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In this paper, a new method for the on-line identification of power system electro-mechanical modes
(eigenvalues) by use of Superconducting Magnetic Energy Storage (SMES) is proposed. Modulated sinusoidal
active power of small amplitude in the low frequency bandwidth (chirp signal) is given by SMES to the power
system. From the system’s response (active power oscillations at generator buses) low order models are
estimated by output error modeling based on Gauss-Newton algorithm. Finally from the models estimated,

eigenfrequencies and their damping are determined.

The method is useful in monitoring system steady state stability and in tuning power system control. The
studies and results are based on the simulations of power system with SMES in PSCAD/EMTDC program.
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1. Introduction

In power system analysis, results from eigenvalue
method or power system simulations depend on the fact
how accurately we know system parameters, its config-
uration and operating conditions. In a real power sys-
tem, all these factors may be changed on the operating
conditions.
the effects of deregulation make all these issues more
complex. For the above-mentioned reasons, without
monitoring the level of stability in the system we may
not improve it on time. The on-line identification of
the system is needed to overcome these difficulties.

On methods of on-line identification, especially, on
methods of obtaining eigenvalues of operating system,
several papers have been published.(!)(?) Some of the
methods use a signal input (for example, step function)
to the AVR.. By these methods, the system may be iden-
tified with some accuracy. However, it is not so easy
to understand the disturbance due to the signal explic-
itly. By process of obtaining transfer functions, high
order functions must be considered since disturbance
of this kind at power system may be affected by control
function of AVR.

It is desirable to find power apparatuses that can give
small power disturbance without affecting power sys-
tem operating condition. The stability of the power
" system may be estimated by investigating its response
for the given disturbance. This corresponds to direct
application of eigenvalue method.

Superconducting magnetic energy storage (SMES) is
proposed and studied. It is useful not only for high
efficient energy storage but also for frequency control,

Interconnections with other systems and .

power system stabilization, voltage regulation because .

of the quick control of power.
In addition to the above mentioned good properties,
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SMES has a high impedance, that is, it behaves like
current source. Due to this property, conditions of an
operating power system are not affected by connection
of SMES.*)

Other energy storage systems such as battery en-
ergy system, flywheel system, and so on act as volt-
age sources, which may affect the operating conditions.
Therefore SMES is the only power supply suitable.

By considering the new added application of SMES
as mentioned above, its cost per application decreases.

On-line identification by use of SMES is already pro-
posed ®=G) It can determine the eigenfrequencies
in a multi-machine system, but damping can be deter-
mined only in case of one machine infinite bus system.
The method uses constant frequency sinusoidal active
power from SMES as input and the eigenfrequencies de-
termination is based on the spectral analysis by use of
Maximum Entropy Method (MEM). In case of one ma-
chine connected to the infinite bus, first the system is
exited from a sinusoidal input with the same frequency
as its eigenfrequency by SMES with stabilizing control
then damping is calculated after the calculation of the
power flow in the system.

The method of identification proposed here offers
both determination of the eigenfrequencies and their
damping in case of a multi-machine system. In this
case, the power system is excited from a small power
chirp (a modulated sinusoidal function with a frequency
that grows from an initial value to a final one) given
from SMES. From the system’s response (for example
active power oscillations at generator buses) low order
models are estimated by output error modeling based
on Gauss-Newton algorithm. Then from the models
estimated, system’s electro-mechanical modes (damp-
ing and eigenfrequency) are determined. In this study,
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data for different power system configurations simu-
lated with SMES in the PSCAD/EMTDC program are
used.

2. SMES systemu

SMES is used to generate a small power chirp to
the power system without changing its operating con-
ditions. A block diagram of SMES system (used in our
simulations) is shown in Fig.1,

Conv.

SC Coil

B
Fig.1 Block diagram of SMES and P-Q mode control
system :

where:
FE - line voltage in the secondary of the transformer.
1 - average value of the current in the superconducting
coil.
o,a” -firing angles of converter bridges.
SC - superconducting coil.
Py, Qg - reference for active power and reactive power
of SMES.
« - converter firing angle calculation block.

In simulation of SMES (Fig.1), a superconducting coil
L = 10.8 H (the inductance of SMES in the lab.) is cho-
sen. The transformer’s secondary voltage is F = 1kV
and the superconducting coil current Iy = 5kA. The
stored energy is W = 135MJ. These parameters are
confirmed to be suitable for our purpose of identifica-
tion. Two transformers are connected in star-delta and
delta~delta to make possible 12-pulse converter opera-
tion for simultaneous active and reactive power control
and a fast charging of SMES. Reactive power compensa-
tion is realized through constant capacitors, connected
in the input of the system.

The simultaneous active and reactive power control
(Fig.1) is the basic mode of operation. In this mode
SMES can give modulated, controlled, small active
power to the system (up to 6 Hz). A current control
mode of SMES is designed to control SMES at the mo-
ment of the connection to the power system and during
initial charging. Controlling the current, we can assure
that SMES will have a smooth connection to the power
system and the converter system is also protected from
over-currents in the moment of connection.

For having a continuious operation of SMES the cur-
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rent of the superconducting coil must be constant.
Therefore compensation of losses in transformers and
bridges is needed. The losses, which depend on the
current I, are measured and compensated separately
in the control system.

3. Electromechanical mode identifica-

tion method (One machine-IB sys-
tem example)

The method of power system identification proposed
here, deals with the problem of building mathematical
models of the power system based on the observed data
from the system. The data consist of input and output
records. In this study, data available from the simu-
lations of power system in EMTDC program are used
and a model has been built based on an output error
modeling.

The process, in case of one machine connected to the
infinite bus (Fig.2), goes through these basic steps as
follows.

The specifications of the generator, transmission line
and transformer used in simulation are shown in Table
1, Table 2 and Table 3, respectively. The length of the
tie line is 100 km.

Step 1: The design of the experiment and collection of
input-output data is realized in the PSCAD/EMTDC
program.

The input given by SMES to the power system is
an active power chirp (a modulated sinusoidal function
with a frequency that grows from an initial value to a
final one) shown in Fig.3. As shown from the spectrum
in figure the energy of the input waveform from SMES is
concentrated on the low frequency region from 0 to 3Hz.
A narrow bandwidth is necessary for a good precision
in the estimation.

The amplitude of the input oscillations 1 MW (as
shown in Fig.3) is found to be effective in our study
cases and constitutes less than 1% of the system’s
power. The output data are the generator’s active
power oscillations recorded at the generator bus Fig.4.

Tie Line L-B.

T

Tr. |-

Lo

Fig.2 Schematic of simulated one machine infinite bus
system and SMES



Table 1 Specification of generator
120MW zq | 0.770p. || T, 0.278sec
Vi | 13.8kV x| 0.314p.u. || T, | 6.550sec
H | 3.117sec || z4” | 0.280p.u. || Ty,” | 0.039sec
zqg | 1.014p.u. || z,” | 0.375p.u. || Ty,” | 0.701sec

Table 2 Specification of transmission line

VL 230kV Rad. 2.034cm
Dyundies | 45cm Dip | 10m
Dg'round 30m D23 10m
R 0.03206Q/km || D3; | 20m

Table 3 Specification of transformer

[ ] 120MVA [ ratioV [ 13.8/230kV [[ 2; [ 0.005p.u. |

SMES Power [kW]

1 2 3 7 S 7 8
Frequency [Hz]

Fig.3 SMES input of chirp signal and frequecy char-

acteristic.

From figure it can be concluded that the disturbance in
the generator active power is small enough compared to
its rating power. In Fig.5 from the spectral analysis of
the generator active power oscillations is found out the
eigenfrequency of the system at 1.52 Hz. Because the
input from SMES has a flat spectrum as shown in Fig.3,
it does not show up on the system’s response spectrum
in Fig.5. Determination of SMES input waveform, its
time duration and the location of the recorded output
are important decisions taken during this step.

Step 2: Examination of data and filtering to enhance
important frequency ranges and reduce the noise influ-
ence. This is done in connection with the first step.
The data recorded from the experiment are decimated
and low-pass filtered. The knowledge of the power sys-
tem mechanical modes location in low frequency region
stands in the basis of decisions made during this step.

Step 3: Selection of a model structure and determina-
tion of the model order. This is done from a theoretical
point of view, combined with the experience from best
results achieved during simulations (as discussed in 4).
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Fig.4 Power of generator for power of chirp signal from

SMES
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Fig.5 Deviations of power of generator and the spec-
tram by MEM(Maximum Entropy Method)

A general input-output set of discrete models can be

written as: Blo) C(a)
q q
A(Qy(t) = =—=<ult — ng) + ———<e(t),
(@)u(t) = Ffult =) + 550
A, B, C, D, F are polynomials and ny, is the time delay.

From this model many other special cases can be de-

‘duced as the case below which is considered in this

study: 5
y(t) = %u(t ) A e(t), e (2)
where:

B(q) =bi+bag™ ' +- -+ bayg ™H(3)
F(Q) =1 +f1q_1 +-+ fnfq*nfa (4)
where:
e(t): white noise
ng: number of delay
ny: number of poles
np: number of zeros plus one
" The problem is to find those parameters for the
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model, which will give the best fit of the estimated out-
put to the recorded one. Therefore it is introduced the
“following vector of parameters, which should be deter-
mined: '

6 = [biby - by, fifo - fnf]T ............... (5)
From above, the estimated output can be written as:
X B(q)
t, 0 = —LUlt — M) e 6

In case of a second order model chosen, the above equa-
tions can be written as

by + bag™? —1
t) = u(t) + e(t
y(t) T5 gt + fag—2" (t) +e(t)
b1iq + bo
R e —— Y § de(t), -« e 7
RN TR A )
where
B(q) = by + by .q—l ...... (8)
Fla)=1+fi-a7 "+ f2-472.(9)
The error for a candidate model is given as
5(t7 9) = y(t) — g)(t, 9) ....................... (10)

and a possible criterion:(N: number of data)

NZ

Step 4: Computatlon of the best model according to
input-output data and the chosen fit criterion. In this
study a quadratic prediction error criterion is mini-
mized using an iterative Gauss-Newton algorithm.(®)
(If no lower value of criterion is obtained, a gradient
search is used.)
The estimated discrete transfer functlon for the
recorded output is given as
o) — Bl@) _ —0.25g7" +0.2489¢~2
(@) = F(g) 1—1.978¢ !+ 0.986¢2
The above transfer function has two poles and one
Zero as

{

- (12)

p = 0.988 £ 50.095

z =0.995
The corresp01f1d2ig1g1 é:ontiilg%%s model:
: —25.18s — 16.
G(s) = T risesreag (13)
has two poles and one zero as following:
p=0.65+79.6
z = —0.67

In the above discrete to continuous transformation, a
state space representation, is obtained from the discrete
transfer function model. Then discrete system matrices
are transformed to respective continuous ones through
the transformation z = e*?". Finally the corresponding
continuous transfer function model is obtained from the
state space form.

After simulating the response of the model estimated,
in Fig.6 there are plotted the measured and estimated
outputs. It is shown that there is a good fit of the out-
put from the estimated model to the measured output
(system response).

EBHHB, 1215108, FHISE
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Power dev. [MW]

10 15
Time [sec]

0 5 20
Fig.6 The estimated and measured output of the esti-
mated model (thin line: recorded response, thick line:
response of model estimated.)

4. Assessment .discﬁssion of the

method

In this section, an assessment of the method is con-
ducted by comparing its results with those of eigenfre-
quency analysis and eigenvalue one, and by identifying
known models. First of all it is obvious that there is
good agreement between the simulated output and the
recorded one. Further more it is easy to verify that the
frequency 9.6rad/sec found from the identification cor-
responds to that one found from the spectral analysis
(1.52 Hz as shown in Fig.5(c)).

Let us compare the results from the estimated model
obtained above with the those from the eigenvalue anal-
ysis. The calculation of eigenvalues includes the dy-
namics of the exciter. For the operating point, we
get Heffron-Phillips constants of K; = 1.9316, Ky =
1.4500, K3 = 0.4031, K4 = 0.3893, K5 = 0.1182 and
Ke = 0.386, and the eigenvalues of —0.647 £ 59.628,
—5.894 and —43.198.

It is not difficult to verify that the two dominant
eigenvalues (which are located near the imaginary axis
on the s-plane and dominate the response) calculated
—0.647479.628 agree well with estimated ones —0.65 4
§9.6. The other two eigenvalues calculated play a sec-
ondary role in the system response and in evaluation of
the system steady state stability.

Let us consider a model represented by a known
transfer function. We used the same input as that given
from SMES to estimate the poles of the model. Then
the estimated poles are compared with the known ones.
a) We considered the following transfer function:

Gls) = (s+ 15+ j2)(s+ 15 — 52)
(s +0.24 356)(s + 0.2 — j6)
« (s. +10) ' . (14)
(s +3.5479)(s +3.5—759)
and estimated its poles by using a second order and a
forth order model. The output fit is shown in Fig7.




Because the good fits of the second order model
and that of the fourth order model to the system re-
sponse, their estimated dominant poles are the same
(—0.2 £ j6) and they both agree with the true poles of
the system (given from the known transfer function).
In case of fourth order model the two remaining esti-
mated poles agree with the true ones (—3.5 & 59) too.
The estimation of the zeros is considered in following.
For the fourth oder model, the zeros are obtained to
be —7.914, —12.865 + §8.327 and for the second or-
der model, —8.165. Then the estimation of zeros has
some errors. Therefore, it is concluded that generally

the method is suitable for estimation of poles of the

system. It is also possible in some cases (when non
dominant poles are near dominant ones) that the sec-
ond order estimated model does not give a very good
fit to the system response. This is because of strong
non-dominant poles influence to the output. In these
cases we can search for a better fit, using a fourth or-
der model. But dominant poles estimated are the same,
even though the second order model fit is not as good
as the forth order one. It is important to notice that
by estimation of dominant poles we can evaluate how
stable a system is.
b) Now let’s consider another known transfer function:
G(s) — (s +.20)(s + 30) '
(s+ 1.1+ 411)(s+ 1.1 — 511)
(s 4 40)
51034575 +03—77)

By using the response for an input signal (denoted by
I), amodel (denoted by M) is estimated. Then by us-
ing the same response and an input signal, ampliutude
of which is K times larger than that of I;, (See Fig.8)
another model (denoted by M) is estimated. The poles
of M are the same as those of My and G(S) too. That
is, the poles can be obtained without considering am-
plitudes of input and output.

In both cases the fit of responses is shown in Fig.
9. The estimated poles agree with each other and with
those of the known model. This shows that, we can es-
timate the dominant poles of the system by using only
the output (generator power oscillations) and the input
(SMES signal) to the system.
¢)The time that the input from SMES is applied to the

oo (15)

Racorded and sstimaied rasponse
5 & &

- o
Racorcd and estimated response

&
-

o 5 © 15 20 - 5 0 5 20

Time Teme

Fig.7 Recorded and estimated output (second order
and forth order system) (thin line: recorded response,
thick line: response of model estimated)
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system is an important parameter. If the time inter-
val would be too short, it would be difficult to have a
good fit of the model response to that of the system and
there would be large errors in the estimated poles. This
is because, the input applied for a very short time, is
not able to ”excite” the power system (which has usu-
ally a large inertia). On the other hand, a very long
interval, it will take longer than needed for the estima-
tion, which will reduce the speed of the identification
process. The left part of Fig. 10 shows the results of the
recorded response and the response of model estimated
for the time interval of 10 sec., and the right one, for
that of 20 sec.. It has been found out that an interval
around 20 sec is an optimal one. For intervals longer
than 20 sec there is no substantial change in the esti-
mated model compared to 20 sec interval case. In very
short interval case (10 sec.) the error in the estimated
model is unacceptable, and is result of the poor fit of
the estimated model response to that one from the sys-
tem. A 20 sec interval is suitable also because generally
we expect no substantial change in power system oper-
ating conditions (during steady state operation) within
20 sec intervals.

d) The issue of amplitude of the input power from
SMES is discussed. The input waveforms in the power
system, used for estimating its mechanical modes,
are relative small input active power oscillation from
SMES. A small amplitude input will cause- smaller
power oscillations in each generator bus, without dis-
turbing the normal operation of the system. But on
the other hand the amplitude of the input must be large
enough to excite the system (because of the losses in the
system, the input given from SMES could not reach the
machines far from it). So the choice of the amplitude

fos
é o—\N\/\/\f\!\[\f\fWAN\/\AM
Fos|

-4

Rycorded Input 1
L8 oo &

5 10 (3 20
Time

Fig.8 Real input-output and multiplied input-real
output data

Fiocorded ard eelimated reepones A1
& o
Recorded and estimaled responsa #2
o n Iy

&

5 10 15 20 5 10 15 20
Tima

Fig.9 Output fit for estimated models from the data
in Fig.8.

Time
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oot s el o T
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Fig.10 Time interval of 10 sec. and 20 sec. (Thin
line:recorded response, thick line: response of model
estimated)

Gl Trl

Fig.11 Two machine-IB system with SMES

is a trade off between not disturbing the power system
operation and being enough exciting for the identifi-
cation process. The right amplitude is determined by
experiment and 1MW has been found effective in our
simulation. In real power systems, we have always some
power fluctuations. Then the amplitude of power of
SMES must be considered with taking the fluctuations
into account. This problem is still open for discussion.

By using effective filtering on the recorded data and
by choosing a relative short interval for the identifica-
tion (20 sec), the effect of noise and other disturbances
from outside the system is expected to be highly re-
duced.

5. Application in a multi-machine sys-

tem

In this section, the electro-mechanical mode identi-
fication of a two machine - infinite bus system is dis-
cussed. It should be emphasized that the methodology
and results are not dependent on the number of ma-
chines in the system. As an example, the case of a
two-machine system is considered here. The input is
given from SMES and the responses of active power os-
cillations at both generator buses are recorded from the
simulation of the system with SMES in EMTDC. The
configuration of power system considered is shown in
Fig.11.

Two machines are connected to the infinite bus
through two transmission lines (230kV, 100km) and
with each other through another 50km transmission
line. SMES is connected at four different locations,

TBYEHB, 1215108, FR13F

Table 4 Specification of generator G1

100MW zq | 0.770p.u. || Ty 0.278sec
Vi | 13.8kV zl, | 0.314p.u. || T, | 6.550sec
H | 3.117sec zg” | 0.280p.u. || Tyo” | 0.039sec
zq | 1.014pau. || 24” | 0.375p.u. || Tyo” | 0.-071sec

Table 5 Specification of controller of exciter system

K, 100 | Efmin | 5 | Efmas | 5
T, (sec) | 0.02 | Ty (sec) | 1.0 | T¢ (sec) | 1.5

£ £ o .

L3 L -

i) 15
Tima [eac] Time {sec

Fig.12 Output fit of estimated models to the responses
of G1 and G2 respectively

(marked by numbers in Fig. 11, where point 4 is at
midpoint of the transmission line.), and simulations are
repeated for the same operating point of the power sys-
tem.

The specifications of generator G1, G2, transmission
lines, transformer, and controller of the exciter systems
are shown in Table 4, Table 1, Table 2, Table 3 and
Table 5, respectively.

The voltage of the infinite bus is 205 kV. The out-
put active powers (reactive powers) of G1 and G2 are
85MW (48MVAR) and 102MW (49MVAR), respec-
tively.

After recording the SMES input and system re-
sponses, the mechanical modes of the simulated sys-
tem are estimated. Fig.12 shows G1 and G2 responses
and estimated model responses for location of SMES at
bus 1 by using a second order model. When using a
forth order model, the estimation is not valid. In this
case, power flow through the transmission line between
G1 and G2 is very small. Then the degree of domi-
nant electro-mechanical oscillation may be one. Then
at first, a lower model must be used.

It is easy to conclude from Table 6 that the estimated
modes of the system in all four cases agree well with
each other, which confirms again that the results of
estimation are independent from the location of SMES
in the system (as long as the operating conditions of
the system remain unchanged in all cases).

For assessment purposes we analyzed the spectrum of
generators’ responses in all cases for different positions

- of SMES in the system. Fig.13 shows the spectra only
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for location of SMES at bus 1 and 2 (same results are
obtained for two other locations of SMES).
From the spectrum we found out two eigenfrequencies



Table 6 Eigen values for location of SMES
,[LSMES | G, | Gy H
loc.1 | —=1.24 411 | —0.58+ 59.8
loc.2 | —1.1+ 411 | —0.58 4+ 59.8
loc.3 | —1.24411 | —0.60 % 59.8
loc4 | —1.0+ 411 | —0.55 4 59.8

« 0.56Hz)

+(1.767H

3 “‘ 5 o 1 2 3 4 5
Frequency (Hz) Frequency [Hz]

Fig.13 MEM spectrum of the responses of generators
for SMES location 1 and 2, respectively

1.76 Hz and 1.56 Hz for G; and Gy responses respec-

tively. This frequencies correspond to 11.05 rad/sec and -

9.8 rad/sec estimated from identification method. Tt is
shown that to estimate electro-mechanical modes of a
generator, the response only at the respective generator
bus is needed.

6. Conclusions

In this paper is proposed a new method for the on-
line identification of the electro-mechanical modes of
the power system by use of SMES and by employ-
ing an output error model. This method uses only
the recorded system responses to estimate its electro-
mechanical modes and it is possible to be applied in
a multi machine system case. Experiments by use of
SMES with superconducting magnet in simulator of
power system are necessary for further assessment of
the method before those in real power systems.
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