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Summary

This paper deals with the calculation procedure called “restoration
process’ for the solution of actual bus voltages and currents in a power system,
utilizing the information stored during the reduction of the power system,

by the new equivalence technique in linear graph theory.. The process is
illustrated with an example.

Notations
A’i= incidence matrix,
A = partitioned submatrix of the A-matrix,
Apn' = transposition of the partitioned submatrix A4,,,,

Yp = D-graph admittance matrix,
Ye = E-graph admittance matrix,
Yec = E-graph admittance matrix for the final generator daisy,
Ys = admittance matrix of S-graph elements,
Iz = current matrix of E-graph elements,
Vs = node voltages of S-graph,

- VE = node voltages of E-graph,
Is = current matrix of S-graph,
vp = number of vertices in D-graph,

Lo, = number of J vertices,
¢ = unit matrix,
U U-vertex.

* Written discussion on this paper will be received unhl ‘October 31, 1967.
" This paper was received on September 21, 1966 :
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1. Introduction

In the reduction of a network or graph by the equivalence technique described in
an earlier paper the D-graph is replaced by an E-graph and in the process the individual
vertices of the D-graph and associated elements are eliminated. The information
details of these individual vertices and elements are, therefore, also suppressed or buried.
The results of reduction give equivalent admittances or impedances across the junction

vertices.

In another paper?, the application of the reduction technique to a power system
was described. The method enables one to determine the system admittances as
viewed from generator terminals or important substations.

For a comprehensive or more detailed study, however, currents in the individual
elements or branches and voltages at all nodes or buses are required. This requires
the transference of information from the E-graph back to the D-graph and is thus a
reverse of the process of reduction. Certain results and equations of the reduction
process can be used to advantage for this process. -Hence, if these results of the reduc-
tion process are stored, then they can be utilized for uncovering the original elements

" and vertices and thereby to calculate their currents and voltages by a routine procedure.

This orderly process of calculation from the reduced equivalent graph, the I and V
functions of the original graph is termed as ‘restoration’.

This paper explains the details of the restoration process in the I explicit form and
its applications to a power system. The notation used in this paper is the same as that
used in the previous papers.™ 1.2 The method is 1llustrated by applying it to the power
system reduced in a previous paper.?

2. Restoration

The SE-graph specifies the V functions of the E-graph. Since the ¥ functions
Ve of the E-graph, equal the I functions, Vy of the N-graph, the latter are also speci-
fied. To obtain all the ¥ functions of the Np-graph, a set 6f V functions corresponding
to a tree of Np is required.

Case 1: Vp > Ji; S and D coupled

In this case, the N-graph does not contain Vp-1 elements and hence does not
constitute a tree of Np. To obtain the required information, some more V functions
in addition to those of ¥y should be known. These V functions are designated as
V pg. They correspond to a set of elements of the D-graph which together with the
N-graph constitutes a tree of ND-graph.

The f-seg matrix of ND-graph in tflg tree 1s given by

jk - P:k UN Slz}

Vo-l4,+P, L 0 Sy O}

‘where Uy is the unit matrix corresponding to the N-graph.
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The F-element equations for the D-graph and the elements of S wluch are couplad

Isp Ys Yo Vo :
= o V)]
Ip Yos Yo Vo
where Isp and Vsp contain respectively the I and V¥ functions, .which are associated

with elements of S that are coupled to D, Ip and Vj contain respectively the [ and V'
functions, which are associated with all the elements of D.

Then, from the previous paper,?

DB:I]DSV ]EV] [ II//S:] v (3)
where, _ _ - L ) .
' ‘ ]DSy — [Se2 Yb Sa2"1™* Sz Yis S N (4)

] =_[522 Yo ST~ lszzybsla ' S 6

" From VDB and Vg, Vp can be calculated from v
Vb =[S Sl [ ] ' ) ©
Vba : :

© Josv, Jevs Sip” and S,y are all determmed during the reduction process. Hence,

these . calculated results are to be stored and made available for restoration. The -

calculations involve only matrix multiplication.

Case 2: Vp > jx; S and D not coupled

In this case,
2 - . Yps=0
 Hence,

Josy =0

From equations (3) and (6), _ .
B Vo = Jgy Ve - )

-and

Vo =[S’ Sul [ VDB] | ®

Cace3' Vo=1jr: S and D coupled

Py > 1, the V functions of the N-graph do not constntute a tree set. In such
a- case,

Vos = Lbsy Jsvl[ ] o

Rt Yoo o
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If the S-graph is in only one part that is, Py = |, N-graph ‘constitutes a tree of
ND-graph. Hence, Sn

From equation (6), .
Vo =Sy, Ve - oo

Case 4: Vp =ji; S and D not coupled
If p,, > 1 then Vpg and Vp can be calculated from equatxons () and (8). lfp e =1
Vp is given by equatlon (..

3. Application of _restoratxon process to power system )

The reduction of a power system is carried out by splitting the system into a conve-
nient number of zones.? After eliminating the non-U-vertices, each zone is reduced to
its G-U-form. The G-U-graphs of individual zones are then put together and the
elimination of all the U-vertices is done to obtain the generator daisy of the system.
Incidence matrix is the basis seg matrix used. The V functions are the node voltages,
with respect to ground. N or E-graph is a Lagrangian tree with ground as the star
point. All the elements of N and E are oriented towards ground. The incidence
matrix A of ND-graph with the row corresponding to ground ehmmated has the form
shown in equation (12).

’ D . )
- J vertices 2] o :
A= [ m:l : ' (12)
- Non-J vertices ; N _

The S and D-graphs are chosen such that there 1s no couplmg between them

The restoration process consists in the computatlon of the node-voltages of each
D-graph chosen in the reduction process from the calculated node voltages of its dis-
placed E-graph. The node voltages of the E-graph are the same as the voltages of the
J vertices. Hence, the only node voltages of D-graph to be Testored are the voltages
Vo of the non-J vertices of the D-graph which are submerged during reduction. It
must be noted that Vyp corresponds to ¥pp. The general formula for the compu-
tation of Vyp is given by equation (7), with S replaced by A, i.e.,

Vo = Jgp Ve = — LA Yo A A Yo A’ Ve (13)
where Yp is the admittance matnx of the D-graph.

The all zone generator daisy of Fig. 1 is the SE-graph obtained from the all-zone
G-U-graph of Fig. 2 after eliminating all the U vertices. Generator buses are the
J vertices and hence generator bus voltages are the node voltages of the E-graph. . The
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first step in restoration is the computation of all the U vertex voltages. The admittance
matrix of all the elements except the generaors of all-zone G-U graph is given by

Yo ,Ym]
v=[y Y

Non-U-elements U-elements
Y 0 v Yiag 0 -
Y11,2 1: ‘le.i
0 Yia 1 O Yiea
I D LT PR o (14)
Youa 0 v Yoou 0 '
Yoo E  Yea
0 Yatn E 0 . ’ Yora

where Yiyi, Yiai Ve and Yy, are the submatrices of Yp.;, which is the admit-
tance matrix of all non-generator elements of G-U graph of zone i, i..,

Yn.-‘ Yn.i]
Y s = I5
? Yal.u‘ YB’.«' . ) ( )

The column of the ND-graph incidence matrix pertaining to the D-graph, with
partioning corresponding to that for equation (14) is

Elements - A
incidents to U-elements
gengrator B
vertices
" Generator U L 0
vertices Us . L : a
. o
- vl et a8 I‘ e S o B S e e e S
1
Ag U-vertices | 0 ! Agq
. _. Lo -

where if the last set of columns is ordered properly; with respect to zones then,
Ay = [Ags.1, Ay ... Agsal ()]

Substituting the various submatrices of equations (14), (15), (16) and 17 in equation
(13), the zonewise ordered set of node-voltage Vjp' of all the U-vertices can be ob-

tained by
—1
. Yu Y] [ O ]
= 0 A
VVND — I:[ | 23] [Yn Yan] [ A”, :I ,




I ——
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oom [BB] [0

= — [Ay; Yo Azl Ay Yy Vi

VG.l
‘ V. G.2 .

—— B MM L. M| (18)

VG.n
where
B = E A23| - Yo, Al
i= l o

a_nd__
' M, = YpiAu

V. is the set of generator bus voltages in zone i. B~* and M; are all already

,calculated during the reduction process.

The U element voltages are given by

LE - . Vue‘ = Ags VND ’ X . (lg)
With tlns computation, the restoration of the all zone G-U graph is completed.
The node voltage matrix-of each zone G-U graph is of the form

O

“where V,; is the set voltages of U-vertices in zonei. Vu;, is also the Vg, for the

next step in restoration process now at the G-U level.

o Using equgtion (20) in. eqnat_ion (13), i.e.,

l s " Vou=Jevi Ve @n

)

the voltages of the nodes. submerged during the previous reduction of zone i can be

calculated. Jgy; is already calculated and stored during the reduction. Continuing
this process of restoration, the voltages of all the nodes of each zone can be obtained.

This process restores the G-U graph of each zone (Fig. 3) to 1ts all-vertex form (Fig. 4).

. The element voltages of each zone are calculated by the equations :
Vn ‘AuV o - .(22)

Vn—‘A‘u Vn.i ’ o (23)

where VL,, are load element voltages for zone i, V,,; are. voltages of non-load-non-
generator elements (transmlssxon elements) for zone i,
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Vi are the node voltages for zone i, A'y; is the transpose of the incidence matrix
- Vi are ag: 1, P
for the load elements in zone i, A',, is the transpose of the incidence matrix for the
transmission elements of zone i.

With the calculation of equations (21) and (22), the complete restoration of voltages
of all the elements of the original zone diagram is accomplished.

4. Example

The power system shown in Fig. 5 (which is the same as the one considered in a
previous paper®) is used to illustrate the restoration technique.

a4 Q2
— - T
3 zone {
é equati
® - T % _ 30
=t @BLJ% 5 % 7 e | L
i . i, 3 [ /\30 ) =
2
9 B o N -9 P 28 29
2
31
5 ‘/ I}
] g——-l/_,, © S L
Fig. 5
Power system : . b
First a set of voltages is assumed for the generator buses. This is given in
Table 1.
Table 1
Assumed voltages for the generator buses -
_ Voltage
Generator bus . ) ' : i
Real part Imaginary part 46 :
a . 098 0 :
SR S Y T 0
Zone | 2
c 100 - 0.
d 1.01 0 S
generat
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nce matrix

Tab]e 1 (Contd)
trix for the — ~
S coie |- 102 I 0
of voltages Zone 2 - - L ' ’
: ' k. 1 03 : 0
ideredina b 1.04 - 0
Zone 3
n 1.05 : 0
m The matrices My, M,, My and B~ calculated during the reduction of the all
R zone G-U-graph shown in Fig. 7 to the. generator daisy shown in'Fig. 6 are given by
é equations (24), (25), (26) and (27) (only non-zero entries are given).
Row Column  Real part - Imagmary part
2 | 0.0 0.13828937E+4-01
2 2 0.0 0.46525300E+01
My= 3 | 0.0 0.10300973E+-01
3 2 .00 - 077021611
4 1 0.0 0.50505051E+01  (24)
: 1 1 0.0 0.10638298E+ 02
— M,= 1 4 0.0 0.56818182E+4-01
2 2 0.0 0.416666667E+02  (25)
1 3 0.0 0.40983607E4-01
o Moe | 4 00 043913998E-+01
b given.m T2 2 0.0 .0.28571429E4-01
2 4. 00 0.32386704E-+01  (26)
1 1 00 - 0.4622325E—01
I 2 0.0 0.22924287E—02
1 3 0.0 0.12084284E—01
2 -1 0.0 0.22924285E—02
B-1— 2 2 - 0.0 . 0.18388332E—01
: 2 3 00 0.10804562E—01
3 I 0.0 0.12084284E—01
3 2 0.0 0.10804562E—01
3 3 0.0 0.60234628E—01
4 4 0.0 0.75744328E—01 ~ (27)

Substituting the matrices B-2, M;, M, M; and set of voltages assumed for the
generator buses in equation.  18; the U-vertex voltages given in Table 2 are obtained.
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TableZ
U—vertex voltages ' . :
| Voltage' - T
U-vertex R : : »
Real part Imaginary part
p 1.0180628 K 0.0
i 1.0313118 0.0
l 1.0326964 0.0
- m ‘ 1.0424779 : 00. -

With the computation of all the U-vertex voltages the voltages of all the buses of the
all zone G-U-graph (Fig. 7) are obtained.

Next restoration of the voltages of the nodes of the all-vertex graph of each zone
(Fig. 9) can be done from the node voltages of the corresponding G-U-graph (Fig. 8).

The all vertex graph of zone 2 is the same as its G-U-graph. Hence, the node
voltages of the all vertex graph of zone 2 are the same as’ those of the correspondmg.

G-U-graph.

The matrices ]EVI , Jev s calculated- -during the reduction of Flgs 90), 9(m)b
to i igs. 8(), 8(111) are glven by equations (28) and (29)

-i;;m;w"t- o
'

w
3
w
m.
A
G- U. GRAPH G. U_. GRAPH " G.U.GRAPH

ZONE 1 ZONE_2 IONE.3

Fig. 8
" .. GeUgraphs - .. ..
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-The w
"ALL.VERTEX EQUIVALENT ALL.VERTEX EQUIVALENT. ALL. VERTEX EQUIVALENT
T zone-t " ZONE .2 10NE.3
Fig. 9
Allvertex graphs
Row Column  Real part Imaginary part
I 2 0.58687954 0.0
1 3 0.16574070 00
1 5 0.37245102E—01 0.0
1 6 0.22107755 00
"2 2 0.49231017 0.0
Teva= 2 3 0.36671463 0.0
’ 2 5 0.82407782E—01 0.0
2 6 0.61617289E—01 0.0
3 2 0.61413396 0.0
3 3 0.10166853 0.0
3 5 0.22846860E—01 00 :
-3 6 027037954 00 (28) E
1 1 0.15222929 3
1 2 0.58151981 ;
| 5 0.27238387
Jeva= 2 1 0.69291649 B
- 2 2 0.19022835 Using
2 "5 . 0.11922156 - (29) _ zone and
: O } ' : - elements ¢
The voltages of all the buses except the generator buses of the all vertex graph of the admitt
each zane (I and 3) can-be obtained by substituting the corresponding JEv matrix transmissic
and the G-U-graph node voltages in equation (21). : : of current:
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The voltages of all the buses in the power system of Fig. 5 are given in Table 3.

Table 3

Voltages of the buses

Bus Real part ~ Imaginary part
a 0.98 0
b 0.99 0
EQUI\.IALEN'I ¢ 1.00 0
&2 d 1.01 0
e 0.10126692E -+ 01 0
f 0.10015446E 4 01 0
part g | 0.10180628E + 01 0
; h 0.10117663E 4 01 _ 0
) I 0.10313118E + 01 0
; ] 1.02 0
) koo 103 0
; 1 0.10326964E + 01 0
) ' m 0.10424779E + 01 0
g E n | 0.10500000E + o1 0
) (@8) o o 0.10528684E +- 01 0
! p - 0.10400000E. + 01 0
H q 0:10446588E + 01 0
% - Using the transpose of the incidence matrix of the transmission elements in each
(29) ' zone and the corresponding node voltages, the voltages across all the transmission
elements of zones 1, 2 and 3 shown in Fig. 10 can be calculated. These voltages and
vertex graph of i the admittances of transmission elements can be used to calculate the currents in the
ng Jey matrix transmission elements. This completes the restroration process. The complete set
) of currents in all transmission elements is given in Table 4.
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7 Table 4 _
(?urrents n transmission eléments
: Current
Transmission element - | '
: Real_ part _ Imaginary part
1 0 0.10000000E - 01
2 0 — 0.14800769
3 0 — 0.31094714
4 0 0.14807197
5 0 0.31134483E—01
6 0 — 0.12091956
: 7 0 0.19307500E—01
8 -0 0.45454545
9 0 0.40721213E—01
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10
H
12
13

I’

15
16
17
18

.19

20
2)
22

23

24
25
26

27

28
29
30

31

32

33

34

35

Table 4—(contd)

0.46399439E—01
013174040
015205243
— 0.2060851 IE—O
0.12771534
0.66516363E—01
— 0.15050000E—01
0.54658334E—0!
0.40800000E—01
©0.13428539
0.41699116E—01
0.51634820E—01
0.53394858E—01
0.29932787E—O01
—0.56061085E—02
0.56500001E—02
0.22786185E—0!
0.1106191 [E—01
0.16065754E—01
—0.20543077E—01
—0.13790385E—01
0.83192858E—01
0.52123895E—01
0.52000000E—01

0.52643420E—01

0.14000000
0.52232940E—01
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