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CONCEPTS OF DUAL-EXCITED SYNCHRONOUS MACHINE STABILITY AS AFFECTED BY
QUADRATURE AXIS EXCITATION CONTROL

M. Goto A,

Isono

K. Okuda

Hitachi Research Lab., Hitachi Ltd.
Hitachi, Ibaraki, Japan

ABSTRACT

This paper describes the concepts of dual-excited
synchronous machine stability as affected by quadra-
ture axis excitation control. A small displacement
model of the dual-excited synchronous machine is
presented in its general form, in which the two field
windings are not necessarily located on the ortho-
gonal axes and may not have the same number of turns
nor the same inclination angle to the physical axis of
the pole structure. The effect of direct ~and , quadra-
ture axes excitation control was studied on a  typical
dual-excited synchronous machine with the  symmetrical
rotor structure, and an excitation .control system has
been proposed for the dual-excited synchronous machine
with two field windings not located on the orthegonal
axes. The system offers the same effects on stability
as the machine with two field windings located on the
orthogonal axes.

INTRODUCT ION
The modern electric power system has thrown many
difficult problems on stable operation of -generators
by the increase of long distance transmission lines

from remotely Tocated nuclear power stations and of un-
derground cable systems in big cities. The high im-
pedance of the long distance transmission lines is the
major problem on transient stability after large
disturbances such as a grounding fault and a short
circuit fault, have occurred. On the other hand, the
generators are often to be operated in the underexcited
leading power-factor condition in order to absorb
economically the reactive power generated by under-
ground cable systems.

In many papers already published, it "has been
discussed that the dual-excited synchronous machine
shows better characteristics than a conventional
machine in both steady state and transient stabilities::’
The idea of the dual-excited synchronous machine was
first proposed as a means for improving the transient
stability.3 However, recent studies have shown that
this type of machine can also contribute to improve
steady state stability limits when it is provided with
special control arrangements. Analytical methods on

transient and steady state stabilities of this type of
machine have been reported.:

This paper describes the contribution of excita-
tion control system including quadrature axis excita-
tion control on steady state stability, and a small

displacement model is developzd in a general form, with
the aid of tensor analysis technique. Then, how the
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quadrature axis excitation control contributes to  im-
provement of stability, is indicated on a typical dual-
excited synchronous machine with the symmetrical rotor
structure.

DYNAMICS OF DUAL-EXCITED SYNCHRONOUS
MACHINE CONNECTED TO INFINITE BUS

The dynamics of a dual-excited synchronous machine
described in this paper is concerned with excitation
control, and such faster phenomena than the excitation
control speed as the effects of the rate of change of
the armature flux components p¥y and PY; and of the
amortisseur circuits, are neglected. A power system
is considered where a dual-excited synchronous wachine
having two field windings as indicated in Fig.l is con-
nected to an infinite bus through an external reactance
X. (See Fig.2). Direct axis (hereinafter called d-axis)
in Fig.1l is defined as a direction of the resultant
field flux produced by the two field winding f1 and f2.
Therefore the quadrature axis (hereinafter called q-
axis) excitation component is regarded as zero under a
steady state condition. Fig.3 shows a vector diagram
of the machine indicated in Fig.2. In this mode, the
following equations are obtained.

From the relationship of voltages
Fig.3.

and currents in

=p2 2.
e? =e} tel 1)

e ]_ i Ecosd
[*eﬁ] i MH ' [-Em ] @ -
Under a steady state condition;

[&]-[%] ®

Fluxes in the armature circuit are;

[53] ) 7()(“:2] +[X““H{fz’] @

d-axis

I f/.
S /s

Schematic layout of dual-excited
synchronous machine.

Fig.1.

&

From the and currents in

Fig.1;

(&) & b+ (=] ®

relitionship of voltages



Fluxes in the field circuits are;

Vi =_[x ]Pd +[ 1[&1 6
{-sz] ma lq Xr 1‘_2 ( )
The torque equation is
Te = Vaig = ¥l (@]
The equation of motion is

Mp'd-+Dpd+T. =Ty ®)
Next, the quantities in the field circuits expressed
in terms of fl1 and f2 co-ordinates in Fig.l are
transformed into the quantities expressed in terms of
d-axis and q-axis co-ordinates by the transformation
matrix (T) as follows.

_| cosf, cosé. 9
[Tl_[sinO: sinﬂi] bp<o 4 6,>0 ©)
{ifd =[T][in) (10)

lgq I,

2l
Vg | = [T {Wnl an
[\bfq Ye2

-t
lefa] =[T [ (12)
%q

e”]
€2
where, ['T']_l and rr}t mean the inverse and transposed
matrices respectively. Regarding impedances, the next

transformations are executed.

(13)

(14)

efi}
€

E =const
€

Fig.2. Dual-excited synchronous machine connected
to infinite bus through external reactance.

Fig.3. Vector diagram.

[Re]Lr]RITT

(15)

(%) = [r]fx37)- ae)

then, eqs. (4), (5) and (6) are converted as follows:
(b} Lefif Pl gl
EARE AR as
(b~ ) el *
Deriving the relations for a small displacement

near the operating point under the linearized approxi-
mation from egqs. (1), (2), (3), (7), (8), (17), (18),
(19), the following equations are obtained by
rearrangement as indicated in appendix.

o1, <[k Jos +{k [ o (20)
AaEy

aEq] _ ; ~1 AE¢y

CE) - {0t ooy -0l e

ae, = [Ks] né +(K6] [Aﬁél (22)

AE§

The relationship of eqgs. (20), (21) and (22) is
indicated by the block diagram shown in Fig.4. This
block diagram for a small displacement model of the

dual-excited synchronous machine is similar to that of

the conventional machine, but the coefficients are
expressed by matrices.
[K.]
+ - [T ee[w, a8 (rad)

ATy — M

g2
)T

[0+ rege]

_ [#Etd
AEf%

Fig.4. Linearized block diagram of dual-excited
synchronous machine connected to infinite
bus through external reactance.



Typical Dual-excited Synchronous Machine With Symmetri-

cal Round Rotor

In Fig.1, assuming that the rotor is of the round
rotor (Xq= X4) and the two field windings having the
same number of turns are symmetrically located against
the direct axis as #,=-0 and 0, =0, the reactances and
coefficients in Fig.4 become as follows,

x)-=d )

(X =202 e
(odors [o8 -sne] 7
(rd=n[3 °] e
(x.]=xe [ keszp C05126] @
(][ o, cos] @

Applying the relations of eqs.(13),(14),(15) and (16)
to the above equations;

(o) =xaf3 ) )
(Xuad=Xua [ ‘:] (30)
2rf sin’ @ 0
Brl=gidzs Co  corto) (31
_2xfe sirf 6 (1+k cos2 ) 0
(Xa)= sirf 20 [ 0 cos’6 (1-k cos28) J (32)

From eq. (A-10) in Appendix the transient reactance is

~N_Xa O
EXs]—[o x;] (33)
2
Where, . xd_x.d . 2cos 0
xd xff 1+ k cos 20 (34)
i xad 28irf @ (35)
Xq = Xq = — ¢ ——————
4 17 Xt 1-k cos2d
and
xdix,_. 5
-1 | XdT Xe
(CaT = . xitx (36)
xq:Fx,
1+k cos 28 0
(T, =2t
= TRO2 re ( 0 1—k cosZU]
., 1tk cos 20 0 _ Tide 0
=Tt L 0 I—kcoszdj—[ 0 Tig (37)
[K _ | Esing, (e —x'i . Ecosé ..
1 X;+X’_ do dlqo) xq’ +xe(eqo+qudo) (38)

[qu =[“F‘S‘in—ﬁ°‘ m\ E[K 2d K2q} (29)

XgtX, X +X,

q 7
jaCE. @] IR, ® (40)
(k) ={xare Lo K
Xg + % | a
0 }q+hl
_x'
X o Bsindy |
| XgtXe _ | Kada
[K"]_ xq—x' -{ij (41)
> Ecosé,
Xgt X,

a0 Ecosiso& (42)

Xe Cq(, —Xe  Cao [ l
= —_—f— . 2 7 . =| Kgq K
[KG] { XG+HX, @ Xg * X, e“’l Cl (43)
. - )
O R = @
0 1 +qulP

Though Xq=x4 numerically in the above equations, the
individual symbols of reactances are used to keep each
original meaning. In this case, the block diagram of
the small displacement mode! is shown in Fig.5,in which
the paths indicated by the dotted lines show the 1loops
produced by the q-axis excitation component. It is
interesting that the angle ¢ between a field winding
and d-axis affects both the transient reactances and
the equivalent field winding time constants.

K

aw 28 (rad)

—

1

]
z’._
v
v

Kad Kag

AEgg

Fig.5. Linearized block diagram of typical dual-
excited synchronous machine with symmetrical
rotor structure.



Stabiliiy of Dudl-excited Synchronous Machine

In a dual-excited

synchronous machine, it is
assumed , that the d-axis excitation component is
controlled by an automatic voltage regulator (AVR)

which  functions in response to variation of the
generator terminal voltage, and the g-axis excitation
component is controlled by an automatic rotor angle re-
gulator (AAR) whith functions in response to variation

of the rotor angle. Introducing this excitation
control system to the block diagram Fig.5, the block
diagram Fig.6 is obtained. In Fig.6,G,(p)and G, (p)

express transfer functions of AVR and AAR respectively.

ATt : Aw& 48 (rad)
AN |MP P
\
\
\ D
| | Ked N
’ 21
L‘\E1 AEdI " t
b s -IKsQ,F-’S/ A€,
I [
1+T54;P| [13T%5P i
[
+ ! Kad ]
- I
+ I
AEgq AEgs! !
[

Fig.6. Linearized block diagram of typical dual-
excited synchronous machine with AVR and AAR.

The torque cougenents AT, produced by d-axis
excitation component and AT, produced by q-axis
excitation component are expressed respectively as
follows.

ATy =Gy(prd (45)

KyaKgg ; KaqKaq
= ——— | 3L ( G.lP—K +K5G,, (DK
Gq(p) T .lﬁrqu( {P—Kiq) G, (D) TKsGy (DK}

. Ksg Kgq Gy (D)) 2 (46)

17 Trg, p
AT, =G, (pad (47)
_ Kiq Ky - 48
Gy(p o (Gar(P—Kyq) (48)

functions of angular
machine oscillation,
and decomposing AT,

. These torque components are
frequency « of the synchronous
Substituting p=j® into  eq.(20)
into the real and imaginary parts,

ATy =Gy(jw) A0

=Real{Gy (j®)} A0+ Imag(Gy (j@) }AS (49)
where Real{ i=real part, Imag* } =imaginary part.
Furthermore, substituting the relation és5:=%%;zsw into

the above equation, the following equation is obtained.

ATy=Real {Gy (jw) }A5+2Imangd(J"”) law (50)

In the similar manner on ATq,

Wo
ATq=Real(Gq(jw)}Aa"-:-Imnll[Gq (jw) }aw (51)

In eqs. (50) and (51), coefficients of a6 are of
the synchronizing torque coefficients and those of oaw
are of the damping torque coefficients.

For the dual-excited synchronous machine being
stable, the total synchronizing torque coefficient
Kyns the total damping torque coefficient Kdamp .

depending on angular frequency w of the synchronous
machine oscillation, and the steady state total syn-

chronizing torque coefficient K, for w=0 in eqs.
(52), (53) and (54) have to be positive respectively.
K,,,= K, +Real {Gy (jo) } +Real (G, (jo)} (52)
wo Wo
Kdnp:D-f:Imnngd(jw)}-F— Imag Gy (j@)}  (53)
w
Ksy,,o =K; +G4(0)+ Gq(O) (54)
EFFLCTS OF QUADRATURE AXIS EXCITATION CONTROL
ON STABILITY
Steady State Synchronizing Torque Coeffecient
The torque component ATq produced by q-axis
excitation component is indicated in eq. (47). Since
q-axis is orthogonal to d-axis, the =%j-axis excitation

component AEfq in Fig.6 is zero under a steady state
condition. Therefore, the transfer functron Gur(p of
AAR in Fig.6 has to satisfy the following cquation.

Gar(0) = 0 (55)

The steady state synchronizing torque cocfficient
Gg(0) is obtained from eq.(48), under the condition of
eq. (59).

Gy 10) KyqKsg (Gyr(0) =Ky ) =-KoqKoyKig  (56)

It is understood that the g-axis excitation con-
trol does not affect the steady state synchronizing
torque coefficient. Because of the existence of the g-
axis transient reactance x; , K; in the block diagram
Fig.6 takes a larger value than that of a conventional
machine. llowever, the demagnetizing effect of the g-
axis field flux indicated in eq.(56) acts as a negative
feedback component for K, and the resultant value is

K, +G,(0)=K, —K;qK3qKaq



Esins,

Ecosd
_ o ‘e o
- (edo _xd‘qo) + =

(8go * Xgigo)
+Xe qo q do

Xd+xe xq
Bcosd, X +X, Xq—Xg

o ——=2.-a _"e. 9 __dEcos5,
Xt Xe X tXe XgtX,

Esind, , Ecoss, 12
= (e; —Xii + —(e, Tt X_1
X:j"‘xe( do dqo) Xq+xe( q0 q'do (57)
which is the same equation as X, of a conventional
machine.
Damping Torque Coefficient
The damping torque coefficient is examined when

the Gar(p 1is indicated in eq.(58) which satisfies the

eq. (55).

K
G, (p=—2rP

1+T.p (58)

The torque component ATq which is produced by the

q-axis excitation is obtained from eqs.(47),(48),(58)
as follows;

E=| lpu.

_Generator and _Power System
X4 = 1.60 (p.u)

X3 = 1.60 (n)
Xd = 030( «)
X4 = 030 ( =)
Tio = 60 (sec)

M =70 (=)
T =90 (=)
T'i-so(.)

6 =300 (deg)
D =100 (PUTOWR, craeq)
Xt = 0I5 (pu)
Zg=01 ()

Excitation System

- _T100
AVR : 1+0.05P
AAR: o

1+005P

Ky, K K. D
AT, = s [ T L L 4
1T T, p THT.p KWl 2 (59
Substituting p=j@ into eq.(59) and decomposing
ATq  into the synchronizing torque component and the
damping torque component,
ar,=( ‘JquIfqu;r (TrqetTar) _ K2qK3c£K4q N
(14T VI {1+ (o1, )F ] 1+ (wThg, )
woK, Kgo K,y (1—FT, Tf,,) @oK, Ky K, Tf
+( q ,q : ar Zz 9739 Iq sqzjzxw (60)
{1+(“,Pfqz) }{1+(“‘an) } 1+(“’quz)
where the coefficient of Aw is the damping torque

coefficient. The second term of the damping torque
coefficient is produced by the demagnetizing effects of
the gq-axis excitation component and given by

@oK3qKyqKyqTlqs xq—xy (Ecos 9o ) @o Tfy,
l+(“'T,fqz)2 xq'f'xe x;+xe 1+(“'qu;)x (61)
which always gives positive damping torque. On the
other hand, the first term of the damping torque coef-
ficient is produced by AAR and given by
WoKgqKgqKar (1—#T4 Tq, )
{1+(0 Trq, )*} {14+ (@ Tor)*}
@wEcos 00 . Ku (1—0°T,, Tig,)
= . ; 62
xq+x, {1+(“’quz)2}{1+(“’Tar)2} (62)

Therefore it diminishes

which is proportional to ¢osd, ,
N s
into negative

as d, approaches 90 degrees and it goes
region when &, exceeds 90 degrees.
This nature is investigated on a model system as
shown in Fig.7 where a dual-excited synchronous machine
is connected to an infinite bus. Constants used in the
calculation are listed up in Table I. Since the study
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Fig.8. Stability limit curves.



is focused on the effect of the gq-axis excitation con-
trol, let us assume that AVR and AAR do not directly
control the actual field windings fl and f2 but they
control .the equivalent field windings fd and fq as
indicated in eq.(12). This can be realized by the
method discussed in the forthcoming section. The sta-
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Fig.9. Steady state synchronizing torque coefficients.

bility limit curves are shown in Fig.8. Various torque
coefficients under the operating condition of P=0.9 are
shown in Figs.9,10 and 11. These results show that the
stable region at P=0.9 is limited at a point where Kayno
becomes negative. This nature is also seen at lower
machine output though the curves are omitted. Kayno
reverses its sign discontinuously as shown in Fig.9 at
an operating point with certain reactive power when the
machine is controlled by AVR. Substituting p=0,gG,.(0)=0

Gor(0) = - Kir (Kvr ; AVR gain) in eq. (46),
Ga (0= %24 Ku (KyqK gKoqKvr-K KvrK,g) 63)
1+ KygKggKvr
The reactive power output, then the rotor angle

increases, Kqq4 becomes smaller and: furthermore gets into
negative region. Under the above mentioned condition,
the value of (1+KgKgKvr) reaches zero, so
reverses its sign discontinuously.
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In the other case where the impedance of trans-
mission line is larger than that of the model system
shown in Fig.7, the stable region may be 1limited by
K4ump becoming negative though K,yn is positive. The
q-axis excitation control is able to increase the
value of Kgamp and is effective for damping oscillation
but its effect diminishes when § approaches 90 degrees.
The q-axis excitation control does not greatly contri-
bute to expand the stable region.
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Fig.11. Damping torque coefficients.

EXCITATION CONTROL SYSTEM FOR DUAL-EXCITED
SYNCHRONOUS MACHINE

It has been proved that the quadrature axis exci-
tation control increases the synchronous machine damp-
ing torque. The next problem is then to find out an
optimal control system utilizing this nature. In prac-
tice the two field windings f1and f2 are rarely located
on the orthogonal axes. And the both field windings
are excited under the steady state condition. Then d-
axis or g-axis rarely agrees with the direction of fl-
axis or f2-axis. Therefore, if it were so ‘;rranged
that AVR controlled one of the field w1nd1ngs and AAR
the other, AVR would act to vary the d-axis excitation
component and partly ‘the q-axis component while AAR
would act to vary the q-axis component and partly the
d-axis one. And, accordingly, the satisfactory result
could not be obtained in this arrangement. To make the
control effective as aforementioned, the q-axis excita-
tion components should be controlled by AAR.

Figure 12 shows one of the methods to achieve the
expected control in excitation for @ typical dual-
excited synchronous machine with a symmetrical round
rotor. Wherein the output sighals of AVR and AAR  are
fed to the exciter devices for the f1 and f2 windings
via the transposed matrix of the transformation matrix
eq.(28) and is surrounded by dotted 1lines in the
figure. Through this procedure, AVR can successfully
control only the resultant d-axis excitation component
produced by the fl and f2 windings and AAR can do only
the resultant q-axis component.

(T), MATRIX

Fig.12, Proposed excitation control system
for dual-excited synchronous machine.

CONCLUSION
A small displacement model of a dual-excited
synchronous machine was derived by the tensor analysis

technique and the contribution of the q-axis excitation
control on improving the dual-excited synchronous
machine stability was examined.by various torque coef-
fcients produced from the excitation control system.
As the results, it has turned out that the q-axis exci-
tation can increase the damping torque coefficient in
stable region but it does not greatly contribute to the
expansion of stable region. Furthermore, a method to

apply the gq-axis excitation control system to a dual- '
excited synchronous machine in which two field windings

are not located on the orthogonal axes has been
proposed.
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APPENDIX

From eqs. (1), (2), (3), (17), (18), (19), (7) and
(8), the following equations can be derived by relating
the small changes near the operating point under
linearized approximation.

RO R R
Loa)-e[ 2] - [Eone) .
Lacs ]“ [iﬁﬂ (A3)
28] e Jlet) ][]
(e 504 + (R (21
(2] ol 1)+ (e ) ) xo
AT, = [~¥go wdol[ gﬂ + (ligo - ‘d°][2$°\

B

Mp'Ad+DpAad +aTe

n

(A-5)

w"] (A7)

=ATm (A-8)

Eliminating (2ig, oig) from eqs. (A-4) and (A-6)

[ﬁ:] =[x Hﬁi"] (ue)(%e) ! [i&ﬂ (A9)

where (X5)=[(Xs)-[Xur)(Xa) ™' (Xna)

(A-10)

expressed as follows by eliminating
(A-2) , (A-3) and (A-9).

(aig,5i))  is
(ayg, 2¥y) from eqs.

(28] oo xd{oxatx (24 (B5) o)
where  [x;+x])=[x.)+(x,) (A-12)
From eqs. (A-7), (A-9) and (A-11)
oT,= { ) - (L)) X iy )

{[wo ][x]] (x.+x.) .' [25’;] (A-13)
Mhere [QE&]=[X"F][XR]_'{ o] (A-14)

(A'g) >

Eliminating (aig,2iy) and (aig, aig) from eqs.
(A-6) and (A-11)

(658 ]- Pxanll %] L] i ) Exal e T2
Dol o, B
ere (€] (1 1Bl [ X+ XJ T X Xan ] 010
[Te] =[X][R+]
[ D] o)

Equation (A-15) is expressed as follows.
[25:] - {[C»\] ¥ [Tp’u]"}"ﬂﬁﬁ,”] [x - x]x: +x]{ES“‘5 l 5}

(A-19)

(A-15)

(A-17)

(A-18)

where { TFO] }: xMF [C] T;O]p}—'[xR][XMF]il
(A-20)
furtﬁermore
(23] i} e e
- % -xJMx:+ XJIE?&%;] A&} (A-21)
there [T} -[ea] [Tro] w)

Substituting eqs. (A-3), (A-9) and (A-11) in eq. (A-1)

R o O - R LAl el

Ecosd,,
(A-23)
Nefining the following coefficients in eqs. (A-13),

(A-21) and (A-23), eqs.(20), (21) and (22) in the text
are obtained.

K= 1) - (Llxajo {E fl'is'] (A-24)
AR (ARIEN [Xe]] [x; +X.];' (A-25)
[xa)=[c]~ (h26)
K- [x-x X ex) k] (A-27)
[k =~ [eo T X+ [Enk] (n-28)
[K.)=[co) [x] [x] +x] (A-29)
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NOMENCLATURE

damping torque coefficient.
(p.u. torque/p.u. speed)

infinite bus voltage.
generator terminal voltage.

d-axis,q-axis components of generator
terminal voltage.

f1,f2 winding field voltage.

d-axis, q-axis equivalent field volt-
age.
d-axis, q-axis equivalent field volt-

age converted into armature circuit.
d-axis, q-axis voltage proportional to
equivalent field flux.
transfer function of angle
(AAR),

transfer function of voltage regulator
(AVR),

d-axis, q-axis components of armature
current.

regulator

f1,f2 winding field current.

d-axis, q-axis equivalent field cur-
rent.

inertia constant.

differential operator d/dt.

electrical torque.

prim-mover torque.

d-axis, q-axis equivalent field wind-
ing open circuit time constant.
d-axis, q-axis equivalent field

ing time constant on load.

wind-

external reactance,

synchronous reactance.

1 Xaa COSBZ}

Xa2 sinf,

field winding magnetizing reactance.

xa,ﬁnﬁl
X4, 8in6,

field winding magnetizing reactance.
field winding resistance.

] field winding reactance.

Xe external reactance.

Xgs Xq d-axis, q-axis synchronous reactance.
Xg, Xq d-axis, q-axis transient reactance.
= 2, in2
Xa1 X,q COs?0, + X ggSin 0,
X f1 winding magnetizing reactance.

a2 = Xyq cOSZ0,+ Xgq8in%,
f2 winding magnetizing recactance.

Ko Xq d-axis, q-axis magnetizing reactance.

q
Trr o Tz f1, £2 winding resistance.
Xsr1r Xgr2 f1, f2 winding self reactance.
X Xe21 f1, f2 winding mutual reactance.
6 rotor angle.
0y, 6, angle between fl winding, f2 winding
and the d-axis of the rotor.
Vas ¥q d-axis, q-axis components of armature
flux linkage.
Ve Vs, f1,f2 winding field flux linkage.
Vear Vrq d-axis, q-axis equivalent field flux
linkage.
W, base angular frequency.
w angular frequency of machine osilla-
tion.

Subscript 0 means steady state value.
Prefix » indicates small change.
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CENTRAL SUPERVISION AND CONTROL OF. THE POWER FLOW IN POWER SYSTEMS
BY MEANS OF STEADY-STATE-SENSITIVITY ANALYSIS

Ch. Hendrich
Technical University
Munich, Germany

ABSTRACT

For central control of power flow in elec-

tric power systems the on-line-computer
methods, which it to foresee
and to compare in a very short time the ef-
fects of load-shedding or different
and reactive power injection
state of the
methods

curacy and computation time. Methods and re-

needs enable
active
on the steady-

system. For this purpose two

sults are described in this report.

INTRODUCTION
An increase in security can be reached
by means of central supervision and control
electrical networks.
switching off
of lines by the noncentral overload protec-

" of the power flow in
In this way the uncontrolled

tion and subsequent reactions can be avoided
1. But to carry out this task, the computer
needs a so called decision-help, which
bles it to select the suitable

time, i.e. in about one

ena~
measures in
minute, after get-
ting the information +that one or more bran-
ches are overloaded. Some of the most impor-
tant measures are:

- Variation of the load flow in
the power system by changing the reactive

power injection.

reactive

- Variation of the active power injection.

have been tested with regard to ac- -
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- Load-shedding

The question, which one of these measures is
sufficient to reduce the of the
branches, can only be answered by testing
the effect of possible changes in the power
injection or of load shedding.

For such sensitivity analysis the use of the
Jacobian matrix is proposed 5. This Newton's
approximation method was the first one being
tested for this special application. Then a
Newton-Gauss approximation method was devel-
oped, which was as accurate as the Newton's
method, and moreover it was faster, because
the matrix to be solved was much smaller.

overload

The consumer loads as a function of the volt-
age at these nodes were represented by using
two different models. In the first model the
consumer loads are represented by constant
active and reactive power, i.e.the automatic
regulation of the transformers 1is included.
In the second model the loads are represent-
ed by constant active current and constant
susceptance, i. e. the automatic regulation

of the transformers is not included “.
Notation

Matrices and vectors are enclosed in brack-
ets and denoted by indices, which indicate
the length of rows and columns; e.g. AI%N‘

Complex numbers are denoted by a super barj:

€.8e U.

Index N : Number of all nodes in the
network, without the slack-
node.

Index G : Number of generation-nodes,
without the slack-nodes

Index L : Number of nodes, which are no

generation nodes, here gene-

rally called consumer-nodes.



complex node
node k

voltage at

node voltage magnitude

complex voltage vector of
the generation-ncdes, with-
out the slack-node

complex voltage vector of

the consumer-nodes

complex power into node k

complex node current vector
of the not - generation -
nodes, i.e. consumer-nodes.

Always the first G nodes are generation-nodes,

€e8.:

Complex admittance
matrix

Other symbols
in the text.

are explained as they appear

The Newton's approximation method

The
a method with good and fast convergence

Newton's method is generally known as
3,4

to use the Jacobian matrix as
5

It is logical

a decision-help, as done in

[ae] -1 [aP]
OEN - .
[[AHNLN_ (TN 2N [AF]NLN i

Eﬂ SN oN is the Jacobian matrix for the ex-
isting state of the power system.

[3Ply
[dely

Ty
(dely

(Thonon =

The expression F is representative for Q or

v2 as it is wanted. In general in the injec-

= v.2 and’ 2 _ o,
tion-nodes Fk = Vi and 4§Fk A Vi = 0;
and in the load nodes Fi = Qi and[&Fi =45Qi.
Sometimes it may be more interesting to give

a change of reactive power in some injec-
tion-nodes too, corresponding Fk = Qk end
AFk=AQr

If the input is & possible change in the

nodal complex power vector,ESP]N + kxqjl’
it is possible to get immediately approxima-
ted values of the changes in the nodal volt-
age vector, @34 Nt ngﬁ]N without iteration.
With these voltages all
currents can be calculated,

interesting branch

The Newton-Gauss approximation method

By means of the normal admittance matrix
ﬁﬂNN.it is possible to write the changes of
the'consumer voltages@ﬁa 1 @s a function of
the changes of consumer currents @)ﬂ L and
the changes of the generation voltages&?@‘G.

7 - . .
[a¥l, = (VI * [afl = (V] o (V1L g+ laVlgs (2)

The application of the Newton's method only

to the generation-nodes yields (3):

apl | @R
loPlg] | TeT; | g [loelg]
[aF]g % {gf%ﬁ 1 [af]g 2%

18l | 187G ] 556

[13Plg | [3Plg | i

[a_e]I IafL [AE]L

+ L o —t (3)

{a_FF [3Flg T,

d [9f]

e Ua
where: F, = vi or Fk = Q respectively.
If only the power in generation-nodes is
changed, the change of the consumer currents

B;I]L is nearly zero.

~ 2l

Q;I_L ~ 0;

eq. (3) together with eq. (2)

In this case

—can be written as follows:

i

-1

[AE]G = [C]ZG a5

[=TTg

[aP]
GJ (&)

[TZFTG- 26

=,

where:



