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Abstract—0Optimizing the thermal production of
electricity in the short termn in an integrated power
system when a thermal unit commitinent has been
decided means coordinating hydro and thermal
generation in order to obtain the minimum thermal
eneration costs over the time period under study.
damental constraints to be satisfied are the
covering of each hourly load and satisfaction of
spinning reserve requirements and transmission
capacity limits. A nounlinear network flow model
with side constraints with no decomposition into
bydro and therinal subprobleins was used to solve
the hydrothermal scheduling. A novel thermal
generation and transinission network is introduced
and this transmission network is replicated with
line outapes in order to obtain a secure wmulti-
interval short-terin power flow. Cowmputational
results are reported.
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I. INTRODUCTION

The solution to short-term hydrothermal coordination
indicates how to distribute the hydroelectric generation
Elmsb—fm:-:} in each reservoir of the reservoir system and

ow to allocate generation to thermal units committed
to operating over a short period of time so that the
fuel expenditure during the period is minimized. The
time period (e.g. 3 da}rs{ will be subilivided into short
time intervals (e.g. of 1 hour) for which the generation
and ﬂtiamting variables are optimized. In short-term
hydrothermal coordination the predicted load at each
hourly interval must be met, and a spinning reserve
requirement to account for failures or load prediction
errors must be satisfied. These load and spinning reserve
constraints tie up hydro and thermal generation. On
the other hand the initial and final water volumes at
each interval in the reservoirs considered, which are
used to calculate the hydrogenerations of the interval,
tie up the variables of all intervals, amd besides multi-
interval emission constraints involve thermal generations
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aver several intervals, thus all hydrothermal variables of
the probilem are in fact strongly coupled.

Network flow technigues have come to be the most
widely nsed tool for solving this problem. The literature
on shori-term hydrothermal optimization and coordination
through network flows is rich [1,10]. The short-term
hydrothermal scheduling problem has been researched
intensively during recent years, either as the main problem
2,3,4] or as a subproblem of the short term hydrothermal
coordination probilem, which includes the commitment of
thermal units [5,6]. The decoupled method followed by
these papers consists in solving the hydro and thermal
subiproblems separately, cmrrﬁnating these decoupled
optinizations through a) the interchange of the marginal
prices of the hmlrhr load demand (from the thermal
subproblem to the hydre subproblem} and b) the hydro
generation in each time period (from the hydro subp.
to the thermal subp.). In order to solve the hydro
snbproblems through efficient linear network flow codes,
liydrogeneration |, which appears in the objective function
of the hydro subproblems, is usually approximated as
a linear function of the discharges [2,3], or both the
discharges and stored water [I5] . Quadratic [6] and fully
nonlinear formulation [7] of the hydrogeneration has also
been reported. The thermal subproblem is usually posed as
aset of independent, thermal economic dispatch problems if
the transmission network is not considered [5,6], or as a set
of independent. optimal power flow problems, either with
a de [3,4,7,8] or ac [9] approach. The thermal generation
and power flows are optimized with a fixed value of the
hydrogeneration that corresponds to the optimal solution
of the last hydro subproblem. The models proposed in
(2,3,4,6,7] take into account the load demands but neglect
the spinning reserve, which is included in [5] .

Attempts to solve the hydro and thermal problems
together are limited. In [9] a coupled model with an ac
OPF sclution and a very simplified model of the hydro
system has been reported,

The decoupled procedure followed in previous works has
to assume hydrogeneration values (to define constraints
limits) for the thermal minimization and marginal prices
of thermal production for hydro optimization. Since
both hydrogenerations and marginal prices of thermal
generation have unknown values at the optimizer, many
solutions to the undecoupled problems will be needed until
convergence, which is a clear disadvantage with respect to
the llllﬁl.‘-':{'.[!llp]t':{l model.

In previous works by two of the authors [11,17] the net-
work model usnally employed for shori-term hydrogenera-
tion optimization was extended to include thermal units
in an undeconpled way, imposing single load and spin-
ning reserve constraints on both hydro and thermal gen-
erators and directly minimizing thermal production costs
withont decoupling the problem into hydro and thermal
subiproblems. When constraints are added to limit genera-
tion to pre-specified margins at each interval, or to satisfy
a given spinning reserve requirement, pure network flow
algorithms are no longer applicable. However if these con-
straints are linearized, efficient specialised algorithms for



optimizing network flows with linear side constraints could
be employed [12,13,17].

Transmission constraints and the economic effect of
losses can also be taken into account through network flow
techniques [10] . In [11] they were integrated into the
thermal network developed.

The undecoupled solution to the short term hydrother-
mal coordination, taking into account a de transmission
network model, is nothing but a multi-interval de opti-
mum hydrothermal power flow, where the coupling effects
of hydrogeneration over successive intervals are rigorously
taken into account and optimized. The classical optimum

ower flow for a given interval finds values for thermal and
or hydrogeneration but requires an “estimated value” of
hydrogeneration determinedl Lieforehand, and it is not easy
to choose values of hydrogeneration over successive inter-
vals so that volumes and discharges in reservoir systems
are all within limits and match natural inflows,

In this work the multi-interval de optimum hydrothermal
power flow concept is extended in two ways: line-outage
security constraints are modeled and taken into acconnt,
and multi-interval emission constraints are also included in
the problem. Computational results are reported using a
nonlinear optimization package.

II. SHORT-TERM HYDROGENERATION QPTIMIZATION
THrRoOUGH NETwoRK FLows

Network flows can model any configuration of cascaded
hydro stations along branched rivers and water transport
delg}"slbttw«e&n successive stations. Hydro wvariables such
as initial and final stored water volumes in a reservoir at
each interval and discharge and spillage over an interval are
flows on replicated hydrostation networks. In a reservoir
system, if the k'™ of Nr reservoirs is of variable head we
can compute its generation over the i*" interval as:

H:i' = ;:p;,'['h;.(' AL (1)
where p is the mechanical to electrical energy conversion
constant and m{’ is the efficiency of the kth reservoir, -'l;;':*
is its equivalent head —obtainable from the initial and
final stored volumes— and dit its discharge over the it
interval. The efficiency g (" changes with water head and

discharge. The total hydrogeneration over the i*" interval
would be:

: Nr .
HE =3 H (2)
k=1

The expression of the incremental spinning reserve of
hydro units (the amount by which the current generation

, : b N '
can be increased) in the " interval would be 307 [H e

HE_'] where FS; wonld represent the maximnum hydropower
of the k" reservoir over the i* interval. ;

The total hydrogeneration in the i*" interval 33, HY'
can be taken as the decremental hydro spinning reserve
(amount by which the current generation can he decreased)
in the interval.

Both the hydro incremental and decremental spinning
reserve are assumed to be available within a short
(relatively to that of a thermal unit) time lapse

III. VARIABLES ASSOCIATED TO THE GENERATION
oF A THERMaAL UNIT
Let P; be the power output of the 7* thermal unit and
let P; and P; be its upper and lower aperating limits.
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Fig. 1. a) Incremental Spinning Reserve (ISR) function of the _'il'th

thermal unit

b} Decremental Spinning Reserve (DSR) function of the jth
thermal unit

<) Thermal netwark for the j0
on arcs ¥ and 7y

d) Thermal network for the _ft'h thermal unit showing node U
with power output

thermal unit indicating limits

Py < Pi<F; (3)

[{ 31

The incremental spinning reserve (ISR) rz; of unit “j
is the amount of power by which the current generation F;
can be increased within a given time lapse. The maximum
possible ISR Fr; of the 7P unit is the product of the
incremental power rate (MW /min) and the minutes of the
specified time lapse. Similarly, the decremental spinning
reserve SDSR] rp;j of the 7*" unit is the amount of power
by which one can decrease the current power output F;
within a pre-determined time lapse. Its maximum value
will Lie represented by ¥p;. The ISR rp; and the DSR rp;
of the 7*" unit can be expressed as:

rij = min{7;, P; — F;} (4)
rp; = min{Fp;, F; — B;} (5)

which are the thick lines of Fig. 1la) and 1b).
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Fig. 2 Thermal network of snsemble of thermal units amd connection
to transmission network.

At power P; we have an ISR rj; and a DSR rpj;, and a

power gap grj = 0 from the ISR ry; to P; — Pj and also a

power gap gp; = 0 between the D.‘;:H. rp; and Fj — P
rij +grj = Py = F; (6)
rpj + gpj = P — P; (7)

The generation of a thermal unit, its ISR and DSR,
the associated power gaps, and its operating limits lend
themselves well to being modeled through network flows
[11,17]. Fig. 1c) shows the directed graph haviug the
variables described as flows on its ares,

Node A has a power injection of P; — P;, which is
collected at the sink node 5. From the balance equations
at nodes B and C, equations () and {Tllc are satisfied. Arcs
a and #, both from node B to the sink node 5, carry the
power gap gr; and ISR rp; respectively, and an upper limit
of Fr; on arc & must be imposed to prevent the reserve from
getting over its limit. From Fig. la) and 1b) it is clear that
ry; and its gap gr; must be such that, for a given value of
Fj, ry; takes the highest value compatible with ry; < 7y;
and with rp; +g1; = Fj — F;.

In fact the arc going from node A to node B in Fig. 1c)
is useless and can be eliminated as in Fig. 1d) (since the
flow on arc e plus that on arc @ will amount to Py — F;).
The same happens to be so for the are going from node
A to node C, which can also Lie suppressed. However a
(zenerally nonlinear) cost function of its flow P; — P will
have to be optimized, but it suffices to optimize the same
function of the sum of flows on arcs v and &, Node 5 of Fig.
2 can be split into nodes T and U as in Fig. 1d). It can
be noticed that if P; is injected in node U, the ontcome
of this node will be just P;, which is the generation of the
§*" thermal unit. The simplified thermal network of Fig.
1d) can thus be employed. Only for explanatory purposes
the notation F; — P;, eyuivalent to rp; + gp;, will be
maintained.

IV. NETwWoRrRK REPRESENTATION OF THE ENSEMBLE
oF THERMAL UniTs, HYDROGENERATION
AND TRANSMISSION NETWORK

Transmission lines with known characteristics and a
maxinnim capacity connect generating units among them-
selves and to other (load or generating) nodes. The inclu-
sion of the transmission network accounts for transmission
limits, which may play an important part in shaping the
thermal and hydrogeneration at some intervals.

It. was shown in [17] that it 1s possible to combine the
equivalent network of each therma?unit and a dec model of
the transmission network, which takes power from hydro
and thermal generating stations to the load nodes [10] ,
into a generation plus transmission network that ensures
the satisfaction of load and transmission capacity limits,
and where Kirchhoff’s current law is satisfied. Kirchhoff's
voltage law will also be imposed via linear side constraints
on the flows of this network [10] .

The generations of thermal units coming out of nodes U
(see Fig. L)) can be fed into a transmission network as
in Fig. 2), where the generation of single reservoirs or of
olie of more reservoir systems must also be fed (it can be
assumed that there are Ng nodes where hydrogeneration
is fed in). There are NI load nodes, with load L;‘-'.
j=1,...,Nj, in the transmission network and thermal and
hiydrogeneration must balance the loads which draw from
the network.

A sink node 5 is used to balance generation and load
of a given interval “i”. Node S collects thermal gen-
eration and supplies hydrogenerations {Gf_-', i=1,...MN;)
through artificial arcs from the sink node 5 to nodes Gj
(j=1,....Ng). Nodes Uj; (5=1,...,Nu) receive the power

ontput PF, which is fed into the transmission network.

All nodes T of the equivalent network of each single ther-
mal unit (see Fig. 1d)) are made to coincide with the

sink S. Since the output of node T is ?j—ﬁﬁ (at inter-
val “i") it is necessary to draw out of node 5 the flow

M P — vy L, which is constant, to balance the
flows. )

Hydrogenerations H.U (k=1,...,Nr) must correspond to
the flows on arcs from the sink 5 to nodes G; (5=1,.. ..Ng).
In order for this to be so, Ng (linear) side constraints
employing the linear approximation to hydrogeneration
must be imposed:

GE—’ = z HY j=1,...
keld;
where I; is the set of reservoirs whose hydrogeneration
enters into the transmission network throngh node G;. In
[17] there is a linearized version of this side constraint.
The transmission network is any set of connections be-
tween any of the nodes Uy Upy .Gy, . Gug Lo - L,
either directly or via other nodes called transhipment
nodes,  Let IJ';' ,g_;";f,;-*,i'}"' be the sets of lines that
have nodes U;, G; L; and T; as the origin nodes, and
U7,G7, L7, T the sets of lines with the same nodes as
ilﬂ%t-i{riatii}on nodes. Let i be the capacity of transmission
ine (&, 1).
Taking an arbitrary orientation on each arc of the
transmission network, its balance flow equation will be:

O L' (8)



Let xpp be the pu. reactance of the transmission line

(i (i _ pli . _ . 5 x
Z Py — Z pu=PF i=1,...,Nu corresponding to the arc of the equivalent network going
(kDyeut  (kDENT from node k to node I, and let pg; be the power flow from k
I G G to [, The voltage drop along arc £—f can then be expressed
E: Py — Z pu=G; ji=1,....Ng as riper. Thus the expression of Kirchhoff's voltage law
(ehegt  (kDec; 15 :
Z % Z Gl s o | i . E Friper = 0 for all basic loopsj {10}
P — Pu=4+L; 1=1L... LR EL L k1€ laapj
(kNecy  (kDect The network of Fig. 2 will be referred to as therm-
G " irans.net 1"
2 e 2 =0 j=1..Nt V. LINE-OUTAGE SECURITY CONSTRAINTS
(RHELT  KEdper; An optimum power flow solution with security is such
= (i = that, given a patern of loads at the load nodes, the
-_— ) A 5 : 1
Fu SPiy = Pu V(K1) £ ; generations {ed 1o the network produce power flows that do
() hot exceed the capacity limits neither in normal operation
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Fig. 3. Thermal network of ensemble of thermal units and connection
to transmission network and to outage transmission networks

Since in a de network model power and eurrent flows
measured in per unit (p.u.) coincide, the balance of
flow at the nodes of the transmission network ensures the
satisfaction of Kirchhoff’s current law. Kirchlioff’s voltage
law must be imposed on all basic loops in the transmission
network [10] . Imposing these constraints makes the flows
in the transmission network more realistic.

nor in case that any of a list of line-outage contingencies
wonld take place.

It would be desirable to obtain a multi-interval optimal
hiydrothermal power flow solution with security and it will
be shown here that an extension of the former model, as
that in Fig. 4 is an adequate model of this problem. The
transmission network should be replicated at each interval
as many times as line-outage contingencies have to be
considered. Each of these replicated transmission networks
has all arcs (lines/transformers) but the outage one. Then
artificial arcs from the sink to the hydro and thermal
generation nodes of each contingency replicated network
must be added and side constraints expressing that the
flow in these arcs coincides with the generation flow in
the analogous arcs of the non-contingency transmission
network.

Assuming there are Nk contingencies to be considered
the side constraints to be added are:

k=1,..., Nk

Gi—el; =04 i=1,...,Nu (11)
i=1,...,Ni

k==l

ﬁgi—fij;:fgj"'ﬂgj"'fj_“{;:ﬂ i=1,...,Nu

i=1,... Ni

(12)

The network of Fig. 3 will be referred to as therm trans.-
outage net "

VI. HyDro-THERMAL-TRANSMISSION EXTENDED NETWORK
(HTTEN) anp HyDRo-THERMAL-TRANSMISSION-
OuTacE EXTENDED NETWoRK (HTTOEN)

All the variables taking part in the short-term hydro-
thermal scheduling are flows on arcs of a single net-
work such as that in Fig. 4, called the Hydro-Thermal-
Transmission Extended Network (HTTEN) and the Hydro-
Thermal-Transmission-Outage Extended Network (HT-
TOEN). A uniyue sink node S collects all the balance water
plus the power supplied to the thermal networks. There is
no problem in having a common sink node for the repli-
cated hydro network and for the thermal network of each
interval becanse each network is balanced in its own flow,

It should bhe stressed that the fact of using a common
sink mode is just a means to reduce the number of
balance equality constraints, but it does nor entail that the
hydro optimization problem and the thermal optimization
problem are mnplm’{. What couples the two problems is
the fact that their variables are optimiged at the same
time with respect to a unigue objective function and, most
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Fig. 4 Hydro-Thermal-Transmission Extended Network (HTTEN) or
Hydro-Thermal-Transmission-Ontapge Extended Network (HT-
TUENM].

important, subject to common spinning reserve and load
constraints where hydro and thermal variables take part.

VII. GENERATION COST OF THERMAL UNITS AND
LOSSES IN THE TRANSMISSION NETWORK

The production cost of the 7** thermal unit over the i*
interval, expressed as a second order polynomial with a
linear and a quadratic cost coefficient e; and ¢y would

be ci; P + cg; (P)?, which in terms of the network flow
Pj(' —P; = rpj+gpj is (e +2c4; P;)( F}{* =LB;)+ey; [P;{i =
P +(e1;P; +cgi P;*). The last parenthesis is of constant
terms and can be excluded from the minimization. So the
expression to be minimized is: (e + 2e,; Ef}[rgj +g{5_,-} +
cﬁ{r‘gr{-ggj]m. Thus the thermal part of the cost function

(corresponding to the i*® interval) to be minimized can be

expressed as:
My

' . . (i (i (¥ (i 42

mmZ[(L‘:, +2':11Ej}'[".u_§ i+ f-fﬂj} + "w{rﬂ; + ."-’D;'} ] (13)
i=1

When the eqluiva.lent. network model of Section VI
15 considered, the transmission network model is a de
approach and losses are not included in the generation
injected. Power losses cost can be estimated and added
to the objective function to be minimized. I‘(*: being the
p.u. value of power flow on the arc from node k to node
{ at the 0 interval, rg being the pa resistence of the
transmission line corresponding to the are, the losses on
that line are approximately r;.;[pg:r]z, and &Y being a price
given to the losses over the " interval, the term to he
added to the objective function would be:

Nl .
Sost Y )’

i=1 kTN,

(14)

where T.N. is the set of pairs of nodes that are the ends of
all transmission lines.

VIII. UNDECOUPLED NETWORK FORMULATION OF
THE HYDRO-THERMAL SCHEDULING
A Oljective Function.
The ohjective function to be minimized is

Ni  Nu
min Z{Z[{m,— + ﬂcqujJ(F,‘-“ = P

i=l j=1 _ (15)
ei(PE = BY14 60 Y rulsfi?}

kJET.N,

where the last term corresponds to the evaluation of the

losses.

B. Network Constraints.

The network constraints are those related with the
HTTEN or HTTOEN depicted in Fig. 4. Upper limits
and lower limits, which are zero for most of the variables,
exist for all the flows. They are taken into account by the
specialised network codes.

C.  Side Constraints,

Side constraints [12] (i.e.: constraints on the flows on
the arcs different from the flow balance equations at each
node) can be imposed and can be dealt with efficiently in
specific network flow optimization methods [12,13]. Such
side constraints are:

» Hydrogeneration side constraints (8).

» Line-ontage Security side constraints (11,12}

e Kirchlioff’s voltage law side constraints for the trans-
mission network (10) and for each transmission network
with outage “k".

e Incremental and decremental spinning side constraints.
If RY and RY, are the minimum ISR and DSR required
respectively, these side constraints can be formulated as:

Ng . Nu ; ) Nr ;
- e+ 2 R -
i=1

iz :1 = Gier . Wi
Shalt 4 Sor > B
=1 i=1

(16)

D. Coupling hetween Hydro and Thermal System.

The ISR and DSR constraints (16) constitute the
coupling side constraints between the hydro and the
thermal variables of each interval. These variables are also
coupled throngh the combined effect of the transmission
network and the Hydrogeneration side constraints (8). The
replicated hydro network involves a time coupling between
the hydro and the thermal variables of all intervals.

E. FEmission Side Constraints.

Single-interval and multi-interval emission constraints
can be easily imposed, in a coupled formulation of the
hydrothermal problem such as that described here, since
all thermal generation variables are available. A linear
mlti-interval emission constraints referred to units using
fule type “F.T." is;

Ni
2y X P <Fer ()
i=1 jeF.T.

Single interval, or nonlinear emission limits can also be
easily formulated and incorporated.



IX. CoMPUTATIONAL RESULTS AND CasE EXAMPLES

The network model put forward has been implemented
to solve hydrothermal scheduling problems described in
Tables I and II, where Nm and NU stand for the
number of lines/transformers and number of nodes of
the transmission network. L.s.c. and nsc indicate
the number of linear and nonlinear side constraints
respectively. There is one single multi-interval emission
constraint in both problems A and B.

These problems could be solved efficiently through
nonlinear network flow codes with side constraints. In
a previous work by the authors [17] , the specialised
nonlinear network flow program with linear side constraint
NOXCB [14] was employed to solve the problem without
outages, through successive linearization of the nonlinear
hydrogeneration side constraints (8). Although the same
methodology proposed in [17] can be a[:ﬁiml to the
problem with security constraints, the preliminary results
presented here have been obtained using the general
purpose nonlinear optimization code MINOS 5.3 [15,16].
The CPU times indicated in Table IIT have been obtained
on a SUN Sparc 10/41 workstation.

Fig. 5 shows the effect of incorporating line-outage
security constraints on the successive flows on one of the
lines of the de transmission network (case Be: with line-
outage constraints, against case B without). It can be
apreciated that the successive flows of case Be are more
secure than those of case B in that they keep away of the
capacity limit to make room for extra flow dne to possible
line-outages. The optimum eost obtained show that the
extraprice paid for security is low (thongh, in the cases
shown, the contingency list —of lenght Nk— is short).
The number of saturated lines, “tn” in the transportation

network, and “cn” in all Nk outage networks is indicated
in Table II1.

Table I : Power system size of case examples

Power system size

Problem | Nr | Nu | Nm | Nb | Ni | Nk
A ] B 21 13 | 48 -
Ac 9 8 21 131 | 4% 3
B 8 14 | a0 23 | 48 -
Be 9 14 30 23 | 48 1

Table IT : Problem dimensions of case examples

Optimization problemn size

Problemm | arcs | nodes | lsc. | nsc.

A 4704 1441 529 48

Ac GH1G 22498 1453 48

B TUSG | 2209 480 48

Be 497492 3314 1104 48

Table III : Computational results

CPU time Cost # =at. lin.

Problem (sec.) iter. | (10°Pts=) |t en
A 6631.7 42361 196.4951 1 -
Ac 11698.1 | 48211 | 197.015 | 0 4
B 2080498 LT 47.775 5 -
Be 27123.7 85763 47.789 0 21

Fig. & Line flow values along intervals in a given line
with or without contingencies considered

X. CoNcLUSIONS

An undeconpled formulation of the short-term optimal
hydrothermal multi-interval power flows with security con-
straints has been presented and demonstrated computa-
tionally. Multi-interval emission constraints have also been
imposed. The results obtained indicate that the solution
to this problem is possible and that the computation re-
sources required are moderate. The undecoupled formula-
tion is more advantageous than the decoupled one because
a single optimization leads to the optimum and there is
no need to repeat optimizations with updated estimations
of the Lagrange mlﬁtipliers or of hydrogenerations, which
could not converge, or converge slowly, to the optimum of
the problem.

The dimension of the problem increases considerably
when outage contingencies are taken into account.

The computation times required with a general purpose
nonlinear optimization package are high but they could
be reduced by an order of magnitude by employing an
specialised nonlinear network flow code with linear and
nonlinear side constraints.
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