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The purpose of this paper is to present a model predictive control (MPC) approach for the periodic implementation of the optimal
solutions of two optimal dynamic dispatch problems with emission and transmission line losses. The first problem is the dynamic
economic emission dispatch (DEED) which is a multiobjective optimization problem which minimizes both fuel cost and pollutants
emission simultaneously under a set of constraints. The second one is the profit-based dynamic economic emission dispatch
(PBDEED) which is also a multi-objective optimization problem which maximizes the profit and minimizes the emission
simultaneously under a set of constraints. Both the demand and energy price are assumed to be periodic and the total transmission
loss is assumed to be a quadratic function of the generator power outputs. We assume that there are certain disturbances or uncer-
tainties in the execution of the optimal controller and in the forecasted demand. The convergence and robustness of the MPC
algorithm are demonstrated through the application of MPC to the DEED and PBDEED problems with five-unit and six-unit test

systems, respectively.

1. Introduction

Reducing fuel cost in electric-power-generating plants has
received considerable attention in recent years. Dynamic eco-
nomic dispatch (DED) is a real-time power system problem
which is used to schedule the committed electric-power-
generating units’ outputs so as to meet the load demand
over a dispatch period at minimum operating cost while
satisfying ramp rate constraints and other constraints (see,
e.g., [1-11]). Since the ramp rate constraints couple the
time intervals, the DED problem is a difficult optimization
problem. Since the DED problem was introduced, several
optimization techniques and procedures have been used for
solving the DED problem with complex objective functions
or constraints (see the review paper [1]). After deregulation
of the electric power system, the objective of the dynamic
dispatch problem has been changed from cost minimization

to profit maximization and the problem is known as profit-
based dynamic economic dispatch (PBDED) problem [11].

The emission of gaseous pollutants including SO,, NO,,
CO, and CO, from fossil-fuel-fired thermal plants affects
the human health directly or indirectly. Therefore, electric
utilities and generation companies (GENCOs) are requested
to reduce emission from their plants. As a result of public
awareness of environmental protection, diverse compliance
strategies have emerged. These strategies include installa-
tion of pollutant cleaning, switching to low-emission fuels,
replacement of the aged fuel burners with cleaner ones, and
emission dispatching [12]. The last strategy is usually pre-
ferred to the existing systems because it is easy to implement
and requires less additional cost.

The emission can be taken into the DED problem by
minimizing both fuel cost and emission simultaneously
under load demand constraint, ramp rate constraint, and



other constraints, resulting in a multiobjective optimiza-
tion problem. This problem is referred to as dynamic eco-
nomic emission dispatch (DEED) [13-15]. The emission can
also be considered into the PBDED problem by formulat-
ing the profit-based dynamic economic emission dispatch
(PBDEED) problem which is also a multi-objective opti-
mization problem which maximizes the profit and minimizes
the emission simultaneously under ramp rate constraint and
other constraints.

Recently, many optimization techniques have been used
to solve the DEED problem with complex objective functions
or constraints (see, e.g., [13-18]). In [16], by assuming that
the decision maker has goals for each of the two objec-
tive functions, the multi-objective optimization problem is
transformed into a single-objective optimization by the goal-
attainment method and is solved by particle swarm optimiza-
tion (PSO) method. In [17], it was assumed that the decision
maker has a fuzzy goal for each of the objective functions.
The optimal noninferior generation schedule is determined
by the evaluation-programming- (EP-) based fuzzy satisfying
method. In [13], the multi-objective optimization problem
is solved by nondominated sorting genetic algorithm-II. In
[18], the multi-objective optimization problem is converted
into a single-objective optimization and is solved by an
improved pattern-search- (PS-) based algorithm. Pandit et
al. [14] proposed an improved bacterial foraging algorithm
for solving the DEED problem. Group search optimizer with
multiple producers has been used to solve the DEED problem
in [15].

In [13-18], the main attention focuses on finding the
optimal dispatch over a fixed time horizon and the periodic
implementation of such an optimal dispatch solution has
been though regarded as straightforward and thus left to
the practitioners. This periodicity assumption comes from
the fact that the demand is periodic due to cyclic con-
sumption behavior and seasonal changes [2]. From a control
theoretical point of view, both the DEED and PBDEED
formulations provide only open-loop optimal solutions to the
generation dispatch problem; that is, the optimal solutions
are predetermined before actual execution, and there is no
measurement on the system states which is fed back to
the optimization model. Therefore, a closed-loop control by
the MPC method is introduced in this paper so that the
measurement of states can be fed back to the optimization
model, and the optimal solution is updated according to the
feedback information at each time step. The MPC method
has been successfully applied in power systems in [2, 19-22].
MPC has many advantages including its facility of handling
constraints, being able to use simple models, and its closed-
loop stability and inherent robustness. Moreover, MPC solves
the optimal control problem online for the current state of
the plant which is a mathematical programming problem and
is much simpler than determining the feedback solution by
dynamic programming [2].

MPC has been proposed for the periodic implementation
of the optimal solutions of the DEED and PBDEED problems
in [20]. However, the transmission line losses were not
included in the DEED and PBDEED formulations. The
system loss is a very essential factor to be considered in

Mathematical Problems in Engineering

the power system analysis. Particularly, while the DEED and
PBDEED are concerned, the system loss will impose a great
impact on optimal pattern of the real power generations
at different power plants. In the present paper we propose
an MPC approach for the periodic implementation of the
optimal solutions of the DEED and PBDEED problems taking
into account the transmission losses. The transmission losses
will be expressed as a quadratic function of the generator’s
power outputs.

The remainder of this paper is organized as follows.
In Section 2, we introduce the DEED and PBDEED
problems under regulated and deregulated power systems.
In Section 3, we outline an MPC approach for the DEED
problem and summarize the main results obtained in [2].
The simulation results for the application of MPC to the
DEED and PBDEED problems are given in Section 4.
The last section is the conclusion. Throughout the paper,
the following notations and definitions will be used. For
a sampling period T, the dynamic dispatch problem is
considered over dispatch intervals, [iT,(i + N)T)), where
the optimization is considered, for i > 0 and NT is the
dispatch period. For simplicity, we make the convention
throughout the paper that [i, j) denotes the time interval
[iT, jT). For any m > 0, k > 1 define P" = (P/*",

1+m l+m p2+m p2+m 2+m N+m pN+m

plm . plim pim prm | prm  pNwm pNwm
!

PN*™) and P* = (P P,...,P"). Define U = (i},

1 1.2 2 2 N-1  N-1 N-1

Ups oo s Uy U Uy ooy Uy sy 5Uy oo, ) and D =

(D', D?%,..., D). The total fuel cost and emission from all
units and over the dispatch period [m,m + N) are denoted
by C(P™) and E(P™), respectively. The demand D' and the
energy price SP* are assumed to be periodic with period N.

2. Optimal Dynamic Dispatch with Emission

In this section we formulate both DEED and PBDEED
problems. Under regulated power systems utilities have the
objective to minimize the fuel cost and are obliged to serve
all customers and meet all demands. After deregulation and
restructuring of the electric power systems, GENCO has the
aim to maximize its own profit. In this case, GENCO is not
obliged to meet all demands but may sell its energy at less
than the system’s forecasted demand equilibrium if this will
maximize its profit.

2.1. Dynamic Economic Emission Dispatch. It is well known
that the fuel cost and the amount of emission conflict with
each other. Minimization of fuel cost maximizes the amount
of emission and vice versa. Therefore it is necessary to find
out an operating point that strikes a balance between fuel cost
and emission. This can be done by formulating the DEED
problem which is a multi-objective optimization problem
with two conflicting objectives, the fuel cost and emission.

The following objectives and constraints are taken into
account in the formulation of the DEED problem.

Cost. The fuel cost curves are assumed to be a quadratic
function of the generator’s active power output. Therefore,
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the total fuel cost over the dispatch period [0, N1 is given by
[15]

N n N n
C(P") =Y YCi(B) =Y Ya+bP +q(B). O

Emission. The amount of emission of SO,, CO,, and NO,, can
be expressed as a quadratic function of the generator’s active
power output. The total pollutants emission over the dispatch
period [0, N] is given by [23]
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Constraints. (i) Power balance constraint

n
ZPitth+Losst, t=12,...,N, (3)

i=1

where Loss’ is the transmission line loss at time ¢. The B-
coeflicient method is one of the most commonly used method
by the power utility industry to calculate the network losses.
In this method the network losses are expressed as a quadratic
function of the generator’s power outputs that can be approx-
imated in the following [13]:

n n
t t
Losst=ZZPiBiij, t=12,...,N. (4)
i=1 j=1

(ii) Generation limits
min t max
P <P <P,

i=12,...,n, t=1,2,...,N. (5)

(iii) Generating unit ramp rate limits

~DR;-T<P™-P <UR,-T, i=12,...,n
(6)

t=1,2,...,N-1,
-DR;-T<P'-PY<UR;-T, i=12,...,n 7)

The Optimization Problem. Aggregating the objectives and
constraints, the DEED problem can be mathematically for-
mulated as a nonlinear constrained multi-objective optimiza-
tion problem which can be converted into a single-objective
optimization using the weighting method as follows

n}}}nH(PO) =aC(P’)+(1-a)E(P), (8)
subject to P! € Qpppp (PO) , i=12,...,n

)
t=12,...,N,

where the feasible domain Qg is defined to be the set of
(P :i=12...,nt=12,...,N) satisfying constraints
(3)-(7); « is a weighting factor, « € [0, 1]. It will be noted
that, when « = 1, the problem (8)-(9) determines the
optimal amount of the generated power by minimizing the
cost regardless of emission and the DEED problem leads

to the DED problem [2]. If « = 0 then, the DEED pro-
blem determines the optimal amount of the generated power
by minimizing the emission regardless of cost and the
DEED problem leads to the pure dynamic emission dispatch
(PDED) [13].

The constraints (3)-(6) are usually used in the conven-
tional DEED problem [13, 16, 17]. Since the demand and
constraints are periodic, one may obtain the solution of
the conventional DEED problem (i.e., problem (8) under
constraints (3)-(6)) over, for example, 24 hours (N = 24 and
T = 1), and then, this solution is implemented not only for the
first day but also for all the other week days. Sometimes such
an optimal solution is not able to be practically implemented,
or, in other words, the solution is not practically feasible. The
ramp rate constraint may be violated when the generators are
moved from the 24th hour of a day to the first hour of the
next day. This problem can be resolved by including the ramp
limit on the difference between P** and P?> = P/. This can
be achieved by adding the constraint (7) to the conventional
DEED problem (see [2, 20]).

We note that the above DEED problem can be solved over
the dispatch period [m,m + N] for any m > 0 and it can be
formulated as

min H (P™)

subject to P/ € Qppep (P™), i=1,2,...,n, (10)

t=m+1,m+2,...,m+N.
We define the following set of parameters:

Ipgep = {”’ N, o, T, DRi’URi’Pimin’Pimax’ai’bi’
(11)
G 0 B> Vi Byjp i j = 1,...,n}.

Since the demand D is periodic and I'hggpy do not change over
time, then P™*' = P"™N*! and QO pppy satisfies

QpEep (Pm+l> = Qpgep (PWZ, oo
= Qpgep (P2,

= Qpgep (Pm)

and then Qppgp is shift invariant (see [21]). The shift-inva-
riant property of Qpppp is needed for the application of the
MPC approach to the DEED problem.

m+N  pm+N+1
, PN p )

, Pm+N, Pm+1) (12)

2.2. Profit-Based Dynamic Economic Emission Dispatch. Now
we introduce the PBDEED formulation with the aim to pro-
duce electricity with minimum operating cost and sell it with
maximum profits and environmental protection by limiting
the emission of greenhouse gases into the atmosphere.

The total revenue of the GENCO over the dispatch period
[0, N is given by [11]

N n
RV (P%) =) Y'sp'- P, (13)

where SP' is the forecasted energy price at time ¢.



The total profit over the dispatch period [0, N] is given by
(11, 20]

PE(P°) =RV (P’") - C(P°). (14)

Let us define a function G(-) = —PF(-) which measures the
profit attained by the conversion of the energy available in
fossil fuels into electric energy.

The objective of the PBDEED is to simultaneously min-
imize the emission and maximize the profit satisfying a set
of constraints. The PBDEED can be mathematically stated as
follows:

. 0 0
rrllj%)nocG(P )+(1—0¢)E(P)

subject to Pit € QpppEED (PO), i=1,2...,n 1

t=12,...,N,

where the feasible domain Qppppgpp is defined to be the set of
(Pf:i=1,2,....,n, t =1,2,...,N) satisfying the following
constraints:

n
YP <D'+Loss’, t=1,2,...,N, (16)
i=1

i=1,2...,n t=12,...,N, (17)
(18)

-DR;-T<P' -PY<UR;-T, i=12,...,n. (19

It will be noted that, when « = 1, the problem (15) determines
the optimal amount of the generated power by maximizing
the profit regardless of emission and the PBDEED problem
leads to the PBDED problem [11]. If « = 0, then the PBDEED
problem determines the optimal amount of the generated
power by minimizing the emission regardless of profit [24].
Of course this case is not useful for GENCOs.

Constraint (16) means that under the deregulated envi-
ronment GENCO is not obliged to meet all demands and
energy lost due to transmission lines but may sell its energy
at less than the system’s forecasted demand plus power loss.
Similar to Section 2.1, one can show that the set Qppprgp is
shift invariant.

In the next section we propose an MPC approach for the
periodic implementation of the optimal solutions of the
DEED problem. MPC obtains a feedback control which is
constructed by solving a finite horizon optimal control pro-
blem at each sampling instant using the current state of the
plant as the initial state for the optimization and applying only
“the first part” of the optimal control [25].

3. MPC Approach to DEED

In this section, we introduce an MPC approach proposed
in [2, 20] for the optimal dynamic dispatch problem with
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emission and transmission line losses. We first show the
application of MPC to the DEED problem and then show
that this MPC version can also be applied to the PBDEED
problem. We introduce the control variables uf as [8, 9]

t+1 t
e_ BB
U =——-—", i=12,...

i )n’tzl,z,-..,N—l,
T

(20)

where ] is the ramping action of unit i at time ¢. This equa-
tion actually defines coordinate transformation between the
variables {Pit :i=1,2,...,nt=1,2,..., N}and the variables
{uf 1i=1,2,...,nt =1,2,...,N — 1}. It is obvious that the
inverse coordinate transformation is given by

=1
Pl =P +)Tu, t=23,..,N. (21)
j=1

The optimal solution of the DEED problem is implemented
repeatedly at instants which equal to multiples of N. To
introduce the MPC approach, let us consider the DEED
problem starting at an arbitrary instant t = m and over a
dispatch interval [m, m + N). Then the %)timization variables
are changed into {P"*', P/"**, ..., PN i = 1,2,...,n}. By
the transformation defined in (21), the optimization variables
(Pt p2 PN i = 1,2,...,n} are transformed into
Py w2 1,2, n)

In the MPC method, a finite-horizon optimal control
problem is repeatedly solved and the input is applied to the
system based on the obtained optimal open-loop control. In
our case, the horizon is chosen to be N. Instead of solving
the DEED problem with nN number of variables {Pim“,

W™ i = 1,2, n), the MPC algorithm solves

the following problem which has only n(N — 1) number of

variables {u"!, ..., u" N7 i = 1,2,...,n}.

Problem MPCDEED pii (u, [m, m+ N)). Given I'ygpp, D and
P et

i=1,2,...

and solves the following minimization problem:

t=1i=1

N n -1 -1
m&nz erCi (Rl + ZTuf) +(1-a)E <le + ZTuf)
s=1 s=1

subject to u; € Qp (PI,U), i=12,...,n

(23)



Mathematical Problems in Engineering

9TIH'Y L6€8101 P69 1E1 7S6€°TT1 909€° 1L LTTTOV 66L5F H16°LST €€15°9¢€T 67769L 7965°8L €€€9°L1 T
1S€L°S €IS STI 75€0°TST SLVESET 116708 1116'SY 0906 999L°7L1 Y0LT'8ST €€05°S6 88068 695¥°0T €T
TL8S'L 685TTE1 £988°9/1 7958°LST 6265°T6 9766°CS €€9L°L Y7E6°061 9158'¥81 L61TSIT LOSS'T6 6806'€T w
67796 STV 0TS 10T 0000'ST 9581701 LET0°09 71086 00¥7¥'80C 856¥°01C 007 T°0¥1 07LY €01 VEST'LT 17
LOVE0T 88€L°SST €L69'T1C 0000'SLT 0VL6'S0T S0£6'79 0905°01 0260'71C €01L'81C 06ST'LT LIET90T 0€1€'8T 0z
6988'8 6V08°TH1 PEESTOT 8SFT0LT 85¥6°66 0VS'LS $990°6 208€°707 1885°10C Y6ESTET 90L%°001 €880°9C 61
8€99°Z 8€06°CET LEVS'LLT 0809'8ST 8TV0'€6 §597°€S 0078~ €€79'161 ¥898°S8T VL80°6TT LLOT'S6 7€50'%T 8T
S6€7°9 6L9T°CT1 0¥06° 191 0260°9%1 LESS'S8 817L°8Y €719°9 08L6'6L1 9978'891 LTTSTOT €85¥°68 L9781 LI
LV96'9 7888°9C1 1716'891 ¥S6SIST €/¥8'88 S61L°0S 06€T°L 7€60°S81 8L1€'9L1 9076°011 0766’16 vEI8TC 91
69888 0508°TH T YEESTOT 88YT'0LT 95¥6'66 195V LS 59906 96L£770T €/85'10T T6ESTTET 145001 768097 ST
¥816°6 PPELIST 669L'S0T 0000'ST S8L1°901 95€7°19 8160°01 0LLLOTT L616'€TT 97LO'EFT €€€9'701 €689'L7  ¥1
LOVE0T 06£L°SST VL69°T1C 0000°ST 17L6'801 10€6'79 0905°01 6160F71C 001L'81C L8ST'LYT STET'901 6€1€'8T €1
0€LV T1 LSY0'99T 1€56'922 0000°ST 61LT9TT €20€°L9 AR CRA L6¥STTT 6VF0'TET €00L°LST €€8€°0T1 0££6°6C a
95€8°01 65T1€°091 8VLV'81CT 0000'ST (A IARAN 87879 106601 8¥S8°LIT €L81'77C 19€8°'TST 6VL0°80T 0L£0°6T 11
LOFE0T 68€L'SST VL6911 000051 TVL6'801 20€6°'79 090501 6160717 101£'81¢C L8ST'LFT 91€7'90T 8€1€'8T 0T
¥816°6 PPELIST 869L'S0T 0000'ST L8L1°90T ¥SETT9 8160°01 894L°01C L616€1T STLOEYT 87€9'701 1069°£T 6
69888 6V08°THT GE€ST61 88YT°0LI 95¥6'66 0VS¥'LS 9990°6 19££202 LL8S'T0T LOSSTTET ¥Z87°001 8680'9C 8
€I€T'8 1SLL9€T 8885°¢81 €121°€91 TTYLS6 0v06'%S 880¢'8 6678561 8€10°T61 LOSETTT 079T'L6 YTS8¥T L
8€99'Z LEO6'TET LEVS'LLT 0809'8ST LTVO'E6 LS9T'€S 0078~ 12€9°161 §6/8'S81 0860°611 Y161°S6 1€505C 9
S6€7°9 891721 0¥06° 191 1260°9%1 8€55°S8 L1TL8Y €219°9 18L6'6L1 $978'891 87TSH0T 08568 0L78°1C S
¥108°S 699T°9TT 6686'7S1 7960°6€1 959¢'18 LT8T'9¥ STL6'S €FOVELT 9167651 SSLE°96 875798 €885°07 ¥
1L79°% 9207 70T 6V0S'SET ST8€'STI 60ST'€L 7907 T¥ 1S18°% ¥569°091 €685°0¥1 LT0¥'08 0996°6L 9191’81 €
7688°¢ 6598'S6 ¥608°CC1 9TEFSTT S981°L9 0965°LE ¥SS0'F 90€¥ 16T ¥600°LC1 ST18'89 6207'SL 010¥'91 z
80S¥'€ 06£5°06 8€88 V11 1222601 TE97'€9 8TYE'SE 9519°¢ 16¥9°'S¥1 90€S'STT LLLS'T9 1755°2L TH0€°ST I

5507 d " o a o S50 d " wm a W -

(20 =») aadd (1 =») agada

"W)SAS JIUN-G Y)Y 10J (£°0 = 0 T = V) QA WOIJ Paurelqo [Npayds (MIA) Uonerauad A[Inoy] ;] a14v],



Mathematical Problems in Engineering

7807¥ 8607°C8 LET6'STI UFGTET 87¥9°59 LV89°T9 9507 TEVET6 STPF 621 8S.L°LT1 §56'89 9698'8F  ¥T
€LTLS 0£20°S6 1990°S¥ 1 €6L59¥T S8¥8'SL ¥907°0L 097L'S 7959'S01 0SLT6VT 12€TEVT 1068°8L 9TLL'SS €T
S9/SL POL6TTT S6YE0LT 8576'S91 8¥7€°68 0000°SZ ¥SLSL 89€6' 121 180S°€LT TE16°'191 €700'16 0€T1TFH9 w
97£9'6 88/9°7€T LO8T'10T 0000'ST TELL'SOT 0000'SZ 8€19'6 0¥86'8€1 7898861 0000°ST 1969°€0T ¥590°€L 17
895€°01 IF1T0VT 098€°71¢C 0000'SLT LOSLTTT 0000'SZ 97€€°01 6970°9F T 90¥€°60C 0000'SLT 1576801 0000'SZ 0z
G€88'8 00€S 2T €750°681 0000'ST 1667°66 0000'SZ ¥€L8'8 8TLITET 87,881 SLYLELT 7979'86 126569 61
1€59°2 YIL9TIT SS8E1LI 061991 1£L8°68 0000'SZ 8159'Z STl STPY VLI 69€9°791 60LV'16 €8€579 8T
10€%°9 88FC 101 0VSEFST 0789°€ST 996408 S8VETL €67F9 S6ITTIT 7868'8ST LL8S0ST 900L'€8 peTres Ll
€756'9 ¥881°901 807L'191 007€°65T 0S7L¥8 0000'SZ 8€56'9 0T1L9T1 6€€L'S91 9588'GST 8LIT'L8 ¥P0ST9 91
€888 00€S T €750'681 0000'SLT 1667°66 0000'SZ v€L8'8 8TLTTET 8V.L'881 SLYLELT €979'86 02€5°69 ST
S0€6'6 6918°SET 78¥8'S0T 0000'ST $S97'801 0000'SZ ¥806'6 SEELTHI 79%6'20T 0000°ST 96£L°S0T (34 JANE 0|
895€°01 I71T0%1 098€°71¢C 0000°ST LOSLTTT 0000'SZ 97€€°01 0LYO'9F T 90¥€°60C 0000'SLT 1576801 0000'SZ €1
$20S'T1 TIPS IST €S1T'67C 0000°ST 657L°0T1 0000'SZ 0SL¥'T1 ST96°LST 6807'97C 0000°ST 9%05°LTT 0000'SZ 4
7LS8°01 €SYTSYI 779861 0000'ST 96¥L'STT 0000'SZ 91€8°01 STOT'IST S€T6'91C 0000°SLT 99¥L'TIT 0000'SZ 11
895€°01 IF1T0¥T 098€'71¢C 0000'SLT L9SLTTT 0000°SZ 97€€°01 0LF09¥T SO¥E°60T 0000°SLT 1S6'801 0000°SZ 01
S0€6'6 6918°SET 78¥8'S0T 0000'ST $S97'801 0000'SZ ¥806'6 SEELTHI 19%6'702 0000'ST 96£L°S0T €687'7L 6
G€88'8 10€5 52T €750°681 0000'ST 166766 0000'SZ v€L8'8 8TLITET 87LL'881 SLYLELT €979'86 02€5°69 8
0121’8 88€8°9TT $909°LL1 98 1.1 TT61°€6 0000°SZ L81T°8 Y0€€921 6£70°081 0786991 91LTT6 806799 L
1€59°2 YIL9TIT SS8EILI 061L'991 1LL8°68 0000'SZ 8159'Z STl STPV VLI 69€9°791 01L¥'16 €8€5%9 9
10€%°9 88¥T' 10T 0FSEPST 0789°€ST 996408 98¥E L €67F9 Y6ITTIT 1868'8ST 9/85°0ST L00L'€8 SETI'6S S
SE6LS 8879'S6 SP96'ST1 €997 L¥T VLTEIL ¥909°0Z TT6LS €187°901 8507°0S1 1€58°€¥T €65€°6L 9960'95 ¥
0T¥9¥ 101978 9605°6CT 1£89°F€1 9¥SS°L9 9087°€9 L6€9F €9€8'76 89ST'€€T ¥159°0€1 97€8°0L 979T1°0S €
5988°¢ 9¥19°9L 0€95°L11 2095°STT ¥S81'19 ¥€96°LS 7E€88'€ ST€5'98 98/,°0CT 92L0'1TT 957979 €558'S z
({344 1529°1L €50T°011 0598611 ¥607°LS SYPOFS 9S¥'E 68718 0TSO'ETT 7S60°ST1 1€8£°09 €L91'EH I

5507 d " o a o S50 d " wm a o -

(0 =») agad (0 =) agdda

"WR)SAS JIUN-G 9} 10§ (0 = © ‘G°0 = V) HAJ WO} PaureIqo [payods (MIA) Uonerausd A[Inoy iz a14v],



Mathematical Problems in Engineering

TABLE 3: The optimal cost and emission obtained from DEED with
different value of « for the 5-unit system.

Value of Cost ($) Emission (Ib)
a=1 40,121 20,363
a=09 40,215 18,100
a=0.8 40,343 17,340
a=0.7 40,465 16,966
o =0.6 40,578 16,752
a =05 40,670 16,638
a =04 40,731 16,587
a=03 40,775 16,563
a =02 40,808 16,552
a=0.1 40,832 16,547
a=0 40,851 16,546

where the feasible domain QD(Pl, U) is defined to be the set
of (P uf :i=1,2,...,n,t =1,2,...,N — 1} satisfying

<P™, i=12,..,nt=12,...,N,
~DR; < u
<UR, i=12,...,n t=12...,N-1

(24)

The notation MPCDEED w1 (u, [m,m + N)) denotes that
the optimization problem is solved over the interval [m, m +
N) with variables ! and for known inputs P!, i = 1,
2,..n, t=m+1,....,m+N-1

In order to make the MPCDEED problem solvable, the
following hypothesis is needed as in [2, 5, 8].

Feasibility Hypothesis. After the change of variables in (22)
over any dispatch interval [m,m + N) with m > 0, the set
Qp(P',U) is not empty. This hypothesis ensures the solvabil-
ity of the problem MPCDEED pm+1 (u, [, m+ N)). Denote the

optimal solution of MPCDEED for a given initial generation
—m+l m+1 —m+l

P by @) = @@ = 1,20 =
1,2,...,N — 1}. In the MPC method, the optimal solution
u” is applied only in the first sampling period [m,m +

— SmEly . . M+l .
1); that is, uimJ'l(PWr ) is applied to the state Pl.m+ . Since

ﬁm(l_JmH) depends on the current state P™', in this way
a feedback control can be obtained. We define the MPC

feedback controller by v/ := %"*". The closed-loop solution

I_Jim+2 given by 1_31.erz = I_Jim+1 +TV"(P erl) is actually executed

over the time period [m + 1,m + 2). The idea of the MPC can
be formulated into the following MPC algorithm.

MPC Algorithm Initialization. Input the initial status P =
pl = (PI,PZI,...,PHI) and let m = 0.

(1) Compute the open-loop optimal solution u™ to the
problem MPCDEEDma (u, [m,m + N)).

(2) The (closed-loop) MPC controller v/" is applied to the
plant in the sampling interval [, m + 1) to obtain the
closed-loop MPC solution

1

P@+2 _ 1—)im+1 n TV:” (1—)m+1) (25)

over the period [m + 1,m + 2).
(3) Let m := m + 1 and go to step (1).

Theorem 1 (see [2]). Suppose the Feasibility Hypothesis holds,
P* is the globally optimal solution of the DEED problem, and
the initial power output P' at time t = 1 satisfies P € Qpppp,
then the MPC algorithm converges to P*.

This theorem tells that the solutions of the MPC algo-
rithm converge to the optimal solution of the DEED problem.
Now we consider the inherent robustness properties of the
MPC algorithm. The uncertainties in energy demand, price,
and reserve demand for the PBDED problem are discussed
by fuzzy optimization in [11]. However, no theoretical result
is given. First, we suppose that the disturbances happen in the
execution of the controller. That is, the disturbance happens
onlyin step (2) of the MPC algorithm so that when the control
vi" is applied to the plant in the sampling interval [m, m + 1),
the system actually executes

B =B e (P )+ T (26)
over the period [m + 1,m +2), where wierl is the disturbance.
We assume that the disturbances satisfy the following bound:

“wim“” <e, €>0,i=12,...,m, m>0. (27)

Theorem 2 (see [2]). Suppose the Feasibility Hypothesis holds,
P* is the globally optimal solution of the DEED problem, the
norm of the gradient of the function H of DEED problem has
the upper bound L on Qpppp, € is a small enough positive
constant, c is a positive constant which is less than €, (26) is
executed in step (2) of the MPC algorithm instead of (25),
and the constant disturbance wf‘ satisfies (27) where e is small
enough so that e < min {c/L, (€ — ¢)/L}, then there exists an
integer Ny such that for any k > N,, the optimal MPC solution

P! of the kth loop in the MPC algorithm belongs to the
domain Q :={P: ||P-P*|| <c}.

Theorem 2 shows that the MPC algorithm is robust
against certain disturbances in the execution of the optimal
controller. It may happen that there is disturbance or uncer-
tainty in the forecasted demand; that is, the demand DF is
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TABLE 4: The results of PBDEED (« = 1) for the three price profiles.
H Price-1 pr Loss’ Price-11 PL’ Loss Price-111 PLf Loss
($) (MW) (MW) ($) (MW) (MW) (%) (MW) (MW)
1 10.31 561.02 4.25 11.46 740.1 7.5 13.75 955 11.76
2 10.80 621.59 5.39 12.00 873.8 10.0 14.40 942 11.51
3 11.56 745.91 7.50 12.84 935 11.3 15.41 935 11.40
4 9.49 482.50 3.01 10.54 615.2 5.3 12.65 930 11.21
5 10.89 625.04 5.46 12.10 866.8 9.8 14.52 935 11.37
6 11.86 835.62 9.34 13.18 963 11.9 15.82 963 12.00
7 12.42 989 12.45 13.80 989 12.5 16.56 989 12.58
8 11.21 803.18 8.62 12.46 1008 12.9 14.95 1023 13.28
9 13.25 1124.56 15.45 14.72 1126 15.7 17.66 1126 15.78
10 13.45 1150 16.17 14.94 1150 16.2 17.93 1150 16.36
11 13.37 1201 17.41 14.86 1201 17.5 17.83 1201 17.60
12 13.91 1235 18.29 15.46 1235 18.4 18.55 1235 18.50
13 11.74 805.70 8.75 13.04 1190 171 15.65 1190 17.23
14 12.42 996.35 12.61 13.80 1251 18.7 16.56 1251 18.82
15 10.98 645.56 5.86 12.20 932.2 11.2 14.64 1263 19.04
16 10.19 545.29 3.98 11.32 726.9 7.2 13.58 1250 18.66
17 11.25 698.05 6.76 12.50 999.9 12.7 15.00 1221 17.98
18 12.26 895.99 10.14 13.62 1202 17.2 16.34 1202 17.56
19 9.79 541.62 3.94 10.88 697.4 6.8 13.06 1159 16.37
20 11.03 655.09 6.03 12.26 943.6 11.5 14.71 1092 14.87
21 11.20 686.22 6.56 12.44 1002.2 12.7 14.93 1023 13.28
22 12.22 929.72 11.23 13.58 984 12.4 16.30 984 12.47
23 11.43 732.97 7.41 12.70 975 12.1 15.24 975 12.24
24 10.28 556.53 4.17 11.42 730.59 7.4 13.70 960 11.87

Profit = 831.24 ($)

Profit = 29080 ($)

Profit = 94922.18 ($)

disturbed so that the actual demand is D*. It has been shown
in [2] that the demand disturbances or uncertainties can also
be written in the form of (26) and the result of Theorem 2 is
applicable when ||D* — DF|| is small enough.

Theorems 1 and 2 are based on the assumption that the
objective function of the DEED problem is strictly convex
and differentiable over the set QO which is bounded. Since
both the fuel cost and emission functions are assumed to
be quadratic, then all the objective functions of the DEED
and PBDEED problems are strictly convex and differentiable
over their feasible constraint sets. Also since the demand and
energy price and all constraints are assumed to be periodic,
then all feasible constraint sets, Qpppp and Qppppep, are shift
invariant. Therefore, Theorems 1 and 2 are valid for both the
DEED and PBDEED problems.

4. Simulation Results

In this section we present two test systems consisting of five
units and six units. The first system is used to show that
the MPC algorithm converges to the optimal solutions of
the DEED problem. The inherent robustness properties of
the model predictive control (IRP-MPC) algorithm are also
shown. In the second test system, we show the converge and
robustness properties of the proposed MPC algorithm to the

PBDEED problem. The load demand and energy price are
assumed to be periodic over a dispatch period of one day and
the sampling period is chosen to be one hour. The optimiza-
tion problem is solved by sequential quadratic programming.
All computations were carried out by the MATLAB program.
In particular, the optimal control sequence is computed by the
fmincon code of the MATLAB Optimization Toolbox.

4.1. Five-Unit Test System. 'This example presents an applica-
tion of MPC to the DEED problem consisting of five units.
The technical data of the units are taken from [16]. First,
we present the optimal solutions of the DEED problems for
different values of the weighting factor « and then show that
the solutions of the MPC converge to the optimal solutions
of the DEED problem. The optimal solutions of the DEED
problem with different values of « are given in Tables 1 and 2.
Table 1 shows the hourly power schedule and transmission
loss obtained from the DEED problem with « = 1 and
« = 0.7. Table 2 shows the hourly power schedule and
transmission loss obtained from the DEED problem with
« = 0.5 and a = 0. The optimal cost and emission obtained
from the DEED problem with different values of « are given
in Table 3. It is seen from Table 3 that the cost is $40,121 under
DEED (« = 1), but it increases to $40,851 under DEED (« =
0) and emission obtained from DEED (¢ = 1) is 20,363 1b
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TABLE 5: The results of PBDEED for price-1I with different values of «.
a=02 a=0.5 a=0.7 a=1
H PL' Loss' PL' Loss' PL* Loss’ PL} Loss’
(MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW)
1 385.3 1.5 516.3 3.2 613 4.9 740.1 7.5
2 400.5 1.6 589 4.1 717.4 6.5 873.9 10.1
3 438.6 1.9 746 6.4 913.1 9.9 935 11.3
4 378.5 1.5 438.8 2.2 512.9 33 615.2 53
5 403.7 1.6 606 4.4 738.2 6.8 866.8 9.8
6 463.2 2.1 821.4 7.6 963 10.9 963 11.9
7 516.5 2.7 958.6 10 989 114 989 12.5
8 415.6 1.7 742.6 6.2 827.1 8.3 1008 12.9
9 610.2 3.7 1081.2 12.7 1126 14.4 1126 15.7
10 633.2 4.0 1150 14.2 1150 15.0 1150 16.2
11 624.8 3.9 1173.5 14.8 1201 16.2 1201 17.5
12 687.5 4.7 1235 16.3 1235 17.1 1235 18.4
13 451.7 2.0 790.4 7.1 973.7 11.1 1190 17.1
14 516.5 2.7 958.6 10 1187.7 159 1251 18.7
15 406.9 1.7 624.2 4.6 763.7 7.2 932.2 11.2
16 382.7 1.5 500.3 3.0 592 4.6 726.9 7.2
17 417.4 1.7 678.6 5.4 827.4 8.4 999.7 12.7
18 501.0 2.5 913.7 9.2 1075.7 13.1 1202 17.2
19 378.5 1.5 465.6 2.5 567.9 4.2 697.4 6.8
20 408.9 1.7 635.1 4.8 777.6 7.5 943.6 11.5
21 414.8 1.7 667.7 5.2 819.2 8.2 1002.2 12.7
22 497.6 2.5 910 9.1 984 11.3 984 12.4
23 429.5 1.8 714.9 59 879.2 9.3 975 12.2
24 384.5 1.5 511.7 3.1 605.4 4.8 0.730.6 7.4
Profit ($) 3,225 23,505 27,596 29,080

but decreases to 16,5461b under DEED (« = 0). Figure 1
shows the effect of the transmission loss on the outputs of
the power units. We can see that neglecting transmission loss
would often introduce inaccuracy into the resulting dispatch.

Turning now to our goal of this section, we apply MPC
strategy. The initial P, is chosen such that Y. P' = D' +
Y X Pl.lB,-ijl. The proposed MPC strategy is imple-
mented over 48 hours. Figures 2, 3, 4, 5, and 6 show that
the MPC closed-loop solutions asymptotically approach the
optimal solutions of the DEED problem for different values
of a.

Now we show the IRP-MPC algorithm against two
sources of disturbances.

(1) Disturbance arises from the execution of the optimal
controller. In this case, we execute (26) with disturbance w;"
generated by

m
w;

= —¢g + 2¢1 (m), (28)

where the parameters r(m)’s are uniformly distributed ran-
dom numbers on [0, 1]. Denote € = (g, &,, .. ., &). We choose
two different bounds of disturbances:

IRP-MPC-(I): € = (3,3,2,3,2),
IRP-MPC-(I): € = (6, 6,4, 6, 4).

(2) Disturbance arises from the forecasted demand. In
this case, the actual demand D' can be defined as

-

where g(1 — 2r) is the relative change between the actual D'
demand and the forecasted demand D'. Here, we assume the
demand is disturbed with 5% and 10% of the nominal one;
then we have the following cases:
IRP-MPC-(III): g = 0.05,
IRP-MPC-(IV): g = 0.1.
In these cases the initial Pil, i =1,2...,5 for the MPC
are chosen as the optimal solution of the DEED problem at

Dt
D' +q(1-2r@t)D'

ift=1,

29
ift=2,3,...,N, 29)

t = 1;thatis, P = El , and the weighting factor « is chosen
a = 0.5. From Figures 7, 8, 9, and 10, we can see that, although
the disturbance increased, the MPC still keeps the disturbed
system in the neighborhood of the optimal solution of the
DEED problem. From these cases we observe that the size of
this neighborhood depends on the bound of the disturbance.

4.2. Six-Unit Test System. This system consists of six units
for the application of MPC to the PBDEED problem.
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FIGURE 1: The generation output of unit 5 under DEED (« = 0.5)

from the five-unit system.
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FIGURE 2: Convergence of the closed-loop MPC solutions to those
of DEED (« = 1) for the five-unit system.

The technical data of the units are taken from [20]. The
transmission loss formula coefficients are given in the appen-
dix. The initial P! is chosen such that Y. P' < D'+ Y7,
Z;':l p! B,-ijl. The result of the optimization is dependent on
the energy price data. Indeed, minor changes in the energy
price may give a significant change in the power generation
of the units as well as the profit. We consider different energy
price profiles which are given in Table 4.

The effect of the energy price over the time horizon on
the total power which produced by the committed units for
the PBDEED problem at &« = 1 is shown in Table 4. Now we
define PL' = Y7 P! — Loss'. We can see from Table 4 that,

Mathematical Problems in Engineering

240

Generation power (MW)

Time (h)

—— DEED
--- MPC

FIGURE 3: Convergence of the closed-loop MPC solutions to those
of DEED (« = 0.7) for the five-unit system.
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FIGURE 4: Convergence of the closed-loop MPC solutions to those
of DEED (« = 0.5) for the five-unit system.

for price-I and price-II, PL' < D' in some t and PL' = D'
in some other t which are shown by bold face. It means that
GENCO chooses to supply power less than the demand plus
power loss in some hours of the day and equal to the demand
plus power loss in other hours of the day when this satisfies
maximum profit. For price-III, the optimal solution of the
PBDEED satisfies PL' = D' for all £. In this case, GENCO will
supply power to satisfy the demand plus power loss over the
whole day since this will maximize its profit. We also note that
the profit increases according to the increase of the energy
prices. According to the PBDEED formulation, GENCO will
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FIGURE 5: Convergence of the closed-loop MPC solutions to those

of DEED (« = 0.2) for the five-unit system.
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FIGURE 6: Convergence of the closed-loop MPC solutions to those
of DEED (« = 0) for the five-unit system.

sell all produced power and the consumer is the one who will
bear the energy loss.

The effect of the weighting factor & on the total amount of
power and the total profit in case of price-II for the PBDEED
problem is given in Table 5. It can be seen that, as the
weighting factor « is increased (i.e., the importance of the
emission is decreased), both the profit and the total power
are increased.

Figures 11, 12, 13, and 14 show that the MPC closed-loop
solutions asymptotically approach the optimal solutions of
the PBDEED problem for price-II and for different values
of a. To show the IRP-MPC algorithm, we choose different
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FIGURE 7: The generation output of the five-unit system under DEED
(e = 0.5) and IRP-MPC-(I).
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FIGURE 8: The generation output of the five-unit system under
DEED (« = 0.5) and IRP-MPC-(II).

ranges of disturbances that arise from the execution of the
optimal controller. We have two cases:

IRP-MPC-(I): € = (8,5,4, 3,4, 3),

IRP-MPC-(II): € = (32,20, 16, 12, 16, 12).

From Figures 15 and 16 we can see that, although the
disturbance increased, the IRP-MPC-(II) still keep the dis-
turbed system in the neighborhood of the optimal solution
of the PBDEED problem. From these cases we observe that
the size of this neighborhood depends on the bound of the
disturbances.
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FIGURE 9: The generation output of the five-unit system under
DEED (a = 0.5) and IRP-MPC-(III).
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FIGURE 10: The generation output of the five-unit system under
DEED (« = 0.5) and IRP-MPC-(IV).

Beside the convergence and robustness of the MPC, it has
the following advantages [20].

(1) Reduced Dimensions. For the five-unit system, the DEED
problem must solve an optimization problem with 5 x 24 =
120 variables. However, in each iteration step of the MPC
algorithm, the algorithm solves an optimization problem
with 5 x 23 = 115 number of variables which reduces 5 (6 for
the six-unit system) dimensions in the optimization problem
and makes the computation easier.

(2) Easy Implementation. Because of the MPC convergence,
restarting the MPC algorithm from any time will give rise to
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FIGURE 11: Convergence of the MPC solution of the six-unit system
to those of PBDEED (« = 1) and price-II.
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FIGURE 12: Convergence of the MPC solution of the six-unit system
to those of PBDEED (« = 0.7) and price-IL.

the same convergence, which further implies that the MPC
algorithm can be executed at any sampling time point. Thus
the MPC algorithm is more favorable for practical applica-
tions than other open-loop algorithms [2].

5. Conclusions

In this paper, we have proposed a model predictive con-
trol approach for the periodic implementation of the opti-
mal solutions of two optimal dynamic dispatch problems
with emission and transmission losses. The first problem
is the dynamic economic emission dispatch (DEED), and
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FIGURE 13: Convergence of the MPC solution of the six-unit system

to those of PBDEED (« = 0.5) and price-II.
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FIGURE 14: Convergence of the MPC solution of the six-unit system
to those of PBDEED (« = 0.2) and price-II.

the second is the profit-based dynamic economic emission
dispatch (PBDEED). Both the demand and energy price
are assumed to be periodic. We have assumed that there
are certain disturbances or uncertainties in the execution
of the optimal controller and in the forecasted demand.
The convergence and robustness of the MPC algorithm are
demonstrated through the application of MPC to the DEED
problem with a five-unit system and to the PBDEED problem
with a six-unit system.
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FIGURE 15: The generation output of the six-unit system under
PBDEED (« = 0.5), price-II, and IRP-MPC-(I).
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FIGURE 16: The generation output of the six-unit system under
PBDEED (« = 0.5), price-II, and IRP-MPC-(II).

Appendix

The transmission loss formula coeflicients of the six-unit
system are

B=10"

0.420 0.051 0.045 0.057 0.078 0.066
0.051 0.180 0.039 0.048 0.045 0.060
0.045 0.039 0.195 0.051 0.072 0.057
0.057 0.048 0.051 0.213 0.090 0.075
0.078 0.045 0.072 0.090 0.207 0.096
0.066 0.060 0.057 0.075 0.096 0.255

per MW.

(A1)
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Nomenclature

P The power output of ith unit at time ¢

P™", P™: Lower and upper generation limits of
the ith unit

UR;, DR;: Maximum ramp up/down rates for
unit i

Ci(Pit): Generation cost of unit i to produce
P!

E,»(Pit): Amount of emission for unit i to
produce P/

a, b, ¢ Cost coeflicients of unit i

a; B;»y;:  Emission coeflicients of unit i

uj: Ramp rate of unit 7 at time ¢

N: Number of the intervals in the
dispatch period

n: Number of generating units

D': Load demand at time ¢

SP': Energy price at time ¢

a: Weighting factor

By Loss formula coeflicients.
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