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Abstract

We report an optimum operation method in which we regard the system load as probabilistic
variable and consider both constraints of emission and probabilistic value which exceed the
emission constraint. We show that when the outputs of thermal units are constrained to upper
and lower limits, even if the system load is represented By the normal distribution, the stochastic
character of the total thermal output differs from it and total thermal cost and emission do not
become simple curves. The amount of the calculation of fault state is reduced by simplification
in our method.

We apply our method to a model power system and the results are concluded as follows.
Depending on whether we estimate probabilistically or determinately, different optimum groups
of thermal units are obtained and the amount of emission from these groups also differ to some
extent. For thermal unit’ faults, our practical method can estimate appropriately the optimum

operation for almost all values of emission constraints.

Nomenclature

Capital letters: The values for total system.

Small letters : The values for each unit.

Ay by €y dy . Characteristic constants of No. m thermal unit.

E(P) : Expected value of P.

F : Fuel cost of No. m thermal unit.

F . System operating cost (=27,,).

F(P),— : System operating cost when load equals P and economic opera-
tion is done by eq. (3). ‘ ‘

F(P),4 . System operating cost when load equals P and the emission con-

straint is considered by eq. (10).
Om Output power of No. m thermal unit.
Gms Gm : Upper and lower limits of ¢,,.
G, G : These mean 2§, and Xg, respectively.
2 System load.
* The report is scheduled for Hokkaido Section Joint Conventlon of Four Institute of
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Plican : System load which amount of the emission of least emission
operation is just equal Y.

7 : System load which amount of the emission of economic operation
is just equal Y.

P, : System load which the probability of greater load than it is just
equal j.

Prob. (P=G) : Probability of state of P=G.

Prob. (unbalance) : Probability of demand supply unbalance.

Prob. (unbalance|U;, state): Probaility of demand supply unbalance when U, is
In operating state.

Prob. (Y<Y|U, state): Probability of Y<Y when U; is in operating state.

Prob. (S, fault|U; schedule) : Probability that Sy, is faulty when U, is scheduled.

Prob. (unbalance|U; schedule) : Probability of demand supply unbalance when U;

: is scheduled.

Prob. (Y< Y]U schedule) Probability of Y<Y when U, is scheduled.

I Faulty rate of No. m thermal unit.

Sk : No. & group of thermal units which are in operation under U,.

U, ¢ No. j group of thermal units.

Ui : NO, emission from No. m thermal unit.

¥t : Total emission for every unit.

Y : Upper limit of Y.

Y(P),- : Total emission for economic operation.

a : Constraint value for Prob. (unbalance).
Upper limit of Prob. (Y>Y).

A1 : Lagrange multipliers.

171 : Symbol of products.

op : Standard deviation of P.

1. Introduction -

We may make the schedules for an electric power system operation under
many practical conditions such as system loads, operated thermal units, environ-
mental constraints, etc. But some conditions may vary uncertainly. For example,
system loads are dependent on the weather, and may be included the forecast
errors. The faults of thermal units also occur unpredictably.

In this paper, we report an electric power system scheduling method which
can consider these uncertain elements. We propose an optimum operation which
has the minimum expected value of operating cost under the following five con-
ditions.

Condition 1: System load varies probabilistically. Although our calculating meth-
od can be used for any distribution, we consider the normal distribution as

a concrete example.

Condition 2: The probability of state of demand supply unbalance is less than

a constraint value.
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Condition 3: The probability which NO, exceeds the constraint value is less
than a constant. We regard the NO, emission constraint for electric power
system as a typical environmental constraint.

Condition 4: Each generator will fault probabilistically.

Condition 5: Through we make the observations of system load, we can always
control the outputs of thermal units.

We regard the lower and upper limits of thermal output as a deterministic
value. Then, although a system load depends on the normal distribution, a total
thermal output does not depend on the normal distribution, and the probabilistic
distribution of operating cost and NO, emission do not become simple curves. In
this paper, the expected value of the total system’s operating cost is minimized
considering lower and upper limits of thermal outputs.

We introduce a simple and brief calculation method for the faulty state of
the thermal units. Finally, we apply our method to a model power system and

discuss the appropriateness of it.

2. Decision Method Which Estimates the Optimum Group
of Thermal Units without Considering
the Faults of Thermal Units

We assume that a power system consists of M thermal units. We estimate
the expected operating cost for 2¥ groups of thermal units which is the number
of every group of combinations of thermal units. The optimum group of thermal
units has the minimum expected value of operating cost, and satisfies both con-
straints of demand supply unbalance probability and of exceeding probability for

emission limit.

2.1. Operating Method not Considering
NO, Emission

Fig. 1 shows the probability density of
a system load which depends on normal
distribution with some expected value and
standard deviation. To minimize the ex- ot )

i ; Fig. 1. Probability density of system

pected value of operating cost, load dispatch ot
is always done economically at every load
level. When f,, is estimated from eq. (1) and we regard the total £, as the
operating cost, then we can get economic load dispatch through the objective

Probability density

Possible zone
G G
System load

function of eq. (2) is minimized.

fm:am_i"bm'gm'*_cm'g; (gm§0m§gm) (l)
6= 3 fut2+(P— T g (2)
As 34/3gn=0,
A—by, _
Im= "pi = (gmggmg—ng) (3)

2eCh
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If we neglect the upper and lower limits g LG ' rampiii’
of g (=21 60,-G,="00); the probability de¥ N
nsity of operating cost for Fig. 17is  shown
in Fig. 2 (we neglect negative ottputs). In
practice, the uppet!and lower limits are finite
values and the zone of normal distribution is
considered from™ ~toito 0. Using G and
G, we consider’ the zone in which it is/ pos- Fig. 2. Probdblllty Bl o
sible to operate with upper and lower output ' operating Cost.
limits, as in ‘Fig. 1. Bl st iduinat T hae weon poaiisrs

Because we assume  thatthere is some’ supporting ‘operation such as the
operation of pumping-up power stations when the system'load is less than" G,
we can consider that outputs of thermal units are always ¢, when the system
load is'less than G. Therefore, if P<G then the systems’ operating cost is
always equal to F(G) which is shown by the dotted area of F(G) in Fig. 2, d4nd
its probability is equal to Prob. (P=G). This means that the shaded areas of
both sides of F(G) are equal and  also equal to the shdded ared of Fig. 1. Since
the significant value is ‘not the probability ‘density ‘but the probability distribution,
the dotted area is significant but®the width or height of the dotted area are not.

Probability density

Operating cost *

By similar, consideration, we get the F(G) part of Fig. 2

The probability density of operating cost from G to G also changes through
considering the upper and lower limits of gach unit. The reason is that the
outputs of some units attain the upper limit 7, at a lower Joad thap G because
of eq. (3). :

We define the probablllty of demand supp]y unbalance such as eq. (4)

Prob. (unbalance) = Prob. (P>G),+Pr0bn (PLG) « 2 (4)

The optimum group of thermal units is selected from many groups which
Prob. (unbalance) are less than .

Y

- 2.2 *Calculation Method for the Expected Value of Operatmg Cost :
We consider that min {G, E(P)+3+05} and max {G E(P)—3. ap} are respec-
tively the upper and lower load level limits for load dispatch. Dividing the load
by ¢p from max {G, E(P)—3+0p} to mi"n G, E:(P)T{‘-g'zap}; economic load dispatch
is done .at every divided load level using eq. (3). Because we can generally esti-
mate. the expepted'dperatin‘g' cost from eq. (5), we can modify as in eq. (5 in
this case. - :

E(F):S:F-Prob.(P)dR RO | (5)

E(F)= }(class mark of operating cost)«(probability distribution) B ¥
2.3 Operating Method Considering NO, Emission Constraint

NO, emission are estimated as follow?.

A

?/m:dln'_f'm ' (6)
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The probability density of Y is became
as Fig. 3 which is similar Fig. 2.. If Prob.
(Y>Y)=p at economic operation,. then the
optimum operation ‘is the ‘economic opera-
tion at every load level: ; D geis

From here, we should consider the case ¥@G) 8 Y - HY(G):
of Prob.(Y>Y)>p at economic operation. . g ST )
We should recognize Prob.(Y>Y)=Prob. .  Fig 3 P“’bab'l”y denmy of
(P> P,.,) when economic operation is done. ! NOs Eppscn,

If we consider the least emission opera-
tion, the objective furction is eq. (7) and. its
output is eq. (8).

¢ = DYntAP—2i0m) . (7)

Probability density

Probability density

A= di 11 ; gL P P Prott Pacn C
m = '_)T:Cm'dm (q é Im é gm) Total thermal outputs
(8) Fig. 4. ' Partial probability denslty

) of total thermal outputs:

We can recognize Pec(,_ eloan;.

Since we must clear Y from Peco to P, at least, if P, >Pc,e,m then we can
not clear the constramt value ﬁ From now, we should consider the case of
PPSPclmb Where, ‘we can recogmze Peco<P because of Prob. (Y> Y)>[-2 Fig.

4 shows the stretched probablhty density for Flg 1 form Peco' to G, whose
transverse axis is replaced by total thermial- outputs. ‘

For optimum operation considering the'emission constraint, we may mini-

T

mize the following objective : function.

¢N—me+l (P ng>+# Y Z./m) (9)
As a¢”/agm:0, i 2

e, R ilprst s bW o
On = el —poda)  2eCm O = Un = 04) (10)

If we operate considering the emission constraint using egs. (9) and (10), then

ility density

Probability density

F(Peco) F(P)u=o F(P)uxo,

Operating cost

NO. emission

Fig. 5. Partial; propability density . Fig. 6. Partial probability density
of NO; emission. of operating cost.
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the emission decreases and cost increases likely are shown in Fig. 5 and 6 respec-
tively. From eq. (5), if the operating cost increases by 4F, the expected value
increases by 4F:Prob.(P)dP, and the probability distribution which exceeds the
emission constraint decreases by Prob.(P)dP. Therefore, increasing amount of
the expected operating cost per decreasing amount of the probability distribution
of excess for the emission constraint becomes 4F. Usually, when considering the
emission constraint, a greater load results in a greater increase of cost. There-
fore, we should operate considering the emission constraint using eq. (10) from
P, to P, and for the rest of the load zone, economic operation should be done
by using eq. (3).

By using this calculating method, we can decide the optimum group of
thermal units by comparing expected values of operating cost for every group.

3. Decision Method Which Estimates Optimum Group of
Thermal Units Considering Thermal Units’ Faults

We number the groups of thermal units, and denote the j-th group as U,.
Since estimated Prob. (unbalance) or Prob. (Y<Y) in chapter 2 mean the pro-
babilities by doing one group of operation such as U;, we denote these as Prob.
(unbalance|U; state) or Prob. (Y< Y|U, state) respectively, henceforth.

3.1 The Calculating Method of Demand Supply Unbalance Considering
Thermal Unit’s Faults

When the operation of U, is scheduled, the probability of the fault state of

the whole Sj; is estimated from eq. (11).
Prob. (S fault|U; schedule)={ I (1—gqn)}+{ I gqmw} (11)
mev jN 8z m'€S;y

Where, U; .S means the group of sound thermal units, then the probability

of demand supply unbalance scheduling U; is as follow.

Prob. (unbalance|U; schedule) = Zk] Prob. (Sj; fault|U; schedule).

Prob. (unbalance|U; N .S}, state)
(12)

Since ¢, is usually very small (in the later example, it is about 0.005~
0.020), if some generators fault, then in eq. (11), //g, becomes smaller, so Prob.
(S fault|U, schedule) becomes smaller too. In this paper, we consider the faults
of up to 2 thermal units. Table 1 shows the case of M=5 and U, including
the No. 1, 3, 4 and 5 thermal units.

Using eq. (11), we may calculate a large number of products. If we calculate
one unit faulty state from sound state and two units faulty state from one unit
faulty state, then we may reduce the amount of calculation. Example of Prob.
(S;s fault|U; schedule) in table 1 is as follow.

Prob. (S5 fault|U; schedule) =-

1% Prob.(S,, fault|U, schedule) (13
5
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Table 1. Example of Sjx

m 1 2 3 4 5 m 1 2 3 4 5
Uj (@) X @) () ¢} Sje X () X X
S X X X X Sj7 X (o) () X
Sje o) X ¥ X Sjs X o 5 o)
Sjs @) o) X X Sj9 X X o) X
Sija o) X () X Sjw X X o o
Sjs o X X ¢] Sin X X X ()

3.2 Operating Method in which the Probability of Exceeding Y Makes
Less than 8

The probability that the emission exceeds a constraint value is as follow.
Prob. (Y< Y|U, schedule) = Y Prob. (Sj fault|/U; schedule)-
k
Prob. (Y<Y|U;N S state) (14)

If economic operation were always done, and Prob. (Y< Y|U; schedule) was
less than §, then the economic operation is the optimum. Henceforth, we con-
sider the case of Prob. (Y<Y] U, schedule) >8. If we consider the strict method
which can achieve B, then it becomes as follows. We calculate 4F-Prob. (Sj
fault| U, schedule) and the Y considering operation is done from the load level
and S; which have a minimum value of AF-Prob.(S; fault|U; schedule), as
described in the chapter 2. 3.

For a system operator, however, he must calculate p and the load level
which should be operated considering Y at every Sj, and depending on the
fault and U,, he must control the operation of the system. We may recognize
that this strict method is not practical. Since we estimate 3 achieving operation
in chapter 2.3, we can operate practically by this method independing on S ik
although it is not always the true optimum.

4. Calculated Results for a Model Power System

We assume that a model power system consists of 6 thermal units. Char-
acteristic constants are shown in Table 2. The No. 1 and No. 2 thermal units
are assumed to be in a distant area, and therefore not subject to NO, emission
constraints. Standard deviation o is assumed to be 2[%] of the expected value
of the system load. a which is the constraint value for demand supply unbalance,
is assumed to be 15[%]. This means, for example, that we might recognize the
impossibility of the systems’ operation for a greater load than E(P)+3.gp (its
probability is nearly 0.14[%]), and we could use some back up devices which are
nearly 4[%] of the system load. 3 which is the probabilistic constraint value
for exceeding Y is assumed to be 20[%]. And the class range of eq. (5) is
assumed 2[MW] what is used to consider g from P to P



156 - Yoichi NAKAMURA and Susumu YAMASHIRO

Table 2. Characteristic constants of thermal units

=gl hés’ DLO0GTRRY ¢

Unit No. | I | d g ‘ g 1 q
‘ a ) 1 - b ‘ ¢x 1,000 L[11(,%60 yen] [MW]_‘_[M‘WLi (%]
1 21460 | 0.4170 26.10 - 15 | 5 | 20
2 ‘ 6706 | 1.2510 10.40 ‘ o 12 | 40 1.0
3 3651 | 12510 1040 | x o072 a0 1 ese IaE
4 | 2254 | 1353 | 348 o774 |- 10 | 3 | .20
5 12.828 | 07298 730 | . 0750 ‘ 20 80 | 15
6 18610 | 0.8340 * 156 | 06697 50 20 | 05

4.1 Iﬁ%estigétidn' “of Economic Operation :
Assummg that Y has a large enough value, we estimate economlc operation for
each load level. The results of operating cost and emissions are shown in Fig. 7.
The reason ‘why cost ‘increases -

simply = but emission increases not 2] 305

/’\&/ :

simply for increasing load is as fol-’

e 4 )
lows. . The No. 1 and No. 2 thermal . - é‘&/ ¥ ]300 =
. . . = <
units are. not .economic. (their unit 51.60 c §@ . AL 1o é‘
cost is. 1.1~1.7 times as much as the g .5 / v ¢
other units), the optimumi group of & 50 »/ ey 20 b

. : Sl Ay
thermal units consists ‘of the No. 3~6 3 45 {. ,b\'\“q’/'/ ' ok %
thermal unirs at 320[MW]. . The No. 7 N QQQS/' . E
2 unit comes into operation at 340 £ o
2 5] -
5 \

[MW], and:the No. .1 unit begins at
380 [MW]. At the load level these
new  units are added, the outputs of
3 Expected load [MW)
the other units decrease, and the total
S foienthe No b Grunit _ Fig. 7 Operating cost and emission for
emissions for ‘the No. 3~6 units are Tt o i B I o

260 280 300 320 340 360 380 400

decreasing.

4.2 Comparlson w1th Determmlstlc System Load

We estimate economic operatlon through the system load of Fig. 7 which
is* considered to be ‘the deterministic load. - The results of operating cost are
0.01~0.08:[310,000] less than the expected values of Fig. 7. The emission are
0.02~0.20 [kg] less than Fig. 7 except the O symbol. At 340 and 380 [MW],
the emissions are 26.22 and 20.30 [kg] greater respectively. The reason for . this
is that the optimum group of thermal units differs whether we consider it pro-
babilistically or ‘determinately (for example, 'the No. 1 and 2 units' are ‘out of
operation at 340 [MW] by deterministic estimation).

At 400 [MW], the emission is' 1.84 [kg] greater than the expected value.
This is because the outputs' of the No. 1 and 2 units increase.mainly with in-
creasing load at this Joad level, and the emissions of the No. 3~6 increase only
a little. This fact shows that the probabilistic density curve varies depending on
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the lower and upper limits of thermal g
units. g .
4.3 Investigation of Emission E
Constraint References Z 135
Setting 320 [MW] as the expected ¥
value of the load, we estimate the optimum %
operation for each emission constraint. S 430 \without fis
Fig. 8 shows the expected cost (1) con- =2 - ’
sidering the faults of units (dotted line), = g :i;h—h—"];—‘\\
and (2), neglecting them (actual line). E. o | N
Thé reason why' the operating cost ' N
5 JETUL 1 S Yl S ¥i . : . ’
curve is not simple in the case' of neglect-

ing the faults is as follows. = For 'Y=320 - g7 i e
[kg], the, optimum gropp; of .thermal units
consists of the No. 3~6 units as in the
case of E(P)=320 [MW] of Fig. 7. At
Y =300 [kg], in order to achieve Y, the No. 2 unit comes into operation and the
No. 3 unit goes out of service. But this group can already achieve Y =280 [kg]
by economic operation (the expected value of emission is 275.4 [kg]). Therefore
operations for Y =280 and 300 [kg] are identical.

The reason that we could not get the optimum operation when Y is 240 [kg]
and faults were considered is because we estimated using the practical method
described in chapter 3.2, rather than using the strict method. For Y=240 [kg],
the best operation has 21.9[%] for Prob.(Y<Y|U; schedule). This does not
mean that we can not clear Y=240 [kg], but that we have a chance of achiev-
ing Y using the strict method.

For each emission constraint, the operating cost which does not consider
faults is always greater than that considering faults. But this does not mean
that faults are desirable. When thermal units fault, Prob. (G >P) decreases and
Prob. (G < P) increases. Therefore the expected operating cost generally decreases.
We should remember that the system operating cost is a total thermal cost and
the cost of a back up unit is neglected. We recognize that the estimate of
optimum operation should be made considering the cost of back up operation.

For economic operation of Fig. 7, the expected cost without faults is 0.06 ~
0.30 [3¢10,000] greater than for one with faults.

Emission constrained value [kgl

Fig. 8. Operating cost for emission
constraint.

5. Conclusion

We reported an optimum operation calculating method which statisfies eco-
nomically the constraints of the probability of demand supply unbalance and the
probability of emission exceeding a constraint value considering probabilistic load
level. We also considered upper and lower limits of thermal units’ outputs, and
we estimated optimum operation considering thermal unit faults which were
treated probabilistically. The calculating method of the faulty state showed that
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the amount of calculation can be reduced by our proposed method. From
model power system calculations, we could show the appropriateness of our
method.
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him. This work has been done with the benefit of Grant-in-Aid for Scientific
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