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Appendix 1

PARAMETERS OF THE TWO AREA POWER SYSTEM INVESTIGATED

Parameters of the thermal system

Nominal frequency

Rated power of each area Prl, Pr2

Nominal load of each area

Tie line synchronising coefficient Ti2

Equivalent load frequency droop R

Steam governor-turbine data:
Covernor actuator time constant T,

Turbine time constant TT

PapafMeters of the mixed hydrocthermal system

Percentage of regulating hydro units
Percentage of regulating thermal units
Hydro governor-turbine data:

Governor actuator time constants:

Penstock time constant

Rest of the data are as in (a) above

161

50 Hz

2000 MW
1000 MW
0.25 pu

2.0 Hz/puMw

0.5 s

40 s
0.513 s

5.0 s

1.0 s
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Appendix 2

TDENTIFICATION OF THE PARAMETERS OF THE MODEL
USING LEAST SQUARES ESTIMATION

The least squares estimation for identification of model parameters
will be discussed and a recursive least squares estimation for on line

parameter estimation will be derived.

A2.1 Least Squares Estimation

Consider the system model given by equation (A2.1)
B
y(t) = q° g u® (A2.1)

where,

P
1}
—
+
o
—
L
L
+
+
o
QO

and

o
"
[~2
o
+
o’
-
L
+
.+
(=
Kol

The coefficients of A and B are the unknown parameters to be estim-

ated. Equation (A2.1) can be expressed in difference equation form as:

y(t) = -a1y(t-1) -azy(t-2) ........ -a, y(t - n)
+ bou(t-k) + bju(t-k-1)+ ...... +bmu(t-k-m)
where, (A2.2)
y(ﬁ), y(t-1), ....... y(t -n), u(t-k), u(t-k-1)...... u(t -k -m)

are known output and input data.

and  a;, az, .., a_ s bo, b1, .. ..ot bm are unknown model parameters

to be estimated.

Let the number of unknown parameters to be N
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|
poaation (A2,2) can be wri#ten for N sampling instances to obtain
|

I

tae roirlowing equations., ’
{
v(t-N+1) = -a; y(t-N) - ..... {} a, y(t-N+1-n) + by u(t-N+1-k) F i
‘i
& + b u(t-N+1-k-m)
| "
|
!
si -
y(t-1) = -ay y(t-2) - ..... - a, v(t-1-n) + by u (t-1-k) + ...... v
+ bmu(t-l-k—m)
v o (t) = -a; y(t-1) - ....L - a y(t-n) + by u(t-k) + ......

+ bmu(t-k-m)

(A2.3)
The set of-equations (A2.3)lrepresent a set of N simultaneous linear
equations with N unknowns, which can be solved to find the N unknown
model parameters provided the N equations are independent.
Equation (A2.3) can be wfitten in matrix form as:
Y = X8 ; (A2.4)
where Y 1is a vector consisting of the output data
. T
ile. Y = (y(t-N+1), y(t-N+2), ....... y(t-1), y(t)) (A2.5)
6 is the unknown parameter vector given by
o = ' b, b b )
6 = ( -a1? -a2s «... -8, Do, b1, ... -
T
= (01, 02, ovn... eN)

and X is a (N,N) matrix consisting of past input-output data values:
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r 1
y(t-N) o.oeenn y(t-N+1-n) u(t-n+1-k) u(t-N+1-k-m)
y(t-2) y (t-1-n) u(t-1-k) u(t-1-k-m)

y (t-1) y (t-n) u(t1k) u(t-k-m)

! ] (a2.6)

~

Now, defining estimated parameters vector O as:

: ~ ~ ; ~ ~ ~ ~
L= ( -a;, -az, ceele map, bo, b1, ceee.. bm)
~ ~ A
= ( 6, B2, veiienn GN)
where,
A A

0, 82, are the estimated values of
i Carid 184 reldpectidelyl

Y can be expressed as:

Y = X_/e\_ + e ‘ (A2.7)
where e = (e;, €2, .... en)T is the estimation error vector
and ey, ez ..... ey are the estimation errors of
y(t-N+1), y(t-N+2), ...... y(t) respectively,

The best estimate for 6 is obtained when the scalar product S given

by § = g'rg is minimum.
Since e =Y - X 6, S can be expressed as:
S = [Y-X8] [Y-Xx8] (A2.8)

The minimum of S is obtained when EE— is zero.
dé



i.c.
By xarT x- e b
de
- [ -x8])
= 0
Hence, the best E_ is given by
v - x8 = o
i.e XE_ = Y
X' x§_= X'y
or 0 - T X]™ Ty
SubstitagaeR/of Y V5V X9 inYequation”{A2V9)Vgives:
8 = g x'xje=38
Therefore, .é = § and correct estimates are obtained.
Also since Y = X8
and Y = Xg + e
e is given by e = X8 —X:é_ )
Hence, for 6 = g, e = 0,

A2.2  Recursive least squares algorithm

Consider the equations available at present time t when data

samples have been collected over N+1 sample periods:

165

(A2.9)
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|

y(t-N) = -a; y(t-N-1) .... -angy(t-N-n) + bo u(t-N-X) + ...uuun.

! + bm u(t-N-k-m)

Q
y(t-1) = -a;y (t-2) .... -a y(t-1-n) + bo u(t-1-k) + ........
; i .
; + bm u(t-1-k-m)
y(t) = -a;y(t-1) .... -a, y(t-n) + bo u(t-k) + .........
“ :
+ bm u(t-k-m)
I.. matvrix form this can be expressed as:
Y, = Xt' gt ‘; (A2.10)
g Equation {fA2:10) can be written. in pagFtitioned form as:
| Ye = | Yo Xeo1
| R R St
'''''' T
y(t) X, .
! ] § ]
T
. where Y1 ° [y(t-N), ........ y(t-2), y(tjl)]
T
X, = [y(t-1), ........ y(t-n), u(t-k), ...u(t-k-m)]
According to equation (A2.9), the best estimate Q-t is given by:
q
~ T _1
By = DX X X Xy
-1
r T T ) w
: v r 1
[X boxd ,
t-1 t Xt-l [Xt—l d -)-(-t] lt—l
A - - - -\ +x«£ ] e»eeaeam=mas
T
L it t Y(t)
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) T T
e b ey Yeq v X Y (®)
(A2.11)
Now, using the matrix identity given by:
T T -1 r ! T ! T r !
[A°A + aa ] = [ATA] - [AA] aa [AA]
1
l-rgT MTA] a
and letting
) X T o (A2.12
Pt-l'[ t-1 Xt—1] 2.12)
and d. = 1+x.7 P, . x (A2.13)
t-1 =t t-1 =t ’
Equation (A2, 11) simplifies to:
* 3 T
: 12) XICSOE P
3 t-1 €Tt t-l
U s [Pt—l A d ] [Xt-l lt 1 + xt Y(t)]
t-1
_ T P X T T
= Pep Xl Yeop o, Lt My v -x Py X Yo
d
t-1
. + x . y(t))]
_ T P,
- Pt—l Xt—l Zt-l v o1 7t [(1+xT p x_ ) y(t)
d —t "t-1 —t~° ¢
t-1
T T
"X Pelp ey Yoot Xy (@)
.. P
X
T t-1 —t T T
= Pep %o Yoo () - x¢ Py Xy Yoo
dey
(A2.14)
According to equation (A2.9) gt—l is given by:
A
. _ T 1T
R T Xt—l] Xeo1 Lea
T.


http://A2.ll
http://A2.ll
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T .flre, equation (A2.14) can be expressed as:

~

6. = ©

P

X ~
> 1 X T

S 8¢y L2 [yey - x. 8 ] (A2.15)

4 -t =t-1
“t-1
3 A
S:'aneit gt-l is the predicted value of y(t) based on the old estimates
-Qt 1 the difference y(t) - §4ji~gt-1 represents the prediction error
at time t.
P X
E_é el =t e g (nx1) vector.
dt-l

Hence equation (A2.15) can be expressed as

-Qt =.-9t-1 + G . (Prediction error) (A2.16)

, £ ot 3 _—
Since Pt = [Xt Xt] = [Xt-l Xt—l X, X, ]
T
_ P X X P
Pt = Pt-l - t-1 =t =t t-1
dt—l
i.e P, = P - 6. X T p ' (A2.17
t  t-1 - =t t-1 -17)

Equations (A2.16) and

porereter estimation.
-1

, oy T
Pl IXe2p X!

manner using equation

(A2.17) provide a recursive algorithm for on line
The matrix inversion involved in the definition
is avoided as Pt is evaluated in a recursive

(A2.17).
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. Appendix 3

Generalised Minimum Variance Control Law

A suitable control u(t), which minimises a general cost function

will be derived.
Consider a model given by:

y&) = aF Fu® + &) (A3.1)

and an auxiliary output ¢ defined as:
d(t+k) AP y(t+k) + Q u(t) - R w(t) (A3.2)
where, P, Q, R are weighting polynomials in

& 5cand - wddisothe: J8tepodnt.,

The control objective is to minimise:

—
n

E {¢2 (t+k)} (A3.3)

[

o

—
]

<

E{[P y(t+k) + Q u(t) - R w(t)]’} , (A3.4)

v(t+k} in equation (A3.4) can be expressed in terms of u(t) and £ (t+k)

using equation (A3.1) and the cost function I can be rewritten as:
2
I o= E{[ (2 + Qult) - Rw(t) + 2T & (t+k)] } (A3.5)
Now, expressing PC/A in the form:

PC _ k G
— = F + q A

% .
the last term in equation (A3.5), i.e. -{2 g€ (t+k), can be expressed in

terms of fyturevalues, and present and past values of the random disturbance.
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PC ‘ G
& (t+k) = F £ (t+k) + £ £ (1) (A3.6)

is of order k-1 the term F £ (t+k) involves only future values

of the random disturbance.

Now, substituting for %g & (t+k) in equation (A3.5):

PB G 2
I=E{[(7\—+Q) u(t)—Rw(t)+F£(t+k)+K&(t)]} (A3.7)

The present and past values of the random disturbance can be calculated

from the knowledge of A, B, C, k and the present and past values of u and

y using equation (A3.1) as follows:

then, the

T =
where,

H

and E

Expanding
I

e = A ym - o Bam

€St | funqeiony]jinTequation [(A3 7 impdifies to:

E (B rum - rww v FE@ v 3 (5 vy a7 Sul®

-— b] 2
E ([ (g(%-qu) + Q) u(t) +(—(;-y(t)-Rw(t)+F E (t+k)] }

2
E {[ % (Hu(t) + Gy(t) + Ew(t)) + FE (t+K)] } . (A3.8)
- BF + QC (A3.9)
= - RC . (A3.10)

equation (A3.8) results in:

1 2 2F
E {[ z (Hu(t) + G y(t)+ E w(t))] + + (Hu(t) +Gy(t) +

2
Ew(t)) & (t+k) + [FE (t+k)] }

(A3.11)
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Since the disturbance £ (t) is a random uncorrelated zero-mean sequence,
the expected value of the middle term will be zero. This is because

FE (t+k) only involves future values of £(t) which are uncorrelated with

“
the present and past values of input, output and reference.
Hence,
1 2 2
I = E{[ E—(Plu(t) + Gy(t) + Ew(t))] + [FE(t+k)] }
o “and for minimum Ij
ol _
suce) - °
then,
ol 2H
é—u—('aE{'C—(Hu(t)+G)’(t)+Ew(t))}— 0

i.e., the-contrgl, law which minimises the variance of ¢(t+k) is given

by:

Hu(t) + Gy(t) + Ew(t) =0




172

Appendix 4

) 21
AN ALGORITHM TO SOLVE AH + q BG = CT

The solution algorithm is ;considered in the following three steps:

-1
1) Transform the equation AH + q BG = CT into the form
ME = V by equating the coefficients of the equal powers
1
of q
i

2) Perform row operations to diagonalise the matrix M ;
2 Compute u by solving the equations obtained from (2) above.
Step 1 : form M and vy

n

Let the orders of the polynomials A, B, C and T to be Ny, Mg, Mo

and n, regpeRtively.

Théh, from equation (4.63) the orders of the polynoﬁials G and H,

i.e. ne and Ny are given by:
nG = nA - 1
n, = ng

(hy is fixed to unity)

Hence, the total number of unknowns is equal to ne + Ny + 1 1i.e.

the total number of equations n is given by:

EQ

nEQ = nG + nH + 1

From equation (4.64) the matrix M is given by:



173

]
bo , 1
| b1 by a; 1
= by by a; 4aj
| .
| 1
b bo ai
ng _
b ’ a az
ng nA
. . an
A,
b a -
L nB HA‘

M is formed as follows:

(a)

(b)

(c)

fet,all.the elements of M, to. zero.

'mij = 0, for j=1, ng and i=1, ng, (A4.1)
form the first n, célumns.

ith column is given by:

mi+j-1,i =bj-1 s :j =1, nB-+1 (A4.2)
form the rest of the columns.

In n, + ith column,‘the first i-1 elements are zero, ith
element is 1.0 and i+l th to i+nth elements are

A1, 82 ceconnnn anA respectively.
Thus, nA-+1 th column is given by:

= 1.0 . (A4.3)

m, .
i, i+np
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m .
'k"'k'

mlhvl ’”A’ [}

m m
ey "ea*eA

(c) Row operations,toset |the elements below the diagonal

of the columns nA-+1 to nEQ to zero.

number of elements below the diagonal elements LI is

given by: & =n_, - 1

EQ

let Rk = mi+k,j / mi,i (A4.9)

. . . .t
Now, Rk time 1th Tow 1s subtracted from the k+i h Tow,

for k = 1, 2 and for i = nA+1, nEQ—l
Thus,
mi+k,j = mi+k,j - mi,j Rk (A4.10)
vi+k = Vi+k - vi Rk for k=1, 2 ;
i=1, nEQ ;1= n, +1, nEQ-l (Ad4.11)
Step 3: Computation of G and H parameters

n_.-1, ...., 1

Compute uj for j = nEQ’ EQ


http://A4.ll

R m. . . =-a,, for j=1,n
1+37, 1+nA J
|

“~vmed as follows:

ith element of y is given by:

C
v = -a. +c¢c. +t. + L ¢ t.
i i i i k=1 k "i-k

with t, = 0 for i-k > n,., and for i-k <0 )
i-k T
ti—k = 1 for i-k =0
a. = 0 fori>n ; ¢. =0 for 1 >n

; 1 A 1 c
Step 2: Diagonalise the matrix M

(ayi<@omputeCtheélatio Gi from:

§; = by/by_

i , for i = 1, n

1 B

(b) Row operations to set the elements below the diagonal

of the first n, columns to zero.

subtract Gk times ith row from jth row for i=1, n, and

j=i+1, i+n, - 1. where, k=i-j

B
thus,
m. = m, - m. 8
J:Q' J,’Q' J'k:'Q/ k
and V., = .-V, .
& = Vi T Yk s S

Now the equation takes the form:
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(A4.4)

(A4.5)

(A4.6)

(A4.7)

(A4.8)



for j

. for

EQ

vi/m..

[V,

JJ

nEQ-j
z
k=nA-J
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(A4.12)
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