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Abstract

A solution technique for a lossy hydrothermal coordination
problem with limited-energy-supply thermal units is given.
The technique is based on first order gradient method. The
transmission losses are incorporated into the solution
process via the reference bus penalty factors. These
reference bus penalty factors are obtained from Jacobian
matrix that is calculated at the end of Newton-Raphson
iterations of the load flow calculations.

1. Introduction

An operation period of a short-term hydrothermal coordination
problem can range from one day to a week. During the operation
period, the system load values and the generation units that will
supply those loads are assumed to be known. The operation
period is divided into subintervals during which the system load
values remain constant. The solution to a short-term
hydrothermal coordination problem gives active power
generations for all generation units for all subintervals that
minimize the total thermal cost for the operation period. The
solution also satisfies all possible electric, hydraulic and fuel
constraints.

In the literature, the short-term lossless/lossy hydrothermal
coordination problem was solved by using various solution
methods. Some of these methods use dynamic programming [1],
linear programming and network flow algorithm [2-3], neural
network algorithm [4], genetic algorithm [5-6], and spot price of
electricity algorithm [7-9]. We assumed that in the power
system, the limited energy supply thermal units are fueled under
take-or-pay fuel contract [10].

The solution technique starts the process with a selected
initial feasible solution then finds another feasible solution by
changing the determined unit’s active generation for the
determined subinterval(s), which decreases the initial total
thermal cost by a certain amount and so on.

2. Formulation of the problem

Mathematical formulation and the expressions to be used for the
analytical analysis of the problem considered in this paper are
given below.
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Please see the list of symbols section for the meaning of the

symbols that are used in the expressions above.

3. The solution method

From Equation (1), by retaining only the first order derivatives,
the change in the total thermal cost may be expressed as follows:
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Since the total fuel amount, which will be consumed by the
limited energy supply thermal units, is a fixed value in the
problem at hand, the terms associated with the limited energy
supply units are not seen in Equation (11). Similarly, the change

for Equation (2) can be expressed as follows:
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If Equation (13) is substituted in Equation (12) and the

necessary rearrangements are made, the change in P el

becomes
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Equation (14). The values of B .. Bor ;s Bou.ny in Equation
(14) are defined as follows:
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They are the inverse of the penalty factors for the #” normal
thermal, the /” limited energy supply thermal and the m"
hydraulic units in the j’h subinterval, respectively. They are
also calculated from Jacobian matrix that is found in the load
flow calculation over the jth subinterval [10]. The fuel

consumption rate curves of the limited energy supply thermal
units are given in terms of their respective active power

generations as 4, = A4, (P ;),VIe Ny, j=1..],,.. By

T.lj

retaining the first order derivatives, the change in P, ;

expressed in terms of the change in A[j as:
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Similarly, the water discharge rate curves of the hydraulic units
are given in terms of their respective active power generations
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can be expressed in terms of the change in ¢, as
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and water prices, respectively. They are defined as follows:
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Depending upon the reached iteration in the solution, the

coefficient of AF; . in Equation (18) can be positive or

negative. On the other hand, the coefficients of A4, ; and Aqmj
are always negative since the pseudo fuel and water prices and

the inverse of penalty factors are always positive numbers.
A new total thermal cost value can be calculated from the
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The new total thermal generation cost must be smaller than the
previous one. Therefore, the change in total thermal generation

cost, AF©®

‘ol » 18 tried to be made as more negative as possible
in the given solution algorithm. The new active generation (or
generations), which makes the change in the total thermal cost
negative, is determined. With this new active generation (or
generations), a new load flow calculation (or calculations) is
made in the determined subinterval (or subintervals). This

process continues until the stopping criterion is satisfied:
F(g) _F(g+1)) <TOL

( total total
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where g and TOL,. = represent an iteration number and a

AFora

selected tolerance value for the total thermal cost decrease,
respectively.

4. Solution algorithm

Step-1: The iteration number is taken as g =0. The initial

active generations in all subintervals are selected in such a way

that PG(%)U values satisfies the constraints given in Equations (4)
and (9), PG(f,) ; Values satisfy the constraints given in Equations
(5), (6)-(8) and (10), PG(f) Lj values satisfy the constraints given
in Equation 3) and
Z PG(i)nj + Z Pé??/; + Z PG(f,fmj <B,.,- Load flow
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calculations are done in all subintervals with the selected active
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Step-2: Determination of the coefficients of AP(;?)W
Aq'®, VneN,, VleN,, VmeN,,

mj

Equation (18).
Step-2.1: The coefficients of AP

Gs,nj

(g)
A4E
J=Le )y in

neN,j=1..,j,. in

Equation (18), whose total number is equal to S {N }>< T »

are calculated.
Step-2.2: For each limited energy supply thermal unit,

coefficients of AA,;g), Jj=1...,J,.,. in Equation (18), whose

total number is equal to ]m «» are calculated. Then, the

coefficients whose absolute values are maximum (the coefficient
in subinterval j,, ) and minimum (the coefficient in subinterval

J 4_) are determined.
Step-2.3:  For
Aq(g)

mj 2

each hydraulic unit, coefficients of

Jj=1...,j,.. inEquation (18), whose total number is
equal to j, ., are calculated, Later, the coefficients, whose
absolute values are maximum (the coefficient in subinterval
J,+) and minimum (the coefficient in subinterval j, ), are

determined.
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Step-3: Selection of APG("")W AAI(/.:") and AAZ(/.:"), Aqu) and
X - -
(g)
Aqm/.qi values.
Step-3.1: If the coefficient of APG(f")m is positive, APéf")m is

taken as negative and also selected according to the following
expression:

AP, | =a (B, ~P"), 0<a, <1

Gs,nj Gs,nj Gs,n

(22)
Negative APG(f" )m. is balanced with an opposite and equal change

(increase) on the active generation of the unit connected to the

APéf)m <0 causes some

change (increase or decrease) on the transmission loss in the
considered power system. This transmission loss change causes
an equal change (increase or decrease) on the active generation
of the unit connected to the reference bus. Therefore,

reference bus. At the same time,

AP )/. < 0 should satisfy the inequality given below:

Gs,n
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If the coefficient of AP

Gs,nj
positive and also selected according to the expressions,

is negative, AP.*) is taken as

AP =a (Pa - P, (24)
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O, in Equations (22) and (24) is a coefficient between 0 and 1
(inclusive).

Step-3.2: Since the coefficient of AA[;‘%) (maximum as an
absolute value) is negative, AA/;&:) and AA;‘? are taken as

positive and negative and also selected according to the
following expressions:

AP = a (4™ -4, 0<a, <1 (26)
[ ] = 0, 1 a4 @n
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AA,j(f) >0 and AA,;f) <0 in the above equations represent

changes in the rate of consumed fuel amounts by the /” limited
energy supply thermal unit in the direction of increase and

decrease in subintervals j,, and j, , respectively.
AP((;,),]./“ >0 and AP((;?,]./F < 0 represent increase and decrease

on the active generation powers of the /” limited energy supply
unit corresponding to AA,jf) and AA,ji) in subinterval j,, and
J,_» respectively. 4™ and A™ denote the maximum and
minimum rate of consumed fuel amount by the /" limited
energy supply thermal unit, respectively. They are calculated as:
A" = A (R cinra;) » A™ =4, (F ofr;f’/) (30)
Since the new solution shall be a feasible solution, the increased
and decreased fuel amounts in subintervals j,, and j, must

be equal (7, A4,

e

=1, |AA,, |). Therefore, the absolute
- Ja-

value of the decreased fuel amount in subinterval j, is
determined by using Equation (27). The upper limit for |AA1/.A7 |

is given in Equation (28).

Since the coefficients of 7, HAA and t}.FAA

,;,, are negative,

L
the first and second terms cause a decrease and increase
(since AAl(fz < 0) in the total thermal cost, respectively. Since

the coefficient of the first term is selected as more negative than
the second term’s coefficient, there will be a net decrease in the
total thermal cost if the selections are made as described.

By using the selected AAZ(].’”: , AAZ(;”: , the new rate of

consumed fuel amounts are calculated according to:
A% = 4 4 A4 A = 48 L A4
jar jas? 1j 4 1 1

s

(31

Step-3.3: Since the coefficient of Aq(g.)+ (maximum as an

mj
absolute value) is negative, Ag\? and Aq'e are taken as
q+ q-

positive and negative and also selected according to the
following expressions:

Aqy) =a, (g —aqy) ), 0<a, <1 (32)
(&) | = (g)

Iags) | =, /1, )nqs) (33)
(g) (&) min
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APG(}g{),W >0 and APG(}g{),qu, <0 in Equation (35) represent the

amount of increase and decrease in the active power generations
of the m" hydraulic unit, which correspond to Ag'®’ >0 and

My

Aq(g.) <0, in subintervals j .+ and j_, respectively. Again,

mjy
since the new solution shall be a feasible one, the decrease on

the water discharge rate of the m” hydraulic unit is calculated
according to Equation (33). The effect of the selections given in
this step on the total thermal cost is the same as the one just
described in step-3.2.

If hydraulic unit m, whose water discharge rate values are to
be changed, has already hit into its reservoir constraints in some
intervals in the current iteration as shown in Figure 1, the
absolute maximum and minimum valued coefficients for this
unit must be selected according to the following rules [10]:

1) The absolute maximum and minimum valued coefficients
can be selected from the same region. Since the net change in
the spent water amount in the selected region is going to be zero,
the reservoir constraints will not be violated.

2) If the absolute maximum and minimum valued coefficients
shall be selected from different regions, this selection should be
made in such a way that the reservoir constraints become
unreachable anymore. For example, if the absolute minimum
valued coefficient is selected from region-1, the absolute
maximum valued coefficient should be selected from region-2.
The effect of such a selection makes the lower and upper
reservoir limits at the end of region-1 and region-2 unreachable.
(g) (g)

mjg, mjy

By using the selected Ag,%’ and Agq,*’ , the new discharge

rate values are calculated as follows:
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Figure 1. Change in the water amount of the m"” hydraulic
unit’s reservoir at the end of the g” iteration.

g+ _ (g) (g) (g+) _ (8) (g)
Dw,.” = D, + Aquw s Gy TGy, T Aqm,fq, (36)

By using the new water discharge rate values, the new stored
water amounts in the reservoir in subintervals j , and j _ are

calculated according to:
(g+1)

(g+) _ 17(2) _
L A U S (37
g+) _1/7(2) _ (gD
Vi =V a v (0 =@ Y, (38)
They should satisfy the following volume constraints.
min (g+1) (g+1) max
yrt < Vm/.W , meq, <V 39

If there is another hydraulic unit after the m” hydraulic unit’s
reservoir (on the same river), the new water discharge rate
values should satisfy the constraints given below:

g+ _1/7(2) (g+1) (g)

Vdjq, = Vdjw a2t (qmj(” ~4aj,. )qu+ (40)
g+) _1/(2) (g+1) (€]

Vdjq, = Vdjq, at (qquf — 4, )qu, 41
min (g+1) (g+1) max

VISV, Vet <y (42)

Index d in Equations (40)-(42) is the number of a hydraulic unit
being serially coupled with hydraulic unit m. In writing
Equations (40) and (41), it is assumed that water discharged by
the m" hydraulic unit reaches the d” hydraulic unit’s
reservoir directly without any time lag.

Step-4: Determination of the unit whose active generation
power is to be changed.

Step-4.1: For the normal thermal units,
APéify., neN_, j=L...,j ., which is selected in step-3.1,

their corresponding coefficients, which is calculated in step-2.1,
and their corresponding subinterval time lengths are multiplied.

Among those § { N, } X J... products, the most negative valued

one is selected. Let us assume that it contains APG(f f -
Ya

Step-4.2: V/e N,, AA,jf ) and AA,jf f , which are selected in

step-3.2, their corresponding coefficients, which are calculated
in step-2.2, and their corresponding subinterval time lengths are
multiplied. For each limited energy supply thermal unit, these

two product terms are added. Among those § { NT} summation
terms, the most negative valued one is selected. Let us assume

that it contains AAb(jf ) and AAb(jf j .

(g)

qu _

Step-4.3: Vme N, , Aq\Y

mj,

and Ag,%’ , which are selected in

step-3.3, their corresponding coefficients, which are calculated
in step-2.3, and their corresponding subinterval time lengths are
multiplied. For each hydraulic unit, these two product terms are

added. Among those S{N H} summation terms, the most

negative valued one is selected. Let us assume that it contains
Aqff’) and Aqff)

Step-4.4: Consequently, among those three terms determined in
steps-4.1, 4.2 and 4.3, the most negative valued one (making the
biggest decrease in the total thermal cost) is chosen.

Step-4.4.1: If the term determined in step-4.4 contains AP,

G.\',a/'a s
h . . . .
the " normal thermal unit’s new active power generation in

subinterval j is calculated as follows:

(g+) _ p(g) (g)
Gs.aj, — PG.\',GL, + APGW!L. (43)
With the new PG(f Z].l) value, a power flow calculation is carried

out in subinterval j, and, the new values of PG(f :elf)/ , )/fffﬁz ,

VneN,, VIeN,,

(g+1)
GTj, >

(g+1)

(g+1) (g+D)
5 G

ref,mjg > Gs,nj, 2

Vme N, , F" are calculated.

total

Step-4.4.2: If the term determined in step-4.4 contains AA,E;;’E

and AA}SJ’? , the " limited energy supply thermal unit’s new

fuel consumption rate values in subintervals j,, and j, are
calculated according to:

(g+) _ 4(&) (&) g+ _ 4(&) (&)
Ahjh+ - Ahjh+ + AAhfh+ > Ahjh, - Ahjh, + AAhj,,, (44)

The new active power generation values of the b limited
energy supply thermal unit in subintervals j,, and j,_

(P(g+1)

Gy, and P*) ) are calculated from the unit’s fuel

GT,bj,_
consumption rate curve by using A,fjf ) and A,Ejffl) . With the
new active generation values, load flow calculations are carried

out in subintervals j,, and j,  and, the new values of

(g+1) (g+1) (g+1)

(g+D)
Gsrel gy > Vrefdiy, 0 Veer iy

Gs.ref ju,
(g+1) (g+1) (g+1) (g+1) (g+1) (g+1)
ﬂGS,"jm ’ ﬂGS>"jI)— ’ ﬂGTJ/m ’ ﬂGTv[jb— ’ ﬂGme/m ’ ﬂGvajb— ’

VneN,,VieN,, VmeN,, F¥" are calculated.

total

5(g+1)

(g+1)
ref ,mjy,, 5

ref ,mjy,_ °

(g)

Step-4.4.3: If the term determined in step-4.4 contains Ag ot

and Aqffj , the ¢ hydraulic unit’s new water discharge rate

values in subintervals j_, and j,_ are calculated as follows:

(g+) _ (g) (&) (g+D) _ (&) (&)
4. =dg. T2y 4y =45 TAQ (45)

The new active power generation values of the ¢” hydraulic

and P& ) are

.. . . . (g+1)
unit in subintervals j, and j_ (F; Gi.q).

GH ¢,

calculated from the unit’s water discharge rate curve by using

qif D and qijgf” . With the new active generation values, load
flow calculations are carried out in subintervals j, and j,._

P(g+1) g+ g+

(g+1
and, the new values of P¥™") Gs.ref j,_ 7§e/ Jiew 7/£E/ Jie

Gsref joi °
(g+1) (g+1) (g+1) (g+1) (g+1) (g+1)
5ref,mjc+ 4 5ref,mjc, H ﬂ(}s,nj(ur 4 ﬂGs,nj(_ 4 ﬂGT,/jH 4 ﬂGT,/jﬂ, ’
(g+1) (g+1) (g+1)
GH ,mj,, ° GH ,mj,_ ° Vne Ns > VI € NT 4 Vm e NH 4 F;ota/

are calculated.
Step-5: The stopping criterion given in Equation (21) is checked
as follows:

If (F®) ~F%™)y<0, then the used o coefficient (either

total total
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o or a; or O ) in step-4 is decreased a certain amount and
returned to step-3 by retaking the active generations at the

beginning of the current iteration. If
(F'&) —F&Dy >TOL,, ~, then the iteration number is

incremented by one (g=g+1) and the solution process

proceeds by returning to step-2. If (F'$) — F 8y < T0L,,

total total ‘total

then the solution process is stopped and the solution is obtained.

5. Conclusion and discussion

A solution technique based on first order gradient method for a
lossy short-term hydro thermal scheduling problem with limited
energy supply units is given. The solution technique is tested on
an example electric power system with 16 buses, 2 limited
energy supply, 3 normal thermal and 4 hydraulic (coupled)
units. The problem is solved first under the constraint where the
minimum total fuel amount consumed by the limited energy
supply units is fixed by the take-or-pay fuel agreement. In the
second solution, the fuel constraint is ignored. It is shown that
considering the fuel constraint in the solution process can reduce
the total thermal cost further.

All kinds of constraints in the considered problem can be
controlled very easily by the given solution technique. Since it
starts with a feasible solution and reaches the optimal solution
going from one feasible solution to another by making some
decrease in the total thermal cost, all intermediate solutions are
also feasible and can be applied to the power system under
consideration. Ramp rates of the power plants are not considered
in the given solution technique.

Detailed explanation of the example solution can not be given
here due to lack of space. It is going to be given during the
presentation.

6. List of symbols
R = A fictitious monetary unit.
F, ., = Total thermal cost (R) .
ref = Reference bus to which a normal thermal generation unit
is connected.

Ts Joma Subinterval index and number of subintervals,
respectively.
t; = Length of subinterval j, (h).

PP . P

Gomis L1 1o Loy = Active generations of the n™ normal
thermal, the /" limited energy supply thermal and the m"

hydraulic units in the ;” subinterval, (MW).
F,(By.;)> (P ;) = Cost rates of the n" normal thermal

and the /" limited energy supply thermal units in the j'h
subinterval, respectively, (R/A).
P P

load,j >+ loss,j
subinterval, respectively, (MW).

= Total system active load and loss in the ;"

Ay (B;r ;) = Fuel consumption rate for the / ™ limited energy

supply thermal unit in the j'h subinterval, (ton/h, m’/h, ccfh,
etc).
A

total

= Minimum total fuel amount that should be spent by all
limited energy supply thermal units during the operation period,
(ton,m’ , ccf , etc.).

th

q,,; (P ;) = Water discharge rate of the m" hydraulic unit in

the j’h subinterval, (acre-fi/h).

Grorar.m = Total water amount to be used by the m" hydraulic

unit during the operation period, (acre-f?).
V,; = Stored water amount in the m" hydraulic unit’s reservoir

at the end of the j’h subinterval, (acre-fi).

yirt yed = Starting and final water amounts in the m”
hydraulic unit’s reservoir, respectively, (acre-ft).
r,; = Inflow water rate into the m™ hydraulic unit’s reservoir

inthe j” subinterval, (acre-fi/h).

N,,N,, N, =Sets containing all normal thermal (except the

one connected to the reference bus), limited energy supply
thermal and hydraulic units in a given power system,
respectively.

S{NX}, S{NT}, S{NH}: Number of normal thermal

(except the one connected to the reference bus), limited energy
supply thermal and hydraulic units in a given power system,
respectively.
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