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Dynamic Phasor Analysis of SSR Mitigation
Schemes Based on Passive Phase Imbalance
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Abstract—This paper presents the application of dynamic
phasor analysis to understand the effect of passive phase im-
balance schemes on the torsional modes of a turbine-generator
system. These schemes have been proposed in the previous lit-
erature as subsynchronous resonance (SSR) countermeasures.
Dynamic phasor analysis of the unbalanced system yields a
linearized and time-invariant model which facilitates eigen-anal-
ysis. It is seen that large levels of phase imbalance can cause
a significant movement in the subsynchronous network modal
frequencies. Therefore, in specific cases, SSR can be avoided due
to detuning of the torsional and network modes. However, the
analysis also shows that damping torque in a series compensated
network is negative at subsynchronous frequencies even with
phase imbalance. Therefore, phase imbalance cannot be a general
countermeasure to the problem of SSR.

Index Terms—Dynamic phasors, eigen-analysis, phase imbal-
ance, subsynchronous resonance (SSR) mitigation.

I. INTRODUCTION

ERIES compensation is an economical and effective tech-

S nique to enhance the power transfer capability of transmis-
sion lines [1]. A major concern with fixed series compensation is
the possibility of adverse dynamic interaction between the net-
work and turbine-generator shaft, resulting in growing torsional
oscillations, which may damage the shaft. This phenomena is
also known as subsynchronous resonance (SSR) [2]-[4]. There-
fore while planning for fixed series compensation, the possi-
bility of SSR must be analyzed. Appropriate countermeasures
must be taken if this analysis reveals a potential SSR problem.
Several techniques for mitigation of SSR have been proposed
in the past [2]-[4]. Edris [5] suggested two schemes of pas-
sive phase imbalance for the mitigation of SSR. Fig. 1 shows
the series resonance scheme. The parallel resonance scheme is
shown in Fig. 2. Imbalance is created by inserting additional
capacitors and inductors in the circuit in such a manner that
the system is balanced at the nominal frequency (ws), whereas
it is unbalanced at other frequencies. C, & C, are additional
capacitances inserted in the phases “a” and “c”, respectively.
The ratios C/C, and C/C. are used as measures of imbal-
ance where as “C” is the capacitance per phase of the system
without any imbalance. The effectiveness of the schemes for
SSR mitigation have been demonstrated in specific case studies
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Fig. 1. Series resonance scheme.
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Fig. 2. Parallel resonance scheme.

by using time-domain simulations [5]. An intuitive explanation
which has been put forth is that phase imbalance “reduces the
energy exchange by weakening the electromagnetic coupling”
[5]-[7]. However, in the absence of rigorous analysis, there is
little insight into the actual mechanism of damping, or the effect
of various parameters. Therefore, there have been doubts about
the utility of phase imbalance as a countermeasure to SSR, in a
general sense (see the discussion by Bowler in [6]). The main
analytical difficulty so far has been in the modeling of phase im-
balance. Conventional modeling in the “dqo” variables, using
a time-variant transformation of three-phase variables, is not
suitable as it yields time variant equations which do not lend
themselves easily to analysis. A heuristic approach was used in
[7], to extend eigen-analysis to the time variant model with dgo
variables.

The dynamic phasor modeling technique has been proposed
in the literature [8], [9] as an alternative to the time variant
transformation of the three-phase variables to dqo variables. Dy-
namic phasor-based models are well suited for the analysis of
unbalanced three-phase systems as well as circuits involving
periodically switched devices like thyristors [10], [11]. In par-
ticular, for unbalanced systems, the dynamic phasor model is
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time-invariant, which makes it suitable for understanding the ef-
fect of phase imbalance on SSR.

Therefore, the main aim of this paper is to develop a lin-
earized dynamic phasor model suitable for analysis of SSR
under phase imbalance conditions. We then apply eigen-anal-
ysis tools to understand the effect of imbalance on network
modal frequencies and the damping torque. It is shown that
damping torque in series compensated networks is negative
at subsynchronous frequencies even with phase imbalance.
However, large levels of phase imbalance cause a significant
movement of the network modal frequencies. Therefore in
specific cases, SSR is avoided due to detuning between the
torsional and network modes. These facts are illustrated using
eigen-analysis and time-domain simulations using IEEE bench-
mark models.

The paper is organized as follows. The definition and basic
relations for dynamic phasors are given in Section II. The dy-
namic phasor model of a synchronous machine connected to
an unbalanced three-phase network is also outlined in this sec-
tion. A simplified analysis is presented in Section III. Results of
eigen-analysis using a detailed model, as well as time-domain
simulations, are presented in Section I'V.

II. DYNAMIC PHASOR MODELING

Any periodic waveform (possibly complex) can be repre-
sented in terms of the complex Fourier coefficients as given in
the following:
> (@)t Te(t-T.1 (1)

k=—o00

a(r) =

where ws; = 27 /T.
(x), represents the kth dynamic phasor of the instantaneous
signal #(¢) and can be computed as follows:

t
(@)(t) = % / (r)e KT dr. 2)
t—T

The following important properties of dynamic phasors are used
in the model derivation [8].
1) The derivative of the dynamic phasor is given by

== (F) el @

2) The dynamic phasor of the product of two signals ()
and v(t) can be obtained by the discrete convolution of the
corresponding dynamic phasors as follows:

oo

(wohi = Y (uh—i(ohr. ©)

l=—00
3) Following are also used for model simplification:
() = (z)*;, When x(t) is real 5)
and () = (y)Z), When, x(t) = y(t)" (6)
where “*” represents the complex conjugate. Note that if x(t)

is periodic with a period T, then the dynamic phasor (x)(t) is
a constant.
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A. Synchronous Machine Model

The dynamic phasor model of a synchronous machine can be
expressed as follows (see the outline of the derivation and the
definition of variables in Appendix A):

<¢Pnz>k =
(P )k

The algebraic equation relating the currents and fluxes is given
by

(D)e = (Li)g = (L) —2(i) k2 + (L) —1())k+1
(LYo ()i + (L)1 (i) k-1 + (L)2(i)k—2. (9)

- [Rs]<2pnz>k - (Upnz>k - jkws<1/j1)nz>k (7)
- [RT]<i1’>k - <7’1’>k - jkws<wr>k- ®)

The mechanical equations for the rnth rotor mass of the turbine-
generator are given by

(6 ) = (Wm — ws )k — jkws (6m )k (10)
<Tmm>k - <Tem>k - Dm<wm>k
(Win)k = 7 —Km—1((0m)k — (0m—1)k)
" —Kmme1 (O — (Omt1)k)

— Jkws(Wim) k- (11)

In what follows, the speed, angle, and electromagnetic torque
corresponding to the generator rotor mass are denoted without
any subscript (i.e., §, w, T).

Electromagnetic torque 7, is zero for all rotor masses ex-
cept that of the generator. This is given by

oo oo

(To)r = Z (¥p)k—1{igh — Z (Y@ r-1{iph

l=—00

12)

l=—00

where the “D — QQ” and “p — n” phasors are related as follows
(see Appendix B):

(i) = % (lipisn + (indicr)

J_

(iQ)hk = 7 ((ip)k+1 — (indk—1) -

Similar equations are obtained for the fluxes ¢'p and ¢q.
Remarks:

1) The dynamic phasor model is time-invariant but is non-
linear due to (9) and (12). Note that the (L) matrices given
in (9) are functions of e7(%)0 (see Appendix A).

2) The equations are complex; they can be separated into real
and imaginary parts and linearized around an operating
point for eigen-analysis.

3) There is coupling between dynamic phasors with different
k due to (9) and (12). As a result, the size of the state space
is large since the equations corresponding to all £ have to
be represented. However, if the transients of interest have
a limited bandwidth (e.g., “subsynchronous torsional and
network oscillations”), then one may, as an approximation,
consider only the dynamic phasors corresponding to a lim-
ited set of k.

4) The equations of a synchronous machine with balanced pa-
rameters show no coupling between the p, n, and z vari-
ables. However, when these equations are interfaced with
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an external unbalanced network, such a coupling arises in
the overall equations.

5) The dynamic phasor equations need to be converted to per
unit form by use of appropriate base values. The param-
eters required for the model (per-unit resistances and in-
ductances) can be back-calculated from the standard pa-
rameters. To avoid notational clutter, these steps are not
described in this paper.

B. Dynamic Phasor Model of a Network

The derivation of a dynamic phasor model of a three-phase
network is done in a similar manner; the basic network equations
in “abc” variables are transformed to sequence variables and
then converted to dynamic phasor form. The general form of
the network equations is

(xpnz>k = AN<$pnz>k + BN<Epnz>k
_jkws<xpnz>k
<ipnz>k = CN<5Epnz>k + DN<Epnz>k

(13)
(14)

where (z,n.)r are the states of the network, (i,,)x are the
currents at the network port(s), and (E,,.) are the voltages
at these port(s).

If network equations in abc variables are linear time-in-
variant, then there is no coupling between dynamic phasors
corresponding to various k. However, with imbalance, there
is coupling between “pnz” variables for a given k. As in
steady-state unbalanced analysis, star-delta transformers affect
the “z2” (zero sequence) phasors and cause phase-shifts in the
p — n dynamic phasors.

III. SIMPLIFIED ANALYSIS

Before proceeding for a detailed numerical analysis, let us
study a simple linearized model of a synchronous generator
which is represented by the classical model (voltage source be-
hind a reactance) and is connected to an infinite bus by an un-
balanced series R-L-C network. The linearized torque and “in-
ternal” voltage of the generator are given by [2]

AT, = E'Aig

!

Aeg + jAep = A <iE'15> —E nwt s
wB wB

(ep,eq,ip,i¢) are the generator internal voltage and current

components in the synchronously rotating frame of reference.

wFE' /wp is the magnitude of the voltage behind the generator

reactance (E’ is constant).

It is assumed here, for simplicity, that the generator is oper-
ating in steady state at no load, i.e., the quiescent currents of
the generator (ipo, igo) and the quiescent value of ¢ are zero.
The quiescent frequency is equal to ws which is also equal to
the base frequency wp. We now have

(AT.)o = F'(Aig)o; {Adho = ~(Awho
/

(A6D>0 = E/<A6>0, (A@Q)Q = E(AOJ}O
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We can rewrite this in terms of dynamic phasors of sequence
components by using the relationships between the D — ) and
p — n dynamic phasors, which are derived in Appendix B:

(ep)in = %@D)o and (ey)17 = — (15)

1

ﬁ(ecz)o
. 1 . . 1 .
(’Lp>1R=ﬁ<'LD>0 and (%)112—%(1@)0 (16)

where the subscripts R and I denote real and imaginary com-
ponents.

Note that it is adequate to consider only k£ = 0 for the me-
chanical variables and k = =1 for the electrical variables, since
these dynamic phasors are decoupled from those corresponding
to other values of k, due to the use of the classical model.

For an R-L-C series three-phase network connecting a gen-
erator to an infinite bus, the network equations are as given in
(13), where

e = |2,
(Epnzh

= <6pnz>1 - (eBpnz>1

where e, . and ey, . are the generator internal voltages and the
infinite bus voltages, respectively, and ¢,,,,. and Vo, - are the in-
ductor currents and capacitor voltages, respectively. The infinite
bus voltages are balanced and have a frequency ws. Therefore,
(eBpn=)1 18 constant. Since it is a series network, the inductor
currents are the same as the generator currents. For this network,
the matrices in (13) and (14) are given by

—-BLR,, —-B B
1 00 0 0O 0 0 O
Cyv=]0 1 0 0 0 O Dx=1]0 0 0
0 01 0 0O 0 0 O
where
1 1 1 1
P=—|a® a 1 (o = €727/3)
\/5 a o 1
[ Xew X X ]
B.,=P ' X, Xo Xm P
_Xm m XSC
[ X 0 0
Xe=P '] 0 Xe 0 |P
| 0 0 Xce
R, 0 0
R,=|0 R, O
0 0 R,

Note that X, and X,,, are self and mutual reactances, which in-
clude the generator reactance and unbalanced lumped elements
in any phase. I, and R are positive sequence and zero se-
quence resistances and X is the capacitive reactance of the
R-L-C series network. The following transfer function relation-
ship can be obtained from the network equations:

(Aip)ir(s) = Gi(s){Aep)ir(s) + Ga(s)(Aep)r(s). (A7)
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Fig. 3. Damping torque coefficient.

Using (15)—(17), we get the expression for the damping torque
coefficient [2] as follows:

Tpe(s) =wpRe (%>

—rre{ea) - () e ). ay)

The analytical expression for damping torque in terms of the
inductances and capacitances of the network is complicated.
Therefore, numerical evaluation is carried out for a specific case
and is shown in Fig. 3. It is seen that Tp. is negative at subsyn-
chronous frequencies. This has also been verified for different
network parameters, including the degree of compensation and
imbalance.

To get better insight, we can get simplified expressions by
assuming that X,,, = 0 and R, = R,. Six complex pairs of
eigenvalues are obtained. Note that the six complex differential
equations corresponding to the network yield 12 real differential
equations:

A1, Ao =ag £ jby;
As, Ag =az % jbs;

)\37 Ay = ay ijbz
A7, Ag = a1 £ jd;

Ao, Ao =a2 £ jdo;  Ai1, A2 = a3 £ jds
where
oy = wBRp_ wBRp
Lo 2Xsa 7 2Xsb
_ _wpR,
T TX..
wp
by, dy = (2Xsa SAX o X — R2)
1,01 = 2X5a + c

by, dy = —B_ (ZXS JAX Xy — R2)
2, (2 2Xsb b F bACH D
wpB

2X oo T /24X o0 X 2).
= 2X.. ( + ce = Ity

A1, Az, and \; are the important eigenvalues which affect the
damping torque at subsynchronous frequencies. The damping
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torque coefficient can be approximated as follows near these
frequencies:

12
R; R1 Rsa Rs
T = ~
De(5) nzz:ls—/\,i 3—)\1+8—)\3+S—/\5 (19)

where R; denotes the residue of the transfer function (18) and
corresponding to the ¢th eigenvalue. The approximate expres-
sion is analytically determined to be as follows:

2
a0 @t t )
SRR (-)

6
Q—0b Q—b Q—-b

X ( L4 2 4 3 ) (20)
aicidin  ascadas  aszcadas

(E'? /. wg ( 111 >
~ 1-2B) (— 4 —+ =)
( ) din  dy2  dss 1)

Q- b1>

_52

TDe(JQ) ~

where

dip =1+

dar =1+

EO

dsz =1+

€1 =4 /4XsaXCa — R%
ca = /4X @ Xcp — RZ
= 4XscXCc - R]%

Note that the magnitude of the second term in (20) is much
smaller than the first term if R, < X, and a realistic range
of compensation level (X¢ = 0.1 to 0.7X) is used. It is easily
evident that the simplified expression of damping torque (21)
is negative for {2 in the subsynchronous range. Therefore, it ap-
pears that one cannot cause positive damping of subsynchronous
torsional modes using an unbalanced network alone.

However, it is seen that there is significant shift in the modal
frequencies with the introduction of imbalance. In Fig. 3, the
frequency at which damping torque is minimum shifts signif-
icantly with imbalance. Therefore, it seems possible to detune
the network modes using phase imbalance (if there is a coinci-
dence with a torsional modal frequency under balanced condi-
tions), and thereby avoid an SSR situation. It is also seen that
the critical network modal frequencies are lowered due to phase
imbalance. The negative peak of the damping torque is signifi-
cantly reduced as well.

Af\/—\
=

)
Y

IV. EIGEN-ANALYSIS WITH DETAILED MODELS

We now check the validity of modeling methodology as well
as evaluate the phase imbalance scheme for mitigation of SSR.
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Fig. 4. IEEE First Benchmark Model (FBM).
TABLE 1
TORSIONAL AND NETWORK MODES WITH
FBM AND SERIES RESONANCE SCHEME
Torsional modes
Mode Mode Real part of eigenvalue
freq. (rad/s) | Balanced | Case-I | Case-II | Case-II1
1 99.5 0.02 0.04 0.19 2.26
2 127.1 0.008 0.15 0.05 0.15
3 159.8 0.59 0.06 0.03 0.02
4 202.8 0.005 0.004 0.007 0.012
5 298.2 0 0 0 0
Network modes
Balanced Case-1 Case-I1 Case-IIT
-3.70+5155.64 -3.66+5130.33 -3.40+5112.34 -4.771+798.09
-4.71+5154.56 -4.14+5147.05 -4.79+5139.20 -6.401+7126.32
-53.58+5230.81 -50.95+5217.13 -48.19+5208.9 -44.63+5201.59
-53.58+5523.17 -50.94+5536.85 -48.18+5545.09 -44.61+5552.40
-4.69+5598.82 -4.1015606.88 -4.73+5614.56 -6.201+7627.33
-3.09+5599.39 -3.441+5623.21 -3.201+5640.84 -2.5617656.26
Case-l : C/C, =0.25, C/C. =0.5
Case-Il : C/C, = 0.5, C/C., =1.0
Case-Ill : C/C, =1.0, C/C. =1.5

The systems are adapted from IEEE First and Second Bench-
mark Models (FBM and SBM). Both series and parallel schemes
are considered (see Figs. 1 and 2).

For the eigen-analysis, we consider a model in which the dy-
namic phasors corresponding to & = =1 for the stator “pnz”
variables, & = 0, 2 for the rotor variables and k£ = 0 for the me-
chanical variables, are represented, and the others are neglected
(see the remarks in Section II-A). Note that the network and tor-
sional transients of interest lie in the subsynchronous range, for
which this seems to be a reasonable choice. As we shall see, this
gives results which match well with the detailed simulations car-
ried out using the abc variables.

A. IEEE First Benchmark System

The IEEE FBM is shown in Fig. 4 for which the data are
taken from [12]. Mechanical (viscous) damping is not consid-
ered for this test system. The compensation level at the nominal
frequency is 43%. The system has five torsional modes, out of
which four are unstable (since mechanical damping is not con-
sidered, the results are pessimistic) for the balanced case. The
fifth mode is not affected by the electrical network [2].

Table I shows the variation in real parts of the torsional modes
with series scheme for different cases of imbalance. The tor-
sional modal frequencies are determined mainly by the mechan-
ical stiffness and mass, and are practically unaffected by the
electrical network. The degree of imbalance is quantified by the
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Fig. 5. Modal speed deviations (rad/s) without imbalance for FBM.
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Fig. 6. Modal speed deviations (rad/s) with series resonance scheme and
C/C, =0.25,C/C. = 0.5 for FBM.

ratios C'/C, and C'/C... These values are chosen near-about the
values used in Edris’s paper [5].

It can be observed that while the critical network modal fre-
quencies change and get detuned from one or the other torsional
mode, it is difficult to ensure detuning of all torsional modes si-
multaneously. Hence, the system is unstable for all the cases
which are considered, in spite of phase imbalance.

In order to verify the results, detailed three-phase time-do-
main simulation is done using Matlab/Simulink [14]. To excite
the torsional modes, mechanical torque of all turbines is
changed from 100% to 95% at t = 1 s. We have plotted the
modal speed deviations corresponding to the first four torsional
modes, for the balanced case and case-I, in Figs. 5 and 6,
respectively.
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TABLE 11 Turbine Ry =0.04 Rpjo=0.13
TORSIONAL AND NETWORK MODES WITH FBM | } By =004 Rig =0.11
AND PARALLEL RESONANCE SCHEME .E-eaan-aﬁ ! Xpp =048 Xppo =144
Ve | XL2 =0.44 XL20 =1.26
Torsional modes * Roys = O‘OOS%XXW =018
Mode Mode Real part of eigenvalue P10 —»Rp, X1 ¢ Ey
freq. (rad/s) | Balanced | Case-I | Case-II | Case-lII g
1 99.5 0.02 0.02 0.18 0.04 V=10 E* T
2 127.1 0.008 0.04 0.03 0.06 Ey =1.0£0° \@ Vy AL Infinite
3 159.8 0.59 0.08 0.08 0.05 Rr— 00012 Xr—012 X — 0264 B
4 202.8 0.005 0.10 0.19 0.24 600MV A =5 =5 =" us
5 298.2 0 0 0 0 All data are in pu on generator MVA base
YT Casgft“’"rk m"‘g’:se_n eIl Fig. 7. IEEE Second Benchmark Model (SBM).
-4.71+5154.56 -3.031+5134.04 -2.671+5106.52 -2.524+5120.84
3.70£5155.64 | -3.79E;149.14 | -3.63£j13695 | -3.85%;13531
-53.58+5230.81 -47.20£35234.28 -53.98+75238.11 -53.54+5238.48 TABLE 111
0.0 £5376.99 -11.18+;5198.45 -7.23+5174.23 -8.40+5178.09 TORSIONAL AND NETWORK MODES WITH
0.0 :tj37699 -5.90:|:j240.97 -4.70ﬂ:j207.87 -3.75:tj206.88 SBM AND SERIES RESONANCE SCHEME
0.0 £;376.99 5.89L7512.99 | 4.53L3545.90 | -3.54L;546.82
0.0 £5376.99 -11.08£5555.50 -7.14%3579.61 -8.3245575.81 Torsional modes
-53.58+4523.17 -47.20+5519.70 -53.98+5515.87 -53.544+5515.50 Mode Mode Real part of eigenvalue
-3.0945599.39 -3.73£5604.85 -3.584616.86 -3.81+;5618.49 freq. (rad/s) | Balanced | Case-I | Case-Il | Case-III
4.69E559882 | 2.95%7619.70 | -2.50%;646.96 | -2.45+7632.94 1 1551 037 0.13 0.04 0,005
Case-l: C/C, =0.5, C/C.=1.0
Case-II : c{/ca =0.25, /C/CC =0.5 203.5 -0.04 -0.05 -0.05 -0.04
Case-II : C/C = 0.35, C/Co — 0.45 3 321.1 -0.05 -0.05 -0.05 -0.05
Network modes
Balanced Case-1 Case-IT Case-IIT
-15.64+5148.03 -13.30+5123.94 -11.654+5106.48 -10.194+591.44
. . 15.44+;148.21 | -14.77+£;140.23 | -13.96+;132.23 | -12.63+,119.14
Note that the modal speed deviation Awyy; corresponding to TS T IR0 a6 | IS OTE 20368 | 15 80719956
a torsional mode “I” is approximately obtained as follows: 16.5415529.34 | -16.00£j54133 | -15.011;548.30 | -15.81E;554.42
-15.631+35605.94 -14.621+5613.88 -13.8715621.86 -12.58+5634.90
-14.98+5605.98 -13.234+5630.12 -11.611+5647.54 -10.15+5662.54

Awyy = qf [Awgp Awpze]”

where ¢/ is a vector containing the left eigenvector com-
ponents corresponding to individual angular speed devia-
tions of the rotor masses of the turbine-generator system
(Awgp Awg,. ). Modal speed deviations are shown
in order to view the effect on individual modes separately.

From Fig. 5, it is clear that with the balanced condition,
un-damping of the modal speed deviation for mode-3 is highest
as it is tuned to one of the network modes. In case-I, mode-3
gets detuned but mode-2 is tuned to one of the network modes.
Hence, Awjso shows an unstable response as shown in Fig. 6,
which is as predicted by the eigen-analysis.

In case of parallel resonance scheme, the capacitive reactance
which is shunted by a parallel branch is taken as 20% of total
X, per phase and R, = R, = 1 €. Table II shows real parts of
torsional modes with parallel resonance scheme. The difference
here is that reduction in C/C, ratio implies increased degree
of imbalance. The results and conclusions are similar to those
obtained with the series resonance scheme: all modes cannot be
detuned simultaneously, and hence, the system is unstable even
with imbalance. The results with the parallel resonance scheme
are also verified with time-domain simulations, although they
are not shown here.

B. IEEE Second Benchmark System

The IEEE Second Benchmark Model [13] is taken as another
test system—see Fig. 7. Mechanical damping has been consid-
ered, unlike in the previous test cases. The rotor of the syn-
chronous machine is modeled with four lumped masses. Out of

Case-l : C/C, = 0.25, C/C. = 0.5
Case-Il : C/C, = 0.5, C/C. =1.0
Case-lll : C/C, =1.0, C/C. =1.5

three torsional modes, one is unstable. The torsional Mode-3 is
not affected much by the electrical network.

The variation of the real parts of the eigenvalues corre-
sponding to the torsional modes is shown in Table III. The
results show that the damping of the first torsional mode im-
proves due to imbalance. A comparison of the network and
torsional modes shows that the network modal frequency re-
duces with increased imbalance. The difference in frequencies
between the critical network mode and the lowest frequency
torsional mode increases, thereby reducing the adverse effect
of the electrical network on this torsional mode. Eventually for
Case-III, the torsional modes become stable.

Although not shown in Table III, if the mechanical damping
is neglected, then the real part of the eigenvalue corresponding
to 155.1 rad/s torsional mode is found to change from +0.42
(balanced case) to +0.05 (Case-III). Moreover, torsional modes
2 and 3 are found to have small positive real parts for all the
cases. This shows that the phase imbalance scheme does not
cause positive damping. However in this system, the de-stabi-
lizing effect of the network can be reduced (due to detuning) to
a point at which the mechanical (viscous) damping is adequate
to ensure stability of the torsional modes.

Table IV shows the real parts of eigenvalues corresponding to
different torsional modes with the parallel resonance scheme. It
is found that the system is stable for Case-II but it is unstable
for both smaller as well as larger imbalance. This is because
of the near-coincidence of third network mode with the lowest
frequency torsional mode (Case-III). Time-domain simulation
results are shown in Figs. 8 and 9. The disturbance considered
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Fig. 8. Modal speed deviations (rad/s) without imbalance for SBM.
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Fig. 9. Modal speed deviations (rad/s) with parallel resonance scheme and
C/C., = 0.35,C/C. = 0.45 for SBM.

TABLE IV
TORSIONAL AND NETWORK MODES WITH
SBM AND PARALLEL RESONANCE SCHEME

Torsional modes
Mode Mode Real part of eigenvalue
freq. (rad/s) | Balanced | Case-I | Case-II | Case-III
1 155.1 0.37 0.12 -0.004 0.17
203.5 -0.04 -0.04 -0.03 -0.04
3 321.1 -0.05 -0.05 -0.05 -0.05
Network modes
Balanced Case-1 Case-IT Case-IIT
-15.641+7148.03 -10.40+5130.07 -7.9247117.98 -3.571+580.15
-15.441+7148.21 -13.95+5143.21 -9.4617132.04 -5.21+5106.54
-16.541+5224.64 -8.651+5188.62 -10.32+5171.21 -14.42+5159.93
0.0 £5376.99 -8.64+5229.89 -8.7445203.95 -12.71+5186.44
0.0 £5376.99 -8.71+5252.89 -14.72+5242.43 -15.99+5239.20
0.0 £5376.99 -8.71+5501.09 -14.72+5511.55 -15.99+5514.78
0.0 +5376.99 -8.64+5524.08 -8.7247549.99 -12.671+5567.48
-16.541+5529.34 -8.65+7565.34 -10.29+5582.69 -14.21+£5593.98
-15.631+7605.94 -13.79+5610.90 -9.431+7622.03 -5.21+5647.46
-14.98+5605.98 -10.35+5624.00 -7.914+7636.05 -3.56+673.82

Case-l : C/C, = 0.5, C/C.=1.0
Case-Il : C/C, = 0.35, C/C. = 0.45
Case-1ll : C/C, = 0.15, C/C. = 0.25

is a 5% change in mechanical torque, as before. The simulations

support the inferences obtained from eigen-analysis.

To summarize: it is observed from the detailed study of two
test cases and the derivation in Section III that phase imbalance
does not cause positive damping by itself, but reduces the neg-
ative peaks in the damping torque and leads to a change in net-
work modal frequencies. If the torsional modal frequencies are
few or well-spaced, SSR can be avoided due to detuning effect.
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Even here, switched elements would be required to ensure that
detuning persists even with changes in the network conditions.
If there are several closely spaced torsional modes, then it is dif-
ficult to simultaneously detune all of them.

V. CONCLUSION

An investigation of the series and parallel passive phase im-
balance schemes as countermeasures to SSR is presented in this
paper. This analysis is facilitated by dynamic phasor modeling
since it yields a time-invariant system of equations.

Simplified analysis indicates that the damping torque pro-
vided by a passive unbalanced network is not positive in the
subsynchronous frequency range. However, the frequencies of
the network subsynchronous modes change due to phase imbal-
ance. Therefore, phase imbalance schemes can be used to pre-
vent a torsional and network mode resonance condition if it ex-
ists for a certain level of balanced compensation. However, this
is problematic if several torsional modes are present and when
network conditions change.

These conclusions have been verified by detailed eigen-anal-
ysis and time-domain simulations. The results of this paper sup-
port the assessment of Bowler (in the discussion in [6]) that pas-
sive phase imbalance schemes cannot be a solution to SSR in a
general sense.

APPENDIX A
SYNCHRONOUS MACHINE MODEL

The equations of a synchronous machine which relate fluxes

“4»”, currents “4”, and applied voltages “v” are [2]

IZ%S =—[R]is — vs
Yy =—[R.]ir — v, and .
=1l LZ::E”] ]

Pr =[5 i g Pi]”
vy = [—vp 000]"
]T

Vs = Yo Vo Y],
Vs = [Vq Up Uc]Ta
by =i dpic]t, iy =[ifinigix
[R;s] =diag[R, R, R.],
[R,] =diag[R; Ry R, Ry
0 =wst + 0.

In the above equations, subscripts “a, b, ¢” refers to stator three-
phase quantities. Subscripts “f, g, h, k” refers to field winding
and damper windings parameters. “#” is the generator electrical
angular position while “6” is the generator electrical angular po-
sition in a synchronously rotating frame (rotating at w, rad/s).

The R and L denote resistances and inductances of the wind-
ings. The stator abc quantities are transformed to pnz quantities
using the following transformation:

f‘a ) P }cp 22)
b | == | @ a n
fe VB la a2 1 f.
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where o = 1/120° = ¢727/3 and “f” may be any of the vari-
ables 1, 1, or v. Therefore

17/);0.nz = - [Rs]ipnz
/l/)r = _[Rr]zr — Up

- Upnz

o | Las(0) L5(0) | | dpn=
v=1Li= [L;s(a) Ly, i
where
11/)pnz = [1/);0 1/}71 wz ]T;
Upnz = [vp Un Uz ]T;
Ipnz = [";p in iZ]T§

= [”’12“} i= [Lf;]

From the above equations, we obtain the dynamic phasor rela-
tionships of Section II-A. The inductance matrix L is a func-
tion of f. In particular, it consists of terms like e*7% and e*72°.
Therefore

(L)

(Li)y, = (D) k41 + (Lo(i)k

H(L)1 (i) k1 + (L)2(i) k-2

o) pq2 + (L)

Important: If higher frequency variations in ¢ are ignored,
ie., 6(T) = (6)o(t) for T € (t — T, 1], then (Li)}, are a function
of e/¢®)o but independent of 6.

The mechanical equations for a rotor mass of a turbine-
generator system, connected by an elastic shaft to masses m — 1
and m + 1 are given by

“ LR}

6;nzw

m — Ws

L [ Tom—=Te =Dy wy
w'm = J— —Km,m_l(ém — (5m_1)

m _Km,m+1(5m - 6m+1)

For notational simplicity, a 2-pole machine is assumed, where

Im inertia of the rotor mass “m”;

D, mechanical damping coefficient of mass “m”;
K; ; shaft stiffness coefficient for section ¢ — 7j;
Trm mechanical torque acting on mass “m”;
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T. electrical torque (present only for the generator);

Om angular position of mass “m” in a synchronously
rotating frame;

W angular speed of rotor mass “m”.

We get (10) and (11) using the above set of equations.

Note that the electromagnetic torque of the generator can be
expressed in the d — ¢ variables (obtained from Parks transfor-
mation of the instantaneous three-phase variables) or D — Q)
variables (synchronous transformation) as follows [2]:

T6 = l/)diq — Q/qud = 1/)DiQ — I/JQiD
Tk =Y (Wphk-ilioh — Y (¥Q)e—1(in)i.
l=—0 l=—00

Using the relationships derived in Appendix B, we obtain
(fo)e =
(fole =

((fpdr+1 + (fu)r—1)

((Fodrsr = (frdr=1) -

|
Sl

Thus, the electrical torque can be expressed in terms of the
p — n dynamic phasors.

APPENDIX B
RELATION BETWEEN D(Q0 AND pnz VARIABLES

Use the transformation in synchronously rotating reference
frame given in the equation at the bottom of the page.
Similarly

1
JV2

. fpe—jwst —

(ejWStfn - e_jWSt.fp) & fo=1.

1
ﬁ(fD
2 t 1 .
fne?t = E(fD +37fQ)

fo =

—Jjfo) and

In terms of dynamic phasors, the above equations are

5 (e = 3{fQ)x)
5 (e +3{Q)k).

(fp)k-i-l
(fn)k—l —

S5l

o 5 [ cos wst  cos (wst — &) cos (wst + ) fa
fol = 3 sinwgt  sin (wst — &) sin (wst + %) Jo
! 1
fo V) V2 V2 e
ej‘*’ t _|_ e —Jwst
“fp= 4 {ed(wst=2m/3) 4 p=ilwst— 2”/3)}ft

§|H Sl

+{6g(w st+2m/3) P —j(ws t+27'r/3)}f

(€7 fu + €779 fy)
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