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Abstract:

This paper presents a new approach based on the application of artificial
intelligent techniques to solve the unit commitment problem. The proposed approach
uses the operator experience, some heuristics, and the applicalion of fuzzy sels theory.
In this approach. load demand, rescrve requirements, and production cost are
cxpressed in fuzzy set notatious. The “if — then” rules and fuzzy logic operations arc
used Lo find the oplimal solulion. The heuristics such as dividing the load and
generaling units into levels are used Lo speed the solution.

The approach is applied to lwo syslcms, one consists of four gencrating units,
and the other censisls of Len units. The resulls demonstiale the effectivencss of this
approach and that it has two advanlages: ils shorl processing time and lhe total
operating cost compuled is low comparing wilh other methods.

1. Introduction

Unit commitment (UC) is  aimed at devising a proper generalor commitmeni
schedule for an elcetric power system over a period of one day 1o one week [1-2]. The
optimal solution for this problem which verifies a minimum operating cost over the
study period through the constraints imposed on the system including power
generation load balance, spinning reserve requircments. and other constraints on unit
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operation. To achieve Lhe exact solution to such a complex combinalorial optimization
problemy, the global search teehniques such as dynamic programming [3-4] or integer
programming [5] mcthods arc resorted. These methods worked cfficiently and
oblained optimal solutions only in small systems.

In the large systems however, the procedure became incompetent as additional
constraints were imposed on power systems and problem size increases, the
mentioned methods need too long computational time cnd somelimes fail to find a
solution. To reduce (he search space and the execution time, some heuristic
approaches such as priority listing [6], neural network [7], and expert systems [8]
approaches have been employed. Although being simple in concept and fast in
computation, these heuristic methods sometimes fail to give the sub-optimal solution,

Between these two extremes of global search and highly heuristic methods, the
Lagrangian relaxation (LR) method [9] is viewed as a desirable compromise which is
efficient and well applicable to the large scale UC problem. But the application of
this dual technigue may find no feasible or still sub-optimal solutions [10].

Recently, some researches have aimed to apply the [uzzy systems for solving
the unil commitment problem {11, 12, 14, 15, 16). The use of fuzzy gives a suitable
solution which verifies all constraints by representing a membership degree for each
uncertainty one.

In the proposed approach e fuzzy sets theory and fuzzy logic operations are
used to find the optimal solution. A heuristic technique based on dividing the load and
generating units into levels is applied to minimize the computing time.

Nomenclature

Pa(1) The nominal demand (Predicted load) at hour t,
Ad Max range cof variation from the nominal demand,
R(v) Nominal reserve at timne t,

R(t)-AR(Y) Minimum acceptable reserve at time ¢,

ur(y) Membership degree [or the reverse value y,

Ceo Ideal cost,

Base A floating variable represents the buse load level,
Med A floating variable represents the Mediumn load level,
Ny Numnber ol base units,

Pax (1) Maximum generation capacity ol unit {1),

Load (h) Load value at hour I,

Piea(k) Total capacity of the medium state k,

Nk Number ol “on™ medium units in statc k,

Res(k) Reserve value calculated tor state k,

URes(k) Reserve membership degree for state k,

(k) Cost membership degree for state k,

Ha(k) Load demand membership degrec [or state k,
ufk) QOverall membership degree [or slate k,

Preas(k) Total capacity of the peak state k.

Np(k) Nurmber of “on™ peak units in state k,

N Total number of Medium units,

Us(i) The status value ol unit i (Uy(i) = 1 for "on” status,

and Uy(i) =0 for "olf" status)
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2. Fuzzy Sets Associated with Unit Commitment

2-1 Definitions of the fuzzy variables and quantities in U.C.

Since load demand depends on wealher variables, social behavior of customers,
...... elc, there always exist errors in the forecasted system loads, i.e. the load demand
is imprecise thus it can be described as a fuzzy quantity. Also, every variable
associated with system load will be considered a fuzzy variable such as unit
generation production cost and spinning reserve [12].

in this paper, (o reach an optimal commitment schedule under the fuzzy
environment; production cost, load demand equality constraint, and securily (spinning
reserve inequality relation) constraint are all expressed in fuzzy set notations. While
the crisp quantities include: {imils on unit outputs, minimum up/down times
constraints ........... ele.

2.2 Definition of thresholds and membership funclions for fuzzy
variables [13]

The values of thresholds are obtained by last experiences of the operator or by
empirical formulas as follows:

2-2-1 Load balance membership function:

The predicted system load is usually subject to £2% to £5% varialion [17].
Thus, the thresholds for system demand are:

- Nominal demand: having the maximum degree of grade in
membership function i.e. degree “one™ The nominal value for
demand equals to the mean value of the predicted demand.

- *Ad(t): denotes the maximum range of variation of the hourly
predicted demand. It has the leasl value of membership degree i.e.
degree “Zero”. In this study, Ad(t) is taken equal to the maximam
predicted deviation i.e. £5%.

The membership function can be deseribed by equation (1), which is itlustraled

by Fig. I
Hd(x)
[ iy =Dy !
1 —(P‘f-'/\_)/.-‘_\d iF(Pd-Ad)<x<Pd
Ha()= | .
l—(}f_-Pd)/ﬂd if Py<y <Pyt Ad X
| Y A S o
0 else where ..., (N P, - Ad P, P, + Ad

Fig. (1) Load balance membership

2-2-2 Spinning reserve requirements membership function

There are (wo thresholds for the reserve variable:

- Norminal reserve value, this value will verify the grealest degree of
satisfaction, i.e. degree “One”.
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- Minimum acceptable reserve (least value), this value will verify a
completely unacceptable degree of satisfaction i.e. degree “Zero™,
According to these thresholds, the membership function can be chosen as
explained by equation 2, and Fig. 2.

HR(Y)
i If v=zR{®
()= | 1- —R=X g6 Ry - ARG < x < R()
AR(D) | "
0 Elsewhere L2 AR(t)

Fig. (2): Reserve membership
2-2-3 Operating Cost

The thresholds of operating cost arc:
- Level represents the ideal cost (Cy), it has the maximum grade ol membership

i.e. degree “One”. Selecting this level may be subjective and dependent on specific
practice. One good candidate tor the ideal cost (Cg) is the minimum cost results

{rom applying economic dispatch for every state of the crisp problem with nominal
system demand and reserve requirements {17]

- The highest acceptable cost (Cpy +AC), has the least degree of membership i.e.
degree “Zero”. It can be determined by choosing AC as a certain percentage of C,.
Due to the operator experience, AC should be taken as a smail value to reduce the
number of studied states. However, in this study AC is taken equal (o a large value
of Cq, so that more candidate states can be studied. AC is taken as 20% of C,,.

According to these definitions, the cost membership function can be chosen as

| il ¥o2Cy
we ()= 1-(Co+AC-%3)/AC if Co <3< Co+AC
0 elsewherc ........... 3

Hely)

» C, C,+acC
Fig. (3) Cost membership

3. Proposed Solution Strategy
The proposed solution strategy consists of three main stages:
Stage (1):

Divide the load into three levels: base, medium, and peak loads:
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- Ref. [8] indicated that, in general, belween 60% and 90% of the maximum
generation capacity supplies the medium toad.

- In this paper, the base load level (Base) is generally taken as the value of
minimum load during study periods.

- The medium load is approximately between the base level and 90% of the
highest load during study period [8], so the medium level {Med) is taken as 90%
of the biggest load.

- The peak load is approximately between 90% to 100% of the highest value
during study period.

Stage (2):

At first a priority list of units based on the full load incremental costs is
illustrated, then by using the thresholds calculated in stage(1), the units are divided to:

- Base units: these units have the characteristics, the highest slarting cost,
longest minimum up/down limes, and lowest average production cost. These
units will always be committed during study period.

- Peak units: these units have the characteristics of highest production cost and

smallest minimum up/down times. A list of all possible states for these units is
made.

- Medium load: the characleristics of these unils are between the last two types
i.e. medium incremental cost and medium minimum up/down times. A list ol all
possible states for these units is made.

Stage (3):
This stage consists of the following steps:
Step (1) hour(hy=1
All base units must be run i.e. status “on”.

Step (2):  check if (load (h) < Base) ther, the state is only the base units are on ,
and go to step (6).

Else if (load {h) > Med) go to step {7).
Else: (Base < load {h} < Med), check if

Np
E=EI Prae (i) 2 [ load (h) + Reserve amount ]

Then the state is only the base units are on, and go to step {6).

Else: call the states for medium units and go to step (3).
Step (3):  Foreach state candidate only the slate (k) which verify the condition

N,

Ny
D P () + D P ()*U(j)2095% Load(h)
=1 =1

Where the wvalue {(0.95) is assumed on basis of the deviaticn in
forecasting load { £ %3) to make fuzzy relations, so that the cases

19
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where the generation is larper or equal o 95% ol the predicted load are

the candidates cases to be studied. Assume number of candidales is kq,
Step (4):  TFor each candidatc (k) compule the [otlowing:

- Load demand Py, thus calculate g (kj using equation (1).

- Reserve amount, Res(k), then calculate g, (k) using equalion (2).
- If the reserve constraint is neglected pul g, (k) = 1

- Production cost by an econamic dispateh, then caleulate we(k) using
equation (3).
- Overall membership depree pok) where,
(k) = min (e (h), 1 (8), p1 (k)
Step (5):  Choose the best slale which has (he maximum overall membership
degrec pg(h) to be the solution at lour (i} where .

(1) = maax (21,1, £0,42), .o (ko)
Step (6):  h=h+1 i (h > 24) go o slep (8)
clse: gu to step (2).
Step (7):  The base and medium unils are “on™ then. cheek if:

Nb Nm
D P () + 2P () 2 Load(h) + Rserve
i=l j=

Then. the state is: ouly (he base and mediom unils are “on”, and po to
step (6).

Cilse: call all stales (or peak wnils, [ur cach stale candidale only the
state & which verifies the condition:

NF Nb Nlll
S (DU () Lo (D) + D P () [20.95% Load(l)
j=1 i=l il

Assume the no. of candidales km, and go (o step(d) .

Step (8) Print the stale determined lor each howr () (o be the sup-optimal
schiedule.

4. Testing Results

The proposed approach was implemented on Pentium, 900MIiz personal
computer will [28Mbyte local memory. The computer program was wrillen using the
FORTRAN language and applicd o the [ollowing Lwu lest cases:

4-1 Case “One”:

The proposed approach is applied (o the svsiem mentioned in Ref. [1, 12] o
conpare the resulls with that computed by Dynamic Programming (DP) and Fuzzy
Logic Approach ([FLA). The system consists of 4 units, over 8-hour periods load
pattetn, the complete data of the system as wiven in Rell [12] table [&2 (in the
Relerence ) are shown in appendix (A). Unit (3) is laken asa basc unit, whercas
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unit (2) is medium unit, and unit (1) & (4) are peak units. The given load is divided
into three levels, under 280 MW (base load), between 280 and 540 MW (nmedium
load}, and above 540 MW (peak load).

The method is applied once without taking reserve requirements into account
which is the case tested by DP and LA methods in Ref [12]. Another application will
be carried out with taking 0% of load as spinning reserve into account to prove the
effectiveness of the proposed method. A sample of the results for a 600 MW load and
the final results for the first application (without reserve requirements) are shown in
Table 1.

The total cost is compared with that caleulaled by both of the DP and FLA. The
comparison results, illustrated in Table 2, show that the cost obtained by the proposed
approach is lower than that obtained by FLA approach and close to that obtained by
DP method. This, inherently, demonstrates the closeness of the overall results and the
effectiveness of the proposed approach. Moreover, the proposed approach hasan
additional advantage, it can be applied with the spinning reserve constraint taken into
account as illustrated by Table 3.

In Table 3-a, the state 2 has the minimum production cost but 1t violates the
reserve constraints (so that Hr(2}=0 and hence L1, (2) = 0 ). Meanwhile, the overail
degree of state 3 is the maximum among the three stales (L, {3} = 0.704). The best
state 1s the state that has the maximum overall membership degree. Comparing that
with the results in Table 1-a, where the reserve constraint is neglected, state 2 has the
maximum overall degree [, (2) = 0.898. So that state 2 is the best state in this case.

The results also show that the pringiples of this method can be expanded to
consider more complicated cases with additional constraints.

Table I-a: Results for 600 MW load with neglecting spinning reserves -Case Qne

Units Candidate States
Status

Chosen State

State
No.

| L0 1.0 | t.0 | 0.832 0.832 12611 i
6oe | 2 oLl 1.0 | 1.0 | 0.898 0.898 12450 2 0.898 | 12450
3 1111 1.0 | 1.0 | 0.704 0.704 12923 |

Table I-b: Final results with neglecting spinning reserves - Case One
2| LOAD Status of Stafe chosen Prod. Cost Mi(r:r;tsottnl
£ .
Sl mwy | allunits [ e } o e { i (S) e
—————— —_—
i 450 o110 ! ! 0961 {0901 | L0708.34 10708.34 !
2 | 530 0110 | 1 | 0929 0929 10648 34 21356.68 |
3 600 01l | i 103898 : 0.898 12450.34 | 33807.00
| 4 | 340 D110 1 | | 0.940 . 0.940 10828.34 C44635.00
5 | 400 0rroe [ 037 0.871 | 0830834 5294370 |
6 280 0010 Base unit is only “on” 05373.54 58517.00 |
7 290 0010 Base umt is only "on” 0574814 64265.00 |
8 500 0110 L 10746 ] 0.746 10508.34 | 7477570
=
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Table 2 A comparison between total cost ealculated by three methods - Case One

Table 3-a: Results for 600 MW load with reserve taken into account -Case One

600

301110150 | 1.0]1.0]0.704 [0.704 | 12923

Units

H | Load (MW) DP [12] FLA [12] Proposed method
1 450 10708.36 09485.63 10708.34
2 530 21356.72 20471.26 21356.68
3 600 31807.08 33404.72 33807.00
4 540 44635.46 44342.76 44635.00
5 400 52943.82 52748.76 52943.70
6 180 58517.36 58483.44 58517.00
7 290 64263.50 64519.07 64265.00
8 500 74773.86 75267.51 74773.70
Optimum cost 74773.86 75267.51 74773.70

Candidate States

Chosen State

Status Prod. State | Prod.
BrR | Wb | Hc O lcost(s) | No. | Mt | Cost(s

[ | 1110 (50 |05]1.0]0832 |05 |12611 ’ ;
2 orir |17 0010|0898 |00 12450 3 |0.704 | 12923

Table 3-b: Final results with reserve taken into account - Case one

di

4-2 Case “Two":

< Status State chosen | Min.

E LOAD of | Prod. ‘ Total

& all units Ho Cost Cost (5)
3 [ ——

1 450 | 0110 |22.0 1 | 1 [0901 [091 110708 | 10708

2 [ 530 o1ty [15.0 I | 1 10754 [0754 (11016 |21724

3] 600 [ 1111 150 1| U 10704 0704 12523 | 34647

4 [ 540 [ 1110 [167 1 T 1 [o700 To700 (11113 [45760

S| 400 | 0110 [37.0 1 | 1 [0871 [0.871 [08308 54068

6 | 280 | 0010 [07.1 Base unit is oniy "on" 05572 | 59640

7] 200 | 0011 [240 P 1 J0894 [0894 |6127 65767 |

8 1 ]0.746

In this case, the proposed approach 15 applied to the 10 units system mentioned
in [13] to compare the results with that obtained by Evolutionary Programming (EP)
methodofogy. The system data is shown in appendix (B). The application was carried
out with 10% of load as spinning reserve requirements taken into account {13].

In this study, units {1} and (2} are considered as base units, units {3) through (&)
are medium units, and the units (7) through (10)are peak units. The given load is

vided to three

levels: 700MW (base load), between 700MW and 1500MW

{Medium load}, and above 1500MW {peak load). The final economical results for this
case study are shown in Table 4.
The total cost calculated by the proposed method is then compared with the cost
calculated by DP method and EP, as shown in Table 5. The comparison confirms that
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the proposed method has also proved to be an efficient tool for solving the unit
commitment problem. Another advantage of this method is its short computing lime
compared with EP method. The proposed method takes only 2 seconds using
pentium’s personal computer, whereas, the same system solved by EP method takes

100 seconds [13].

Table 4 ; Final vesulls for the optimal scheduling, Case Two.

State chosen

1 700 BASE Base units are only "on" 13633 013683

2 730 MED Base units are only “on” | 14554 628237
% 850 MED Base units are only "on" 16302 044540

4 950 MED 09.5 825 ] 1.0 [.919 825 19816.7 064356

5 1000 MED 12.0 1.00 1.0 | 91t 91t 20356.7 084713

6 1100 MED 13.6 1.00 1.0 | 892 892 | 22499 103212

7 1150 MED 08.7 | 0.57 1.0 [ 835 570 ) 23242 1131454

8 1200 MED 17.6 1.00 1.0 | 718 JI§ | 26412 1 157867

9 1300 MED 08.6 [0.54 i.0 | .887 540 | 26539 | 184455

10 1400 PEAK 10.9 1.00 1.0 | .801 801 30675 215130

1 1450 PEAK 10.8 1.00 1.0 | 774 T74 131984 247114

12 1500 PEAK 10.8 1.00 1.0 | 687 | .687 | 34005 281119

13 1400 PEAK | 109 1.00 1.0 | .81 811 300935 124

14 1300 MED 08.6 | 0.54 1.0 | .887 540 ) 26389 337303

] 12G0 MED Ry 1.00 Lo | 730 50 | 24130 361853 Ju

16 1050 MED 269 1.00 1.0 | .732 732 21598 383551

17 1 1ooo | MED (330 100 [ 1o {80 | 81l [20738 404309

¢ 1100 MED 21.0 1.00 1.0 | .899 899 | 22442 426751

19 1200 MED 1.0 100 1.0 |.750 750 | 24130 450001

20 1409 PEAK 12,6 loc | 10 | 725 25| 31439 482340

21 1300 MED (8.6 054 | (.0 | 887 540 | 26589 508929

22 1100 MED 16.5 1.00 | 1.0 | 1.00 L.00 | 22276 531205

23 200 MED 10.0 1.00 | 1.0 1808 | .808 17633 548858 i

24 800 MED Base units are only "on" 15427 564283 !

Tabfe 3: A comparison between three methods-Case Two.

DP method [13]

EP method |17]

Proposed method

Total cost (5) 565825

= ___———— — _————

565352 564285
Computing time (scc) N/A 100 2 |
|

—_— > —
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5. Conclusions

A new heuristic method using fuzzy sel notations has been developed for
solving the unit commitment (UC) problem. The variables: load demand, cost and
spinning reserve are represented by fuzzy membership functions. The key to
implement this method is 1o be able to determine the thresholds for the last variables.
The method also depends on dividing both the generaling units and load pattern into
base, medium, and peak levels using the operator’s experience. The principles of this
method can be expanded to cousider inore complicated cases with additional
constraints.

A computer prograni was writlen and applied to lwo systems. With the 4-units
system , the cost of the schedule oblained by the proposed method is $74773. When
the problem was solved by using two other methods the cost was $75267 and $74773
respectively, With the 10-units system, the cost of the schedule calculated by the
proposcd method is $364285 during 2 seconds. The problem was solved by another
method and the cost was $565352 during 100 seconds. The results lead to the
effectivencss of the method proposed to solve the UC problem. The results also show
that the solution wiil be oblained with saving in the computing time, and saving in the
Iotal cost.
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7. APPENDICES

(4) 4 - Units system data.

Table (A-1): Unit characteristics Table (A-2): Load pattern
——————————————————

Start up cost

Max, Min. Incremental
No. | (MW) | (MW) |cost (SIMWH) 3
—
I 80 | 25 | 2088 350
I 2 250 60 | 18 400
‘r 3 300 75 17.46 1100

Il‘h
(=3
o
[ d
=
=]
[¥%]
cQ
<
=)
2

(8) 10-Units systean data

Table (B-1): Load Pattern

T’;:"’ N rz K L4 s |6 ' 708 18 |10 u, o2

Load :‘ e | |
sy | 700 | 750 | 850 | 950 1000 | 1100 | 1150 muj 1300 | 1400 1450 © 1500 |
| ] L i . | j |

[ 1 [ t
3 14 15 | 16 17 18 ‘, 19 20 |21 | 22 | 23 24

| 1400 uou_§ 1200 ‘ 1050 | 1000 uuﬂ:mn | 1400 | 1300 | 1100 | 900 . BIF
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Table (B-2): Unit characteristics

M.M. El-Saadawi. M. A. Tuntawy & E. Tawfik

Pra MW) | 455 | 455 130|162 80 |85

Poin (MW) | 150 | 150 |20 20 25 20 25

in"' (S/b) | 1000 | 970 | 700 | 680 450 370 430 | 660 | 665 [670
i-b' (SIMWH) | 16.19 | 17.26 | 16.60 | 16.50 | 19.70 | 22.26 | 27.74 2592 27.37_! 27.79
c* (SiMWz.h) | n.DoD4s | o.n0o31 | 0.2 ‘ 0.00Z11 | 0.00398 | 0.00722 | UmOT) | wOD4I3 | 0.00227 | Lueey
| Min.up time (h) | 8 8 5 5 6 |3 IE I | 1 I i
Mindown tme () |8 | 8 s s [e6 |3 |3 L (o
| Ut start cost (5) ' 4500 | 5000 |ss0 | 560 |00 | 170 'Lzao | 30 [ 30 0
| Cold start cost () | 9000 | 10000 | 1100 | 1120 | 1800 | 340 | 520 |60 |60 | 60
ECotd start time ()" | 3 i 5 4 4 4 2 2 | 0 ] 0____0—
nitial status (hy*** | 8 I L] 5 5 6 -3 -3 -1 1 1

* 1, b and ¢ are the cost cocfficients of a generating units, the'generation cost of

any unit ($/h) is computed as: C=a;+b; Py +¢ P2

**Cold sturting time : is the time needed (in hours) for starting a generation unit.

**% Initial Status: is the status of a generation unit before the studied duration, it
is positive when the unit was committed (up}) before the studied period (8 hrs for
unit | in the table) and it is negative when the unit was decomitted (shut down)
before the studied period (3 hrs for unit 6 in the table)



