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Abstract—Frequency response analysis (FRA) is a mature
technique to characterize the behaviour of apparatus like
transformers, and is commonly used for condition monitoring
and diagnostics. FRA is also used for sub-synchronous
resonance/control interaction analysis of rotating machines and
power electronic converters. The frequency responses (transfer
functions) can be experimentally obtained from tests at the
apparatus terminals. These are generally done offline, i.e. when
the equipment is out of service. Online testing is attractive as it
can be done frequently and periodically, but it requires auxiliary
equipment for injecting probing signals into an energized high
voltage system. The alternative online approach uses high
bandwidth measurements of “naturally” occurring external
transients (due to faults, switching and other disturbances) to
obtain the frequency response. The key challenge in online FRA
of multi-port apparatus is in the extraction of the “open-loop”
transfer function of the apparatus, while connected to the
rest of the system, essentially in a “closed-loop” configuration.
This paper proposes a technique to address this challenge by
utilizing data from multiple independent events, and presents
proof-of-concept simulations. The technique can be applied not
only to passive components like transformers and transmission
lines, but also to power electronic systems and rotating machines.

Keywords—Frequency Response Analysis, least square
technique, zero-phase digital filtering, frequency scanning.

I. INTRODUCTION

FREQUENCY Response Analysis (FRA) is a model
extraction technique which is used for condition

monitoring and diagnostics, and grid interaction analysis
of power apparatus and systems. Since the parameters that
affect the dynamic behaviour (for example, the capacitances)
depend on material properties and the geometric configuration
of conductors and other components, any changes in the
properties or configuration can be detected by tests and
measurements, done regularly or after major events. This is
the basis for the use of FRA for condition monitoring and
diagnostics of apparatus like power transformers [1], [2], [3],
[4], [5]. The frequency responses are also used in screening
tools for sub-synchronous resonance (SSR), sub-synchronous
control interactions (SSCI) and harmonic instabilities [6],
[7], [8] associated with rotating machines, power electronic
systems and their associated controllers.
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The FRA approach in its original form is an offline method,
where the apparatus is taken out from service, i.e. disconnected
from the network. The apparatus is excited with an externally
generated signal, and the input and outputs are processed to
obtain the transfer functions. Multi-sine, chirp and low voltage
impulses are examples of signals that have been used for
FRA. The spectrum of the signal is chosen such that it has
adequate bandwidth and resolution so as to capture the modal
frequencies of interest.

Online FRA is a variant of this technique, which involves
measurements taken at the apparatus terminals while the
apparatus is still in operation. The advantage of online FRA is
that condition monitoring can be done at regular and frequent
intervals without requiring equipment outage. Online FRA can
be categorized into two methods:

Method 1: Probing signals (like the ones used for offline
FRA) are injected at the terminals using a signal generator
and coupling equipment [1], [9].
Method 2: The transient behaviour following naturally
occurring external disturbances, like lightning, faults and
switching, are used to obtain the frequency response [10],
[11], [12].

In the online methods, the measured frequency responses
for three-phase multi-port apparatus are, in fact, those of
the “closed loop” transfer functions that correspond to the
apparatus embedded in rest of the system. The closed loop
transfer functions are affected by the parameters and topology
of the external network. These may be quite different from the
“open loop” (individual) transfer functions of the apparatus,
which are required in most applications, including condition
monitoring. The extraction of the open-loop transfer functions
with online methods has not been satisfactorily addressed
in the previous literature. This paper proposes a method
to achieve this using measurements from multiple transient
events. The open-loop frequency response is obtained as a
least squares solution to an over-determined set of equations
corresponding to the measurements.

The proposed technique can be applied to obtain the
frequency response of transformers, three-phase transmission
lines and cables, power electronic systems and rotating
machines. Since the frequency response is meaningful when
the system is time-invariant, the estimation is done using
D-Q-o variables (synchronously rotating frame of reference)
in the case of power electronic systems and rotating machines.
In the case of transmission lines, the time synchronization of
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the measurements at both ends of a transmission line or a
cable is feasible using a Global Positioning System (GPS).
FRA of transmission lines and cables can provide a validation
of the theoretical frequency dependent models and parameters.
This is of practical relevance for the accurate representation
of these elements in transient simulation programs.

The paper presents simulation studies to demonstrate the
utility of the proposed method in determination of frequency
responses of transformer, transmission line, STATCOM and
synchronous generator. Numerical experiments are performed
to evaluate the effect of measurement resolution, the number
of events and the use of transformed variables (Clarke’s
transformation). Note that the method requires high bandwidth
measurements, data logging, communication and off-line
signal-processing, which are well within the capabilities of
currently available technologies.

II. THE PROPOSED METHOD

In this section, we present a simple example to illustrate the
computation of a transfer function using transient waveforms
in a single-phase circuit. Thereafter, we consider the problem
of obtaining the required (“open-loop”) transfer function of
multi-port three-phase apparatus using measurements from
multiple transient events.

A. FRA using Transient Waveforms

Consider a single-phase circuit as shown in Fig. 1. The
parameters of the circuit are Rs = 0.1 Ω, Re = 0.2 Ω
and Le = 2 mH. The admittance transfer function Y (jω)
corresponds to a series RLC circuit with the parameters
Rr = 2 Ω, Lr = 10 mH and Cr = 20 µF respectively. The
source voltage is vs(t) = 10 sin(2π × 50 t) V.

The system is initially in steady-state. At t1 = 0.484 s, there
is a short circuit due to closing of the switch as indicated in
the circuit. The breakers a and b opened, isolating one of the
parallel links at t2 = 0.488 s. The measured voltage and current
waveforms, vr(t) and ir(t), are shown in Fig. 1.
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Fig. 1. A single-phase circuit, and the measured transient waveforms.

The signal processing required to obtain the transfer
function Y (jω), is depicted in Fig. 2. Note that,

1) An analog high pass filter is used to remove the
50 Hz component in the waveforms, and isolate the transient
components. This is done so that the resolution of the
analog-to-digital converter (ADC) that follows is utilized for

representing the transient component, and is not swamped out
by the 50 Hz component.

2) Once the digital signals (voltage and current) are
obtained, further processing is carried out on the record that
encompasses the transient till it practically becomes zero. The
record is effectively a time-limited signal i.e., it is non-zero
over a finite duration only. Therefore, the ratio of Discrete
Fourier Transform (DFT) of the current and voltage samples
in this record directly gives us the transfer function Y (jω).
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Fig. 2. Signal processing steps for Online FRA estimation using transient
waveforms.

We apply this procedure to the transient waveforms shown
in Fig. 3, which are obtained by simulating the system
using a time step of 1 µs. A fifth order high-pass analog
Butterworth filter with a cut-off frequency 200 Hz is used.
The time duration of the sample record is 0.9 s (from 0.01 s
to 0.91 s), while the sampling rate is 20 kHz, obtained
by down-sampling the simulation data. The filtered current
and voltage waveforms, the DFT of these signals, and the
transfer functions are shown in Fig. 3. Overall, there is a
good match between estimated admittance Yestimated and the
actual admittance Yactual, as indicated in Fig. 4. At lower
frequencies, however, some distortions are seen. These are not
surprising because the high pass filter significantly diminishes
the frequency components at lower frequencies resulting in
poorer numerical conditioning in that range.

B. Application to Three-Phase Apparatus

At first glance, obtaining the frequency response of a
single or multi-port three-phase apparatus while it is in
operation seems to be a straight-forward extension of the
method depicted in Fig. 2. However, a closer inspection
reveals some complexities. To understand this, consider a
three-phase two-port apparatus connected to the rest of this
system, as shown in Fig. 5. For a disturbance occurring in
the power system, twelve terminal variables (six voltages and
six currents) can be measured as shown. Using the procedure
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Fig. 4. Admittance Y (jω) for the Fig. 1 circuit.

shown in Fig. 2, the spectrum of these variables can be
obtained.
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Fig. 5. Three-phase two port apparatus connected to rest of the system.

The multi-port admittance (or impedance) transfer function
of this apparatus is a 6 × 6 matrix, as shown in (1).

I(jω)6×1 = Y(jω)6×6 V(jω)6×1 (1)

where,
I(jω) = [Iak(jω) Ibk(jω) Ick(jω) Iam(jω) Ibm(jω) Icm(jω)]T

V(jω) =

[Vak(jω) Vbk(jω) Vck(jω) Vam(jω) Vbm(jω) Vcm(jω)]T

Y(jω) =

 Yak−ak(jω) · · · Yak−cm(jω)
...

. . .
...

Ycm−ak(jω) · · · Ycm−cm(jω)


Y(jω) represents the open-loop admittance matrix of the
apparatus. Since the matrix Y(jω) is symmetric, the number
of distinct admittance elements to be estimated is 21. The
relation (1) can be rearranged as (2).

I(jω)6×1 = Ve(jω)6×21 Ye(jω)21×1 (2)

where, Ve(jω) is a matrix composed of the elements of
V(jω), and Ye(jω) is a column matrix composed of the upper
triangular elements of Y(jω).

No unique solution exists for (2) since the unknowns (21)
exceed the number of equations (6). This problem can be
overcome by considering measurements for multiple events.
To estimate 21 distinct admittance elements, at least 21 distinct
equations are required. For an event, only 6 relations are
available -see (1). Therefore with a minimum of four events
it is possible, in principle, to obtain the required admittance
matrix elements. The assumption is that the events are distinct,
have a high signal-to-noise ratio, and are “spectrally rich”,
i.e., they have adequate amplitudes for different frequencies
in the range of interest. Consideration of a larger number of
events is beneficial from this perspective. The solution of the
over-determined set of equations in (3) can then be obtained
using the least squares technique.

I1(jω)6×1
...

IN(jω)6×1

 =


V1e(jω)6×21

...
VNe(jω)6×21

 Ye(jω)21×1 (3)

The overall approach is depicted in Fig. 6. Note that for a
single-port three-phase apparatus, the number of unknowns is
9, requiring a minimum of 3 independent events.
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Fig. 6. Least square solution for FRA estimation using N -events.

C. Estimation in α-β-o variables

The least squares estimation may alternatively be done using
the α-β-o variables obtained by Clarke’s transformation, which
is defined as follows: fa

fb
fc

 = Tc

 fα
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 , Tc =
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The admittances in the (a-b-c) and (α-β-o) reference frame
are related by a similarity transformation. For a single-port
three-phase apparatus, this may be expressed as



Yαβo = T−1c YabcTc. The formulation of the least square
problem is the same as (2), except that the phase measurements
are first transformed, and then the transformed admittance
is estimated, from which the phase-domain admittance can
be recovered. The least square solution in the Clarke’s
variables is essentially the same, as the transformation is
orthogonal (T−1c = TTc ). However, from a computational
viewpoint, the transformation of variables may improve the
numerical conditioning. Note that the admittance matrix in
α-β-o variables is known to be diagonal dominant even if a
slight unbalance is present.

D. Frequency Response of Power Electronic Converters
and Rotating Machines

Power electronic converters and rotating machines have to
be handled in a manner different from passive components
like transformers and transmission lines. This is because the
underlying model in the (a-b-c) or (α-β-o) variables is not
time invariant and could also be non-linear. FRA is meaningful
only for linear time-invariant systems. Hence the small-signal
(linear) models may be estimated by considering only small
disturbances in the estimation process. Moreover, only the set
of disturbances around similar operating conditions should
be considered to obtain a model corresponding to those
conditions.
To achieve time-invariance, a synchronously rotating (D-Q-o)
transformation of variables may be used1, as given below.

[fa fb fc]
T = Cp(γ) [fD fQ fo]

T (4)

where

Cp(γ) =

√
2

3

 cos(α) sin(α) 1√
2

cos(α− 2π
3 ) sin(α− 2π

3 ) 1√
2

cos(α− 4π
3 ) sin(α− 4π

3 ) 1√
2


and α = ωot + γ. The frequency ωo and the angle γ are
constants. The frequency ωo is chosen to be the steady state
operating frequency. The admittance matrix is estimated in
this frame of reference [7], the procedure being the same as
in the case of phase domain variables. Since γ will affect
the individual terms of the admittance matrix in the D-Q-o
variables [13], it has to be chosen in a consistent manner. It is
convenient to choose γ such that the pre-disturbance quiescent
‘D’ component of the terminal voltage is zero.

III. CASE STUDY-I:
TRANSFORMER AND TRANSMISSION LINE

A. System Description

Fig. 7 shows a time-domain EMTP-ATP simulation model
of a portion of the transmission network of an Indian utility.
The system has several 220 kV, 400 kV and 765 kV
transmission lines, interconnected using transformers. The
rest of the system is represented as a multi-port Thevenin
equivalent at the boundary buses. The timestep for simulation
is ∆t = 1 µs and simulation duration is T = 1 s.

1For power electronic systems, it is assumed that the effect of switching
harmonic components are negligible at the point of connection with the grid.
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Fig. 7. EMTP-ATP model of the Transmission System.

1) Three-phase auto-transformer model: A 315 MVA,
400 kV/ 220 kV, 50 Hz wye-wye auto-transformer with
grounded neutral, connected between bus-21 and bus-22, is
used to demonstrate the proposed technique. A hybrid model
[14] is used as shown in Fig. 8, with typical values of
capacitances [2]. The hybrid model is also appended with a
set of resonant circuit blocks, which introduces high frequency
resonant modes when observed from the terminals.
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Fig. 8. Modified three-phase auto-transformer model used in the simulation.

The resonant circuit blocks are constructed using RLC
elements, the parameters for which are calculated from the
desired resonant frequency and the quality factor [15].

2) Three-phase overhead transmission line model:
The single-circuit 200 km, 400 kV three-phase



overhead transmission line connected between bus-8
and bus-22 is considered for online FRA estimation. The
frequency-dependent EMTP-ATP model of the transmission
line is used [16]. The standard tower and line specifications
are obtained from [17] for 400 kV.

TABLE I
SYSTEM DISTURBANCES USED FOR ONLINE FRA ASSESSMENT

Sr. Distance† Description of events Event after Clearing
No. (km) (Short circuit fault) fault time (ms)
1 7 a-phase to ground 3-phase line trip 80
2 13 c-phase to ground c-phase line opening 55.5
3 20 ab-phases to ground 3-phase line trip 80
4 32 a-phase to ground 3-phase line trip 67.5
5 37 bc-phases to ground 3-phase line trip 55.5
6 40 b-phase to ground 3-phase line trip 80
7 44 ab-phases to ground 3-phase line trip 67.5
8 50 ac-phase to ground 3-phase line trip 68
9 50 c-phase to ground c-phase line opening 45

10 52 c-phase to ground c-phase line opening 96
11 57 a-phase to ground a-phase line opening 96
12 70 c-phase to ground 3-phase line trip 67.5
13 80 a-phase to ground 3-phase line trip 68.5
14 92 b-phase to ground b-phase line trip 53

and reclosure 96*
15 100 b-phase to ground b-phase line trip 45

and reclosure 364*
16 120 a-phase to ground 3-phase line trip 340
17 125 c-phase to ground 3-phase line trip 67.5
18 0.73 abc-phases 3-phase line trip 250
19 0.73 abc-phases 3-phase line trip 250
† Distance in km from k-side (bus-22 in Fig. 7) terminal of the unit
* Time taken from clearing time to the reclosure action.

For accurate estimation, a diverse set of disturbance events
are required. Table I shows the list of credible events which are
used for this case study. The signal processing steps indicated
in Figs. 2 and 6 are used for the estimation. Note that a
smoothening filter is applied at the last step, as shown in
Fig. 6. This is done in order to remove the distortions in the
frequency response caused by low amplitudes of the signals at
certain frequencies which were seen in the unfiltered estimates
of the transfer functions at the lower frequencies (see Fig. 4).

In the present case study, filtering is done by passing
the frequency (ω) versus complex Ye(jω) data through a
zero-phase low pass filter filt-filt of MATLAB [18].
Table II gives the details of the parameters used in the study.
The estimation is done in the range 400 Hz - 150 kHz for the
transformer, and 400 Hz - 5 kHz for the transmission line.

TABLE II
SIGNAL PROCESSING PARAMETERS FOR ONLINE FRA ESTIMATION

Attributes
Parameters

Sr. Transformer Case Transmission
No. Case Line Case
1 ADC specifications

Bipolar resolution 12 bit (default) 12 bit (default)
Peak Transient Voltage* 55 kV 60 kV
Peak Transient Current* 1000 A 250 A

2 Zero phase filtering of Ye Low-pass Low-pass
(See Stopband frequency 0.002 Hz 0.08 Hz

Fig. 6) Stopband Attenuation 60 dB 60 dB
Passband frequency 0.0005 Hz 0.04 Hz
Passband Attenuation 1 dB 1 dB

* These are the values (referred to the high voltage side of the instrument
transformer) that the ADC can capture within its range.

B. FR estimation of Transformer

It is observed that with four events singularities are
obtained at certain frequencies. These singularities result from
inadequate spectral richness in the set of four events. With
nine events and the 12-bit ADC, the admittance matrix for
the transformer is estimated. An element Yak−ak is shown in

Fig. 9. The actual admittance matrix is denoted by Yactual.
Note that the unfiltered estimate is noisy as indicated by
Yest−noisy . It is filtered using the zero-phase filter which was
discussed earlier, to provide a smoother response, Yestimated.
The accuracy of the proposed technique with respect to the
measured response is evaluated using root mean square error
(RMSE) which is calculated as RMS value of (Yactual −
Yestimated) in the given frequency range.

The actual and estimated transfer functions seem to match
reasonably well. It is observed from the figure that a larger
deviation is obtained in the lower frequency range. The first
resonance point occurs at a slightly lower frequency than the
actual. A noticeable error occurs in the peak admittance value
at the second resonance, which may be the side effect of
smoothening the distortion in the raw estimates.

10
0

10
1

10
2

frequency (kHz)

10
-4

10
-3

10
-2

10
-1

A
d
m

it
ta

n
c
e

m
a
g
n
it
u
d
e
 (

S
)

Fig. 9. Transformer admittance, Yak−ak using nine events and 12-bit ADC.
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Fig. 10. Effect of number of events on the estimate for 12 bit ADC.

Fig. 10 shows a comparison of the FRA estimated using
nine, twelve and nineteen events, which provides RMSE of
0.0149 S, 0.0152 S and 0.0155 S respectively. The number
of events do not seem to impact the estimate significantly.
It is possible that the nature of events may have a larger
impact on the accuracy of estimate. A more diverse set of
disturbances will give greater spectral richness, but the precise
characterization of this set requires further study.
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Fig. 11. Effect of number of ADC bits on the estimate for nine event case.

Fig. 11 shows the impact of ADC bit resolution. As the
number of bits increases the RMSE reduces. Thus, increase
in number of bits is expected to improve accuracy of estimate
and also indicates that the errors reported in Figs. 9 and
12 may be due to low number of bits used in voltage and
current measurements. It is expected that the sampling rate of
ADC may also affect the accuracy of the estimation in higher
frequency ranges of the FRA.

Fig. 12 shows plots for some other elements of the
admittance matrix. The trend and resonant frequencies for the
self and mutual terms are similar to the actual values. However,
there are significant distortions in the higher frequency range.
In the case of the mutual inductance between the primary and



secondary windings (Yak−am), higher error is obtained when
capturing resonant frequency in the mid-frequency range. The
relatively low value of this admittance may be correlated to
this behaviour, but it requires further investigation.
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Fig. 12. Transformer admittances, Yabc using nine events and 16-bit ADC.

1) Estimation in a-b-c variables: The matrix Ye consists of
21 distinct elements. For brevity, only a few elements from
the estimated admittance matrix are presented here. Based
on the discussion in Section II-B, four events should suffice
to calculate the required 21 distinct admittance elements.
However, in order to improve accuracy as well to reduce
impact of the noise more number of events are required.

2) Estimation in α-β-o variables: The transformer
admittance, Yαβo are shown in Fig. 13. The estimates are
obtained using nine events, and 16-bit resolution is used for
the data acquisition. The RMSE of the frequency responses
are also indicated in the same figure. It can be seen that the
estimated frequency responses match quite well with the actual
frequency responses. The phase domain admittance Yabc can
be calculated from Yαβo.
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Fig. 13. Transformer admittances, Yαβo using nine events and 16-bit ADC.

C. FR estimation of Transmission Line

1) Estimation in abc variables: Using nine events and
16-bit ADC resolution, the admittance matrix of the
transmission line is estimated. Few elements of the admittance
matrix are shown in Fig. 14. It is observed that the nature
of the variation is captured reasonably well for the diagonal
and off-diagonal elements of the matrix. The effect of the

number of events and ADC bits are seen to be similar to the
observations with transformers.
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Fig. 14. Transmission line admittances, Yabc using nine events and 16-bit
ADC.

Unlike in the case of transformers, the measurements for the
transmission line need to be time synchronized using GPS
timestamps. It is observed that a typical time synchronization
error of around 1 µs does not result in significant error for the
frequency range of estimation that is considered here.

2) Estimation in α-β-o variables: The transmission line
admittance, Yαβo is shown in Fig. 15. The estimates are
obtained using nine events, and 16-bit resolution is used for
the data acquisition. The estimated frequency responses match
quite well with the actual frequency responses. The admittance
matrix Yabc can be calculated from Yαβo.
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Fig. 15. Transmission line admittances, Yαβo using nine events and 16-bit
ADC.

IV. CASE STUDY-II: STATCOM

STATCOM is a VSC based device used for reactive power
compensation [19]. The control system of a STATCOM
consists of ac terminal voltage and dc voltage regulators which
set the reference values of fast-acting inner current regulators.
To reduce harmonics a sine-triangle PWM scheme is utilized.

In this study, a ±200 MVAr STATCOM regulates the
mid-point voltage of a 400 km, 500 kV transmission
line as shown in Fig. 16. The FR of the STATCOM
admittance (in D-Q-o variables) has been estimated using
transient waveforms due to multiple disturbances at S. The



transient measurements are done at the point M in the figure.
The time-step for the simulation is ∆t = 10 µs which is
down-sampled to 250 µs and simulation duration is T = 5 s. To
ensure linearity, disturbances are applied at the remote end S,
such that the magnitudes of the voltage and current deviations
at the STATCOM bus are not very large.

S

M

50 Hz 50 Hz

Fig. 16. System used for simulating the STATCOM case.

The actual frequency response of the STATCOM (at the
same operating condition) is now separately extracted using
numerical frequency scanning [7], [20].
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Fig. 17. Estimated frequency response of the STATCOM admittance matrix.

The STATCOM admittance in D-Q-o domain (obtained
from transient waveforms) are given in Fig. 17. These
frequency responses match quite well with the actual
YDQo (also shown in Fig. 17). The deviations are higher near
multiples of 50 Hz due to the presence of small, but non-zero
harmonic components, as well as a very poorly damped mode
at 50 Hz due to the transformer magnetizing reactance [21].
The zero-sequence admittance is decoupled from the D-Q
components due to the star-delta connection and consists of
only the leakage of the transformer.

V. CASE STUDY III: SYNCHRONOUS GENERATOR

Consider the system shown in Fig. 18. The parameters of
the generator and multi-mass turbine model are taken from
the IEEE First Benchmark Model for SSR in [22]. A uniform
modal damping of 5 % has been chosen for all the torsional
modes. The parameters of the AVR, PSS and the quiescent
values of power flow and terminal voltage are indicated in
the figure. The transient measurements are done on the line
side of the transformer (at the point M). The system has five
torsional modes of which one is not observable in the electrical
network [23], and one low frequency ‘swing mode’. These are
indicated by 0-4 in the figure. Note that in a synchronous
machine there is a lightly damped mode due to the stator

winding which has a rate of decay determined by the armature
time constant. This is manifested as a mode at 60 Hz in the
D-Q-o frame, as is seen in the figure.

Base Values

M

Fig. 18. System used for simulating the synchronous generator case.

The synchronous generator admittance YDQo has been
estimated using transient waveforms due to multiple
disturbances near the infinite bus. The time-step for the
simulation is ∆t = 20 µs which is down-sampled to 200 µs and
simulation duration is T = 100 s. The disturbances are applied
such that the magnitudes of the voltage and current deviations
at M are not very large so that the linearized models can be
extracted accurately.
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Fig. 19. Two components of the synchronous generator admittance.

The synchronous generator admittance YDQo (obtained
from transient waveforms) are given in Fig. 19. The
estimated frequency responses match quite well with the actual
YDQo (also shown in Fig. 19).

VI. DISCUSSION

(1) The proposed approach excludes the effect of network
“feedback” on the transfer function, even though the apparatus
is connected to the live network. Only the apparatus transfer
function matrix is estimated, which is of interest for modelling
and diagnostics.

(2) The method assumes that the apparatus transfer function
remains unchanged during the events which are used for the
estimation. In general, the estimation is continually done; the
latest estimation would consider the latest event and a certain
number of events immediately preceding it. Thus, any changes
in the estimates may be tracked for diagnostic purposes.

(3) The least square solution that is used here is
computationally expensive, but this is not the critical issue
here since the FRA estimation is not done in real time.

(4) The approach requires current and voltage measurement
at the terminals of the apparatus. The transducers used should
have a sufficient bandwidth, resolution and a linear response.
Note that in online methods, the transducers are coupled to
the apparatus, which is operating in a high voltage and high
current environment. Alternatives to conventional current and



voltage transformers, like Rogowski Coils and Non Invasive
Capacitors (NICs) may be considered [24] to ensure an
adequate bandwidth. Analog-to-Digital Converters (ADCs) of
sufficient bipolar resolution and sampling rate are also required
in the measurement system.

(5) The occurrence of the events may be detected using
voltage based triggering as adopted in most disturbance
recorders [25]. A predefined interval of the data is
continuously stored in a buffer of the measurement device.
When the trigger is activated, the buffer data is sent to
a permanent storage device for further processing. If the
measurement devices are far apart (say, on both ends of a
transmission line), then the recordings need to be synchronized
and time-stamped using a GPS.

(6) The frequency response estimation requires some
pre-processing steps, especially in the case of power electronic
systems and rotating machines, as the underlying models
are non-linear. The operating conditions can be divided into
various ranges and estimation can be done for the different
operating ranges. Only small disturbances that occur when
the apparatus is operating in a particular range are used for
estimation in that range. The choice of different operating
ranges and classification of disturbances as small or large
requires some engineering judgement about the extent of
non-linearity present.

VII. CONCLUSIONS

In this paper, an online FRA estimation methodology is
discussed and is shown to be applicable to any power system
apparatus. The “open-loop” transfer function of an apparatus
connected in “closed-loop” configuration with the network,
is estimated using naturally occurring system disturbances.
This is achieved by solving a least square problem. The
paper shows that theoretically, a minimum of four independent
system disturbances are required for online FRA estimation
of a two-port, three-phase apparatus. In practice, more events
are required for the estimation. The proposed approach is
illustrated for a three-phase auto transformer and transmission
line. It is shown that the mere inclusion of more events may
not improve the accuracy of the estimation proportionally. It is
observed from the results that increasing the number of ADC
bits leads to better estimation of FRA. The transformer and
transmission line FRA estimation of the off-diagonal elements
have more error as compared to the diagonal elements. This
problem is largely solved by performing the estimation in the
transformed (α-β-o) variables which appears to improve the
numerical conditioning.

The method can be extended to power electronic apparatus
and rotating machines, using the D-Q-o transformation. This
is demonstrated using case studies of a STATCOM and the
multi-mass model of a turbine-synchronous generator system.

Overall, the method appears to be promising and viable,
but it needs further refinements to achieve better accuracy.
These include better filtering of the raw estimates and the
characterisation of a sufficiently diverse set of disturbances
that would yield accurate estimates in the frequency range of
interest. This would need to be followed up by an experimental
validation in the field.
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