can always construct two feasible points of W, (z!, ¥, %) and (z2,7,u), such
that z} = z, + ¢ for r € K(i), 22 = 2, — € for r € K(4), and z} = 22 = &, for r ¢ K(i), where
€ is an arbitrarily small positive number. Similar to the proof in Proposition 3, we can increase
or decrease Zr by e for r € K(i) to decrease the optimal value by at least |3, cxc(;) #, [€ and the
resulting solution, (z!,9,u) or (22,7, u), is feasible for both W and constraints (25), where there is

at most one piece of linear function of constraints (25), e.g., piece k,, is tight for each node r € (7).

Therefore we obtain the contradiction. [

In other words, in order to find an optimal solution to the multistage stochastic UC problem,

we only need to consider the feasible solutions (z,y,u) where x; € Qg for all i € V.

4.2 An O(N) Time Dynamic Programming Algorithm

As Qg is a finite set and the cardinality of Q, denoted as N, does not depend on the total number
of nodes in the scenario tree, rather than solve the MILP model (24), we can again explore the
backward induction dynamic programming framework by reusing the directed graph we defined in
Section 3.2. More specifically, we use a similar state space S except that the optimal generation
candidate set Qg there is replaced by Qg here, and the same state-decision relationship as shown
in Figure 1.

Now we are ready to establish the dynamic programming framework. Let F), (i) represent the
optimal value function for node m € V in the scenario tree considering state i as the state of m™
in the scenario tree. Based on Proposition 6, an optimal decision for current scenario lies in S(3).
The Bellman equations can be formulated as follows:

F(i) = min  Epg+ Y Fu(j), Vi€ S, ¥meV, (26)

MISM©) neCa(m)

where node m, replacing the stage ¢ in (18), represents a scenario tree node. Epi; = P (Usju+U (i —
Jy+Ju)+ fm(jz, Jy)) describes the total generation cost minus the revenue at node m € V, including
start-up cost Uj, and shut-down cost U (ty — jy + ju). Moreover, probability py, is incorporated
in each parameter E,,;;. Note here that when m is a leaf node, Cy(m) = 0 and correspondingly
> nec.(m) Fn(j) = 0. The objective is to find out the value of Fi(1) where the 1 in the subscript
represents the root node in the scenario tree while the 1 in the bracket represents the “source” node
in the state space.

In order to obtain the optimal objective value and optimal solution for the scenario-tree based

multistage stochastic unit commitment problem, we need to calculate Fy, (i) for all possible m and
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1 and record the optimal candidate for them. To calculate the value of each optimal value function
F,,(7) in the Bellman equations (26), we search among the candidate solution j € S(i) and this
step takes O(N;|C«(m)|) time. Since there are in total NgL + ¢ number of nodes in the state graph,
the computational time at each node m is O(Ng(RsL + £)|C(m)]). Thus, the total time to calculate
the value of objective F1(1) is O(Ns(NsL + ¢)N), where N represents the total number of nodes of
the scenario tree. The optimal solution for UC can be obtained by tracing the optimal candidate
for the optimal value function from Fj(1), and this takes O(N) time in total. Because N, L, ¢ are
constant numbers with respect to the physical parameters of UC problem, we conclude that our
backward induction dynamic programming algorithm for the stochastic unit commitment problem
is an O(N) time algorithm. Similarly, when start-up profile is considered, we have the following

observations.

Remark 3 If the start-up profile is taken into account in the UC model (24), then we need to
extend the upper bound of the offline duration variable d from £ to T, which as a result will increase

the computational complexity from O(N) time to O(N?) time.

4.3 Extended Formulation for Stochastic Unit Commitment with Piecewise Lin-
ear Cost Function

Following the same approach as that in Section 3.3, we develop an extended formulation in linear

program form for multistage stochastic unit commitment problem, which is proved to provide

integral solutions. By incorporating the Bellman equations (26) as constraints, we can derive the

following primal linear program similarly:

max  Fi(1) (27a)

st. F(i) < Emg+ Y Fu(j), Vi€ S,j € S(i),¥m eV, (27h)
neCy(m)

where E,,;; are parameters defined under equations (26) and F, (i) are decision variables.

Similar to the deterministic case in Section 18, here the primal linear program cannot provide
solutions to the UC problem directly either. Thus, we also resort to the dual formulation and
then provide an extended linear program, which we show can provide solution to the stochastic UC
problem directly.

The dual formulation can be derived accordingly as follows:

min Z Emij Wiy (283)
meV,i€S,jE€S (1)
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s.t. Z w1l = 1, (28b)

Jjes()

> wy; =0, VieS\S., (28c¢)
JES(E)

> Wmig— Y Wy gy =0, Vi€ S,Vm € V\V,, (284)
jE€S() keP(i)
Wmij >0, VieS,jeS(i),YmeV, (28e)

where w,,;; are dual variables corresponding to each constraint in the primal linear program (27).
In the following, we first prove in a similar way to show that an extended formulation in linear

form can be developed that provides integral solutions to the stochastic UC problem (24).
Lemma 3 The extreme points of the polytope (28b) — (28e) are binary.

Proof: The proof is similar to that in Lemma 2. For any E,,;; € (—00,+00), we prove there exists
at least one optimal solution to the dual program (28) that is binary. By solving the dynamic
program for the stochastic UC model, we can obtain an optimal decision of (x,y,u). We then
construct w, which is binary, to represent the optimal solution. We let ,,;; = 1 if on the scenario
tree node m the optimal dynamic programming solution shows the decision from state i to state j
in the state space. Otherwise, we let w,;; = 0.

We can prove that the constructed w is feasible to the dual program by verifying that it satisfies
constraints (28b) — (28e). The optimality can also be proved following the same approach in Lemma
2. As w is binary and optimal to the dual program any possible cost coefficient F, we have proved

our claim. []

Next, we show that an optimal solution to the stochastic UC problem (24) can be obtained in

terms of the dual variables.

Proposition 7 If w* is an optimal solution to dual program (28), then

V= Y Wi U= Y Wi Ui = Y uWh, mEV,  (29)
i€8,j€5(1) i€S,jeS8 (i) i€8,5ES ()

is an optimal solution to the stochastic UC problem (24).

Proof: The proof is similar to that in Proposition 4. The feasibility is satisfied because, from the
proof of Proposition 4, for each scenario we can consider the multistage decision as a path in the

directed graph and thus it satisfies all the physical and logical constraints. The optimality can be
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proved by replacing the decision x*, y*, u* with the corresponding expressions in equations (29) in

the objective function and verify that

D U + Uy = Yo+ i) + Fn(@ns y) = Y. B (30)
mey meV,ieS,j€S (1)
Hence, (z*,y*,u*) is the optimal solution to the stochastic UC problem. [

Now we are ready to establish the extended formulations for stochastic unit commitment prob-
lem. We replace constraints (24b) — (24i) with constraints (28b) — (28e) and add equations (29) to

represent the relation between original decisions and the dual decision variables.

Theorem 3 The extended formulation of the stochastic UC problem (24) can be written as follows:

max Y Uu;+ Uy~ — yi+w) + fi(wi, i) (31a)
%
s.t. Tm = Z jxwmij7ym = Z ijmij7
i€8.,jeS(i) i€8,jeS(i)
Um = Z juw’mij7 Vm € V, (31b)
1€8,5€S (1)
(28b) — (28e), (31¢)

and if (z*,y*,u*, w*) is an optimal solution to the extended formulation, then (x*,y*,u*) is an

optimal solution to the stochastic UC problem.

Proof: The proof is similar to that in Theorem 2. The conclusion holds immediately by replacing
(z*,y*,u*) in the objective function with the expressions in (29) and following the proof described

in Proposition 7 and the conclusion described in Lemma 3. (]

5 Conclusion

In this paper, efficient dynamic programming algorithms and linear program reformulations were
proposed to solve the deterministic and stochastic unit commitment problems. We started with
deriving a more efficient dynamic programming algorithm to solve the deterministic unit commit-
ment problem with general convex cost function. Our proposed algorithm refines a previous work
by enhancing the computational time for unit commitment from O(T3) time to O(T?) time when
economic dispatch problems are solved in advance. Motivated by this, we obtained an efficient
extended reformulation in a higher dimensional space that can provide integral solutions. In ad-

dition, for the most common cases in which piecewise linear cost function is taken, by exploiting
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the optimality condition for the deterministic UC problem, we proposed a more efficient dynamic
programming algorithm that runs in O(T) time and furthermore, our study was adapted to solve
the stochastic unit commitment problem with a scenario tree in O(N) time by also deriving the
corresponding optimality condition. Extended formulations were further derived for both deter-
ministic and stochastic UC problems and integral solutions for both of them were provided in a
similar way.

Our studies provide efficient polynomial time algorithms for a class of unit commitment prob-
lems, especially linear time for certain cases. Furthermore, we provide one of the first studies on
deriving extended formulations for various unit commitment problems based on efficient dynamic
programming algorithms. Besides solving single generator bidding problems, the proposed polyno-
mial time algorithms and/or extended formulations could have impact on speeding up the MILP

and Lagrangian Relaxation approaches.
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