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Interaction of Transmission Network and Load
Phasor Dynamics in Electric Power Systems

Eric H. Allen and M. D. llic

Abstract—This paper is concerned with modeling and analysis line dynamics for simulatioris however, it is then necessary to
of an interconnected electric power system for frequency ranges also include dynamics of the loads as well. The combination of
in which phasor dynamics of transmission lines and loads may be static load models with line dynamics often leads to some er-

important to include. In most studies, only phasor dynamics of gen- USi . let dels of the load which
erators are taken into account. Dynamics of all other system com- roneous conclusions; more complete models or the load whic

ponents (transmission lines, loads, and generator stator windings) include dy_namic properties are therefore nee_ded. For example,
are assumed stable and instantaneous (static). While several papersa load which has a shunt capacitor for reactive power balance

have examined phasor dynamics of the transmission lines, particu- may have dynamics which behave much differently from a
larly when these are equipped with FACTS devices, no systematic gjjnje series resistance and inductance. Most conventional

investigation has been carried out concerning validity of static load .
models in this case. It is shown in this paper that problems may load models [9], such as the ZIP model [10], do not provide a

arise in particular when a static constant power load model is used detailed or accurate description of the phasor dynamics, and
at the same time that phasor dynamics of transmission lines are in- hence do not model these fast dynamics in the power system

cluded. Standard singular perturbation-based arguments for ne- adequately. Some dynamic load models [11], [12] which are

glecting load dynamics are shown not to be applicable in this case. ;sed to study other phenomena are also unsuitable for the
More generally, the paper raises a general concern about consis- ) .
analysis of phasor dynamics.

tency of electric power system models in frequency ranges where A . o
phasor dynamics of the devices typically assumed to be static must [N this paper, we examine how these network dynamics in-
be taken into consideration. teract with two load models which represent two of the three
Index Terms—Electric power systems, flexible AC transmission components of the_ ZIP model. The first model is to treat the
systems (FACTS) control, load modeling, modeling, phasor l0ad as a constant impedance. The second model represents the
dynamics. load as a device which draws constant real and reactive power.
The inclusion of the phasor dynamics leads to some interesting
results regarding the viability of the constant poW£x?) load
model. The combination of a constant current load (the third
POWER system may be described as a combination of gbmponent of the ZIP model) with a transmission line in which
ements—generators, loads, and transmission lines—allthé current is a state variable is not a well-posed problem when
which are dynamic in nature. The collective dynamics of thesging phasor dynamics. A third load model which includes dy-
various elements may be written mathematically as a set of orlamics is also examined in order to provide some insight into
nary differential equations (ODE’s). For most dynamic studieghe observed stability results of the two static load models.
the dynamics of the transmission lines and the loads are neAsis well known, the constituent voltage-current relations for

glected and replaced by a set of algebraic constraints. This sthe basic circuit elements (R, L, and C respectively) in the time
stitution replaces the ODE description of the system with ormain are

consisting of differential-algebraic equations (DAE’s) [1]. Al-

I. INTRODUCTION

though the substitution reduces the order of the system, DAE vr(t) = Rig(t) 1)

descriptions are in general harder to study and simulate than dir(t)

ODE's, and system control design is also harder. v (t) = LT )
Recently, the phasor-based modeling of the dynamics of . duc(t)

the network components has been applied to the analysis of ic(t)=C at ®)

power systems phenomena, such as subsynchronous resonance o _
[2]-[5]. Additions to the transmission grid, including seried* Phasor is simply a complex number which represents a
capacitor compensation and recent technological advances sYR{fR9€ or current as a sinusoid with a magnitude and phase.
as Flexible AC Transmission System (FACTS) controls, chanfjiathematically, the phasor” is related to the time domain
the nature of the dynamics of the transmission lines. Givéit) by
these changes and the difficulty with the DAE description of

— (7 Jwt
the system, it is often convenient to include the transmission v(t) = RV )

Note that a phasor carries no frequency information.
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If we convert the basic circuit element equations (1)—(3) into v, \7
hasor form by applying (4), we have

p y applying (4)

Vi = Zrlg (5) .

. dl PN Generator 1 Load

Vi, = Ld—L + Zdy, (6)

d‘f/ Fig. 1. System for analysis of phasor dynamics.
I = cd—c +YeVe @
¢ This is a linear system with system matrix
whereZg = R, Z;, = jwL, andYe = jwC. For most A L[~(BL+R) X 1
power systems analysis, such as load flow, the time derivatives L -X —(R + R) (14)
inthese equat|ons_ are assumed to be negligible and are |gno\r,ﬁgn eigenvalues
However, in certain cases, such as subsynchronous resonance
[13]-[15], these time derivatives are significant. For example, a Ny = — R+ R _ .
: 12= =+ jwo. (15)
60-Hz phasor representation of a subsynchronous current of 30 L
Hz will include a time-varying component These roots always lie in the left half-plane (assumihg 0,
. ' X > 0), and therefore we conclude that the phasor dynamics in
i(t) = 5cos 60mt — I = 570", (8) connection with a constant impedance load are always stable.

Therefore, in these situations, the time derivatives can not be ll. CONSTANT POWER LOAD MODEL

neglected. ] } ] ]
This paper is organized as follows: Section Il illustrates the VW& Will now consider the phasor dynamics when the load is

phasor dynamics for the simple case of a single slack bus c&fedeled as a constaft load. This model means that, for all
nected to one load of constant impedance by one transmissie

line. It will be seen that for this case, the phasor dynamics are ROVLI) =V, I, + Vir L = P (16)
always stable. Section Il examines the dynamics for the same TRy T o

system, except that the constant impedance load is replaced by Sl = Vily = Verli = Q. (17)

a constantP”@ load. In this case, the phasor dynamics are n8blving these two equations f&f.;, andV;;, yields

always stable. Section IV examines the phasor dynamics if the —_OFT
. ; : : Pl — QI
load is represented by a simple dynamic model. Section V ex- VL = YR (18)
amines all three types of load models in a three bus system with ooz
! : Pl + QI
one generator and one slack bus. Finally, conclusions are drawn Vie = —5—5 (19)
in Section VI. I+ 1
Therefore, with a constant power load, the phasor dynamics of
[I. CONSTANT IMPEDANCE LOAD MODEL (10) and (11) become

The first system we will examine is shown in Fig. 1. It simply j— 1 [le _PL-QL RI. + XI} (20)
consists of a constant voltage source (infinite bus) connected "L I2 412 ' ‘
to a load by a single transmission line. Using (6), the phasor . 1 PIL+QI,
dynamics of this system are Ii= T Vie = 1z RI = X1 (21)

) ) di . This system is nonlinear. To determine stability around any
Vi=Vo+L— +(R+jX)I. (9) equilibrium point, we find a small-signal linear model and

dt . .
evaluate the eigenvalues of the small-signal system. For the
The phasors may be represented by their(resand imaginary system of (20) and (21), the linearized small-signal model has
() parts a Jacobian of
- All A12
_ _ _ 4 A= 22
Ll = Vo = Vo = RL + XL; (10) { . AZ}J (22)
Ll = Vis = Vig = Rl = X, (11) A ol, 1| —-pP  21.(PI. - QL) =
11 = = - -
We now consider the case where the load is of constant oL, L |IR+1I7 (12 + 12’
impedance. For simplicity, we assume the load is totally af. 1 0 oL,(PI, — QL)
resistive; in Fig. 1, any reactance in the load can be lumped into A2 = 8.T1< S AEYE 2 . ]
the transmission reactance, resulting in the same dynamics as * Lo T (I3 +1I7)
the situation with a resistive load. Sineg = R I, the phasor N ol 1 -Q 21.(PIL + QI,.) X
dynamics for the system are =61, T L _—73 T2 (2 +—7¢2)2 -
LI, =V, —Rpl.— RI, + XI, (12) o — o, 1| —P N 2L,(PL + QL) R
Li, =V, — Rl — RI, — XI,. (13) 2oL L2+ (1242 '
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To complete the analysis, we note that the trace and deter@aiimittancez + jB whereB is zero and? is a state variable

nant of A are with dynamics [16], [17]
2R
tr(A) = L (23) . 1 |f|2
[, P =7\ (32)

where 7 is a fixed time constant. At equilibrium, the load
consumes real poweP; during transients, the conductance
increases if the load uses less tharunits of real power and

Since & x 2 matrix has eigenvalues
_ tr(A) £ V(tr(A))2 — 4det(A)

A2 2 (25) " Jice versa

the eigenvalues oA are then The system dynamics of (10) and (11) now become
R P2 + 2 X2 .

AL = -7 \/WJFQIZ)Q -7z (26) LI, =V, — % — RI, + X1, (33)
Sincetr(A) < 0, the system will be stable det(A) > 0 at LI; =V — L RI; — X1, (34)
equilibrium, or equivalently G

N . L1 2+ 17
Vi = Vil > [Vil. 27) G=7 [P—T] (35)
To illustrate the preceding discussion, we will now present

a numerical example and select typical values for the paraff’e Jacobian of the system is
eters. We choos&; = 1/0°, R = 0.01,X = 0.1,P = 1, Rt X I
and@ = 0. The two load flow solutions are the equilibria of = = 5
the system; the first solution 18, = 0.9847/ — 5.83°, I = 5:( R fG—l Lf
1.016/ — 5.83° while solution #2 isV, = 0.1021/ — 78.46°, A= -7 —= T Lé? . (36)
1 =9.798/—78.46°. Note that solution 1 represents a desirable o, o, 2+
operating point (voltage magnitude near 1 p.u., small angle devi- e Ta 2 s

ation) while the second solution is highly undesirable. Addition-

ally, note that solution 1 corresponds to a constant impedaridee stability of the system is very dependent on the time con-

load with zero reactance and a resistafige= 0.9696. stantr of the load. Note that the time constant of the phasor
Next, we evaluate the system matdx for the small-signal dynamics (denoted,,) is

model of (22) at each load flow solution point. At solution 1, we

have L

Rt G 37)

Tph =
| 35421 —361.6

A= —1115.6 —-3617.5|" (28) Using the example parameters in the last sectignjs on the
. . order of 10=* s. A much longer value for means that the
The eigenvalues of the matrix are phasor dynamics interact with a load that resembles a constant
AL =3598.1 A\, = —3673.4 (29) impedance. For example,f = 0.1 s, the system eigenvalues

which clearly indicate that the system is unstable, even though€quilibrium are

the operating point is considered desirable. Notethat V;, =

0.1021/78.46°; (27) indicates that solution 1 will be unstable.
At solution 2, the system matrix is

AL = —3683.4 4+ j377.84 A3 = —9.3471.  (38)

The first two eigenvalues correspond to the fast phasor dy-

A= —73.83 361-§0 (30) nhamics; the third eigenvalue represents the much slower
—392.39  —1.57 dynamics of the load conductancerlfs> 7,4, the eigenvalues
with eigenvalues of (36) approach
A= —37.70 4+ j374.94 Ay = —37.70 — j374.94. (31) R4 G-
Although load flow solution 2 is clearly not a desired operating)‘L2 =T + jwo 39)
point for the system, the phasor dynamics around this point (I2 4+ I2) [GU(R+ G2 + X?) = 2(R+ G Y)]
are in fact stable. Equation (27) is satisfied,1gs— V;, = Az = : .

3 —1\2 2
0.9847/5.83° at solution 2. Simulations of the system, as shown TR+ G+ X7)

in Fig. 2, agree with the eigenvalue analysis. Starting at solution
1, the system states rapidly move away from the starting poiptG,Q
and settle at solution 2.

(40)

> R? + X2, the load model will be stable for > Tph.-

Note that for a purely resistive load in Fig. 1, maximum

real power transfer occurs when the load resistance equals

v R? + X2, In most typical power systems, the load resistance
To illustrate the importance of the load dynamics, we wils much larger than this value, and therefore the load model of

now consider a simple dynamic representation of the load as(82) with a sufficiently large time constantis stable.

IV. DYNAMIC LOAD MODELS
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Phasor Dynamics with Constant Power Load

16 } : ‘ time constant therefore represents the constant power load of
Section lll. Ifr = 10~7 s, the system eigenvalues at equilibrium
are

AL =3595.3 Ap = —3673.5 A3 = —9.7031 x 10°. (47)

As in Section Ill, the fast reversed load model is unstable.
If the reversed load model has a time constant 0.1 s, the
eigenvalues of (44) are

(1] (pu)

Ao = —3702.4 + 37591 A3 =9.2534.  (48)

These results indicate that while the phasor dynamics remain
stable, the load conductance does not converge, making the
system unstable. For > 7., the system eigenvalues at

05 T - 3 T r s equilibrium are approximately
t(s
R+G™t
Fig. 2. Current magnitude with a constant power load. ALz =— i3 + jwo (49)
(P+IH2R+G Y -G(R+G )2+ X))
On the other hand, if is much shorter than,;,, the load does Az = TG3(R+G1)2 + X2)
not resemble a constant impedance, and the system becomes (50)

unstable. For = 107 s, the system eigenvalues are
] . A3 is negative only ifG—2 < R? + X?2. Since this condition
AL =3600.8 Ay = —3673.4 A3 =9.6885x10°.  (41) s normally not true in typical power systems, the reversed dy-
namic load model does not appear to be stable for any value of

For0 < 7 < 7, (36) has an eigenvalue of 7 in the infinite bus system of Fig. 1.
|_f|2 A more general dynamic model far@ loads from [16] is
g = 42) also possible
2= (42)
L - . 1 5o Q
which is always positive. G=—|P— | e (51)
For completeness, we also consider a reversed version of the ;
dynamic load, where B=-= | ——— 52
7|2
a= 1 ﬂ —_prl. (43) Wwhere both and B are states. This model has performed very
TG well in simulations by the authors, and we believe that its be-

_ ) _ havior is similar to the simplified model examined in this sec-
As with the preceding model, such a load may be |mplement§gn, although we do not have a proof of stability.

in prin_ciple by feedback control. The Jacobian of the system isconventional dynamic load models, such as those used for
now given by studying voltage collapse [11], [12], are not necessarily suited
for the study of phasor dynamics, in that these models are speci-

—1
— % % LICEQ fied in terms of the real power of the load. For example, the load
1 : model in [12] may be written
A — X _R+d I; ()
L L LG? . 1 . .
21, 21, 2+ op = o [Bs(IVel) — 2 B(IVL])] (53)
TG TG TG? r

Herex . is the state variable, anié, |V |) and P,(|V]) may in
general be quadratic functions representing the steady-state and
transient load models respectively. The real power being drawn
by the load at any instant in timeds, P, (|Vz]). If P.(|V|) = 1,

For a fast time constafd < 7 < ), the system with the
reversed load model has eigenvalues

R P2+ @Q? X2 . : M
A2 = -7 + \/ Fryrram il (45) representing the transient load characteristic as a constant power
LI+ 17) model, then the transmission line dynamics will not in general
|IA|2 be stable. To show this, note that the current dynamics are, from
As = G2 (46)  section Il (withQ = 0)
which represents the rapid convergencezafo a value which . 1 zrl,

I,,, = = V,,l

maintains constant power. The reversed load model with a fast
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i = 1 [ - 237L—7i2 _RI — XL} ' (55) sinceX_A/Lf_: xp, at any instant in time. The third row of the
L 12+ I Jacobian is now
s 2
This system has a Jacobian of Agy = Otr _ _2L‘“77LGS2
i oL, Tp (124 13)
A ﬁll ﬁm ﬁl?) 56) A Ot 21,23 Gy
= 21 22 23 32 = T T o, a2
| As1 Aszx Assz ; .IZ 1TP (2172 —gli )
. - Tr LTrlrg
. 2_]? Ags = — = — —1].
Anzg? :% xLIgI";IQI;)_R] BT 0xp T [Ierff }
.T u (£F + 17) - Using the example parametds, = 1.0314) with a load time
Apy = oL _ 1| 2x.L1; constant of 1 s, the eigenvalues are
=—= S
alf Llz+13) A= 3600.1 A= —3673.4 M\3=-1.042.  (60)
I, 1. . . C
Az = g T = —W However, if the dynamic load AcharacteAnstlc is changed to a
?L - (L2 +17) i constant impedance modéP;(|Vz|) = |Vz|?), the statery,
Ao — of, _ 1| 2zl l; represents the instantaneous conduct&ias the load. Since
791 T L (12 + 12)? I = V@ for all time, the system dynamics are identical to the
. - ) ‘ oy model from [17] which was examined at the beginning of this
Agy = oL _ 1 e (I - 17) section (forP,(|Vz|) = P).
oL L | (2+13)?
ol I V. PHASORDYNAMICS IN A 3 BUS SYSTEM
An=5, =71 (12 +17) We now turn our attention to the 3-bus system shown in Fig.
oip 1 3PS(|VL|) 3. Generator_l is representgd by a sixth-order two-axis model
Az = 9L~ To ol [18], [19], while generator 2 is treated as a slack bus. Because
iy " r 9 A of the fast time scale of phasor dynamics, the stator dynamics of
Azo = L _ LM generator 1 are also included as described in Appendix A. Both
oL, Tp 0L constant impedance and const&t® loads are considered, as
n = drr, 1 |9P(|VL]) | well as the dynamic load of Section V.
e orp, |- To analyze this example, we will select typical values for the

system parameters, find the system equilibrium using load flow
Note that the state; represents the instantaneous real powstethods, and then examine the eigenvalues of the small-signal
being drawn by the load. Typically, the time constdix has linear model around the equilibrium point. The generator pa-
values ranging from a few seconds to many hours. Sineg> rameters for the example considered are identical to those in
7on, the dynamics ofz;, will generally be much slower than [18]. The field voltage excitation will be constant at a value of
the current dynamics, and hence the Jacobian of the system Wifl: = 1.50537. The network parameters aféy; = Roz =
have two eigenvalues nearly identical to equation (26). It wadg; = 0.01, X = Xo3 = X3; = 0.1, andVs = 1/0°.
shown in Section Ill that one eigenvalue is positive under normalBeginning with a constant impedance load of resistance
conditions. Ry, = 0.9873 and zero reactance, the equilibrium for the system
The instability of this dynamic load model is clearly preoccurs atl; = 0.9936/ — 2.89° andV, = 0.9999/ — 0.009°.
sented by inserting two common choices for the steady-stéteequilibrium, the load draws 1 p.u. of real power, so that a
model. If the steady-state model is a constant power mod@instant’() load with P = 1 and@ = 0 will produce the

(P,([VL]) = P), then the load dynamic equation is same load flow solution (and same equilibrium point) as the
constant impedance.
xrp = i[p —zg] (57) The eigenvalues of the system at equilibrium with a constant
Tp impedance load are given in Table I, while the system eigen-
and thereforeds; = Azs = 0 and Ass = —1/Tp. Using the values with aPQ load are shown in Table Il. Again, we see that

the system with a constant impedance load is stable, while the
system with aP@ load is not. Fig. 4 illustrates the response of
the dynamics of the system with/&? load when starting at the
AL =3598.1 o= —36734 Xz=—1. (58) load flow solution point given above.

When the dynamic load is used, the results are similar. A
If the static load model is a constant impedance with condueng time constantr( = 0.1 s) results in a stable system, as
tanceG, (i.e., P,(|VL|) = IVLIQGS), the stability conclusions shown in Table Ill. These eigenvalues are nearly identical to
are unchanged. Note that in this case, the load dynamics becdragle I, with the addition of one mode which represents the load

parameters from the earlier examplg® = 1,z = 1) and
Tp = 1 s, the eigenvalues &k are

) dynamics. For a relatively slowly varying load conductance, the
_ 1 xLAGS _ (59) load resembles a constant impedance with respect to the phasor
|42 dynamics. If a short time constant is used with the reversed load
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A Phasor Dynamics of 3 Bus System
5 123 A 10 : ; : . : :
2 V3
e

O T | "

Generator 1 Generator 2 i
A A
Izll l I31 6H
2
= 50
A &
Vi =4l
Load M
> ]
Fig. 3. Three bus system for analysis of phasor dynamics.
1 J

TABLE |

EIGENVALUES AND FREQUENCIES OF THE
LINEARIZED SYSTEM WITH A CONSTANT IMPEDANCE LOAD

0 0.05 0.1

0.l25
t(s)

0.15 0.2

0.3

0.35 0.4 0.45 0.5

Fig. 4. Magnitude of line current 21 in the 3 bus system.

Number(s) Eigenvalue Frequency (Hz) TABLE Il
1,2 —5886 + j377.0 59.99 EIGENVALUES AND FREQUENCIES OF THELINEARIZED SYSTEM WITH A
34 =37.70£ j377.0 60.00 DYNAMIC LOAD (7 = 0.1s)
5,6 —6.830 £ j376.7 59.96
7 —40.57 - Number(s) Eigenvalue Frequency (Hz)
8 -38.71 - 1,2 —5876 + j377.5 60.07
9,10 —1.703 £ j9.677 1.540 34 —37.70 £ 5377.0 60.00
11 —4.781 — 5,6 —6.830 + 5376.7 59.96
12 —0.3366 - 7 —40.58 -
8 -38.71 -
9,10 —1.704 £+ j9.678 1.540
11 —4.782 -
TABLE 1l 12 —0.3364 -
EIGENVALUES AND FREQUENCIES OF THELINEARIZED SYSTEM WITH A 13 —9.608 -
CONSTANT POWER LOAD
Number(s) Eigenvalue Frequency (Hz)
1 5880 - TABLE IV
2 —-5874 - EIGENVALUES AND FREQUENCIES OF THELINEARIZED SYSTEM WITH A
34 —37.70 £ j377.0 60.00 REVERSEDDYNAMIC LOAD (1 = 1077 s)
5,;6 —6’83843:;53 76.7 59;96 Number(s) Eigenvalue Frequency (Hz)
) 1 5793 -
8 —-38.73 - 2 5874
-1. 19. 1.54 - -
9i110 1 70_54%29 676 540 34 —37.70 £ §377.0 60.00
12 —0.3364 _ 5,6 —6.838 & j376.7 59.96
) 7 -40.55 -
8 -38.73 -
9,10 -1.7056 & j9.676 1.540
model ¢ = 10~7 s), the resulting system is unstable (Table 1V). 11 —4.782 -
This result shows that the fast dynamic load is very similar to 12 —0.3364 -
13 —9.885 x 10° -

the constant power load.
Note that the dynamics of the 3-bus system include several

different time-scales, ranging from the very fast transmission
line dynamics to the slow dynamics in the generator. Using
selective modal analysis [20] we find that eigenvalues 1-4
correspond to the fast dynamics of the transmission lines.
Eigenvalues 5-12 all correspond to the dynamics of generator

1. Eigenvalues 5 and 6 represent the dynamics in the stator _ ' _
of generator 1, which are slower because of low resistarfdg 5. Equivalent representation of stator dynamics.
and high inductance in the armature winding and the network.

Eigenvalues 7 and 8 indicate the subtransient dynamics, 11 &imel mechanical dynamics. Finally, eigenvalue 13 represents the

Generator

12 represent the transient dynamics, and 9 and 10 repres®ymtamics of the load.

Bus
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The instability that is observed here forf&} load occurs \'}1 \/}2
on a fast time scale. The singular perturbations assumption of o o)
reducing the fastest dynamics to an algebraic relation [21] is
not valid here for aPQ load, because these dynamics on the
fastest time scale are unstable and do not converge to the normal T l l T
equilibrium point. ! 2

VI. CONCLUSION

In this paper, we have added the transmission line dynamics
that are normally ignored in power systems analysis. The addi-
tion of these dynamics leads to some new conclusions. A con-
stantimpedance load model is not seen to cause any instabilities
in the network current dynamics; however, the use of a constant
P model is indeed shown to produce such instabilities around \Af3
the load flow solution point of interest. Dynamic load models
based on a slowly varying constant power model exhibit sirig. 6. Diagram of three inductive impedances in a “Y” connection.
ilar behavior. Therefore, we conclude that on the time scale of

phasor dynamics, a constant power load model is not a valid e can now use, andi, as state variables by differentiating

sumption; instead, load models which capture the fast dynamipgse last two equations and substituting (61) and (62) for the
are needed. It is hard to quantify the frequency ranges witliox derivatives

which it would be essential to have dynamic load representa- .

. . . di 1 11 1" 1", .

tion. However, based on our analysis here it appears that for fre- —— = F[eq — woeq +wley +1ig) — worata]  (65)
quency ranges and phenomena (such as subsynchronous reso- 1d

nance [4]) in which dynamics of transmission lines are relevant, %2 _ 7[—&’(1’ — Woty + w(cg — &ljiq) — woraiy]. (66)

the same would be the case with the load representation. With dt @y
the development of FACTS devices and other transmission Ngtss,min
work enhancements, this issue of consistent load modeling for oo
proper analysis of fast network dynamics becomes particula(

H H A
g no subtransient saliengy); = =), we can now use

variables theAcurrent in the network frame of reference
Nenoted henceforth ds = Ig-+jlg:) by applying an inverse

important. ) o Park transform
Note: The authors wish to acknowledge the contribution of
(23), (24), and (27) from one of the reviewers. lg, =igsind + ¢, cosé (67)
Igi = —igcos 6+ igsind. (68)
APPENDIX |
STATOR DYNAMICS The time derivatives of network current are then
The stator dynamiésof a generator may be expressed in I, = dia sin 6 + diq cos 6 — (w — wo)lgi (69)
terms of fluxespq ands), [3], [22] d&/, dtd‘
Igi = _ 2 os + M4 gins + (w—wo)lg.. (70)
dipg ot + . (61) dt dt
—— = Woe wy WoTat L
dt ¢ e ¢ Substituting (65) and (66)
dipq _ » :
= wota Wihg + WoTaly (62) oy = %[Vc@r — Var — ralay + 211G (72)
d
wherer, is armature resistance angl + je, andig + ji, are  j.. — w_z[vcf;/i — Vi — rolgi — 216 (72)
terminal voltage and current, respectively, in the machine frame Ty
of reference. Machine current is related to flux by [22 el 2
yl22] Vi, = <ic’d’ + —q> sin § + <icﬁ1’ - e—d> cosé  (73)
1" " Wo Wo Wo W
;o _ Gq — Y S St
ta = z’) (63) Vi, = — <ieg + C—q> cos 6 + <ie;’ — C—d> sind (74)
1" Wo Wo Wo Wo
- —Cd_;% 64)  Vor = casind + cgcos§ (75)
*q Vi = —eqcos 6 + eqsin 6. (76)

The stator dynamics given by these equations can be represented
by the equivalent circuit in Fig. 5. These dynamics are equiva-
2This appendix is added in response to one of the reviewer's requests tol@nt to the phasor dynamics of an impedanger jx/; with a

vestigate the impact of stator dynamics on conclusions in this paper. As it tuv§|tage difference Of/// _ f/G_ f/G = Vg, + Ve is the gener-
out, there is no ready to use reference for this purpose, particularly when al G ;

na- ; aErn o yn Rvaa :
lyzing interplay of the network and stator phasor dynamics. Consequently, n@\ipr term'naI.VOItage’ whil&; = Vi, + 5V, is a function of
derivations are provided in this Appendix. the subtransient states.
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Since the generators in the three bus example are connectgd] D. Hil,, “Nonlinear dynamic load models with recovery for voltage sta-
to two transmission lines, the stator dynamics produce a “y”__ bility studies,"|EEE Trans. Power Systol. 8, pp. 166-176, 1993.

. fth inductive i dances as shown in Fi 6[ 2] W. Xu and Y. Mansour, “Voltage stability analysis using generic dy-
connection .0 ree inductive |mpe ) W _' 19- 6. " nhamicload modelsEEE Trans. Power Systol. 9, pp. 479-493, 1994.
The dynamics of the “Y” connection may be written in state-[13] P. Anderson, B. Agrawal, and J. Van NeSsibsynchronous Resonance
space form by choosing two of the line currents (higrand/s)

in Power System3d\.Y.: IEEE Press, 1990.
: o ; 14
as states. Then, using the basic circuit element equations [14]

C. Bowler, D. Ewart, and C. Concordia, “Self excited torsional
frequency oscillations with series capacitor$£EE Trans. Power

Apparatus and Systemsl. PAS-92, pp. 1688-1695, 1973.

> > 5 (F $ d(Il +12) 5 7 dly [15] E.Allen,J.Chapman, and M. Tlj¢Eigenvalue analysis of the stabilizing

Vi=Vs+Zs(l1 4+ 12) + Ls dt + 2L+ Iy at effects of feedback linearizing control on subsynchronous resonance,”
(77) in Proc. 4th IEEE Conf. Contr. AppliAlbany, NY, Sept. 28—-29, 1995,

d(I, + I) di [16] Ep'A?fPS_?\?ZL White, Y. Yoon, J. Ch d M. i
N N Aa ~ =+ PN . Allen, N. LaWhite, Y. Yoon, J. Chapman, an . |lidnteractive
Vo=Vz+ Z3(Il + I2) + L3% + Zodz + L2d_t2' object-oriented simulation of intercoFr)mected power systems using
SIMULINK,” in Proc. 27th An. North American Power Symp.

(78) Bozeman, MT, Oct. 2—-3, 1995, pp. 235-243.

17
This is a system of two equations with two unknowns (the[ ]

derivatives ofl; ande). Solving for these derivatives gives

M. K. Pal, “Voltage stability conditions considering load characteris-
tics,” IEEE Trans. Power Syswvol. 7, pp. 243-249, 1992.

J. W. Chapmaret al.,, “Stabilizing a multimachine power system via
decentralized feedback linearizing contrdEZEE Trans. Power Syst.

(18]

7 17 VA 2 S A 7 vol. 8, pp. 830-839, 1993.
% = LQ(VI L‘f ZI:LI(IL Zgé% +12)) [19] R. Schulz, Synchronous machine modeling, , IEEE Publication 75
i 1Lo + Lg(Ly + Lo CH0970-4-PWR, 1975.
> ‘, 5 7 5 ¢ [20] I. J. Pérez-Arriaga, G. C. Verghese, and F. C. Schweppe, “Selective
Ls(Vi = Vo = Zi 1y + Zol5) (79) modal analysis with applications to electric power systems, part I:
LiLy+ Ls(Ly + Ly) Heuristic introduction,”|EEE Trans. Power Apparatus and Sysfl.
A - - PR N PAS-101, pp. 3117-3134, 1982.
% _ Ll(V2 — Vs — 2L, - Z3(Il +I2)) [21] P. Kokotovic H. K. Khalil, and J. O'Reilly, Singular Perturbation
dt LiLs + L3(L1 + Lg) g/lgeggods in Control: Analysis and DesignOrlando, FL: Academic,
L3(‘A/2 - f/l - ngg + Zlfl) 80 [22] J. Kir'tley Jr., Synchronous machine dynamic models, , Massachusetts
( ) Institute of Technology, Apr. 5, 1993. 6.685 Class Notes.

LiLy+ La(Ly + L)

The combination of the stator equivalentimpedance and the “Y”
connection dynamics are used to represent the stator dynamics.
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