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Abstract—Static synchronous compensators (STATCOMs)
have become important devices in grid-connected applications
to provide reactive power support and improve power quality.
Studies have shown that STATCOMs can be efficiently analyzed
and adaptively controlled based on a certain set of frequency
responses. As most STATCOMs are complex and strongly time
varying in their operation, realtime methods applying wideband
identification techniques have become popular in obtaining these
transfer functions. In the methods, an external voltage or current
perturbation is added, for example, to the controller reference,
and Fourier techniques are applied to the measured current and
voltage responses to extract the spectral information. The chal-
lenge in a STATCOM application is that the variables are often
coupled, and typically the system is very sensitive to external sig-
nals thus limiting the available methods to measure the frequency
responses. This paper proposes computer-optimized orthogonal
perturbations to measure the desired frequency responses for a
STATCOM application. Due to orthogonality, the perturbations
make it possible to simultaneously measure several coupled
frequency responses. In addition, the perturbation spectrum
can be optimized so that the energy is maximized at user-
defined frequencies without increasing the signal time-domain
amplitude. Therefore, the perturbations are well suited to STAT-
COM applications. Experimental measurements are presented to
demonstrate the effectiveness of the proposed method.

Index Terms—STATCOM, Online Identification,
Impedance, Orthogonal Perturbations
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I. INTRODUCTION

A STATCOM is a cutting-edge power-electronics device
that improves the stability and reliability of the electrical
power systems by regulating the bus voltage and reactive
power in the grid [1]. A STATCOM is comprised of a voltage
source converter (VSC) with a DC-link capacitor on its DC
side [2]. A STATCOM device is typically complex and the
system parameters may change over time. Therefore, real-time
methods to evaluate the dynamics and stability of a STATCOM
are most desired.

The dynamics of a STATCOM can be characterized by a
certain set of transfer functions, for example, the input and
output impedances, loop gain, and control-to-output transfer
function [3]. As the parameter values and components are
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often unknown in practice, non-parametric techniques such
as frequency responses can be efficiently used to evaluate
the transfer functions [4]. A popular method to measure the
frequency responses is to apply wideband techniques [5]. In
the method, a broadband perturbation such as the pseudo-
random binary sequence (PRBS) is placed, for example, on
top of the controller reference, the resulting output current
and voltage is measured, and Fourier methods are applied to
obtain the frequency response [6].

In a typical STATCOM, most variables are coupled [7]. This
means that multiple measurement cycles, applying superpo-
sition theorem, are often required to sequentially obtain all
the desired frequency responses when applying conventional
wideband measurement techniques [8]. When the number of
measured frequency responses increases, this method becomes
time consuming. In addition, the system operating conditions
may change between the measurements.

Recent studies have presented wideband orthogonal binary
sequences (OBS) which can be used to simultaneously mea-
sure several (coupled) frequency responses [9], [10]. As the
sequences are orthogonal, that is, they have energy at different
frequencies, all desired frequency responses can be measured
within one measurement cycle. An issue with the conventional
OBS is, however, that the energy of the signals is distributed
over many harmonic frequencies, and therefore, the signal
energy at each harmonic frequency is relatively small [11].
In order to increase the signal-to-noise ratio (SNR) either
the signal’s time-domain amplitudes must be increased or
more injection periods and averaging must be applied [6].
Both methods may become difficult in practice; increasing the
perturbation amplitudes can drift the system out of its linear
operating range and increasing the number of injection periods
requires more time and computing power [12].

This paper proposes the use of computer-optimized orthog-
onal sequences (COS) to measure the system-characterizing
frequency responses for a STATCOM application. In the
sequence(s), the spectral energy is maximized at specified har-
monic frequencies without increasing the signal time-domain



amplitude. Therefore, the SNR can be significantly increased
compared to conventional orthogonal binary sequences with-
out an additional risk of the system drifting into a non-linear
region [11], [12]. As a result, STATCOM’s dynamic behavior
can be accurately identified without increasing the perturbation
amplitude or the injection periods.

The remainder of the paper is organized as follows. Section
II presents the theory behind the operation of the STATCOM.
Section III reviews the wideband identification method and
the synthesis of the computer-optimized orthogonal sequences.
Section IV shows experimental measurements based on a grid-
connected STATCOM and Section V concludes the paper.

II. THEORY
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Fig. 1: STATCOM control structure
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Fig. 1 shows the line diagram of the grid-connected STAT-
COM applied in this work. The system initiates by sensing the
current of the VSC, the DC-link voltage, and the grid voltage
at the point of common coupling (PCC). The phase locked
loop (PLL) tracks the grid frequency and extracts the reference
phase angle from the grid voltage. This obtained phase angle
is used for the Park-Clarke transformations of voltage and
current. In addition, the transformed dg- component currents
and voltages are fed to the current controller.

In this setup, the DC-link voltage regulator maintains a con-
stant DC-link voltage and produces the d-component current
reference. Whereas, a g-component current reference is fed
to the current controller to emulate the STATCOM applica-
tion. The current controller (shown by the dotted rectangle)
generates the modulating signal in the dg- frame, which is
transformed into three-phase system by applying the Park-
Clarke transformations. The three-phase modulating signal is
fed to the pulse-width modulator that generates the switching
signals for the STATCOM.

Fig. 2 shows an equivalent circuit of a grid-connected
STATCOM. The STATCOM is considered as an ideal current
source having shunt impedance Z, 4q, and the grid is modeled
as an ideal voltage source U, having series impedance Zg.qq
[13]. The STATCOM output impedance in the dg- frame is
basically a 2 x 2 matrix given by
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Fig. 2: Equivalent circuit of grid-connected STATCOM
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As seen in (1), the STATCOM output impedance includes
individual (dd and ¢qq) impedances for both d and g com-
ponents as well as the cross-coupled (dg and gd) impedances.
This means that the variables in a STATCOM application are
strongly coupled and a change in one variable affects the other
one, too.

III. METHODS

A. Orthogonal Binary Sequences
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Fig. 3: MIMO system frequency response measurement technique

Fig. 3 shows a setup for measuring transfer functions
(frequency responses) from a multiple-input-multiple-output
(MIMO) system. A conventional method to measure the re-
sponses is to apply the superposition theorem. In the method,
an excitation signal is injected to each system input one at
a time and the responses are measured at all outputs, after
which Fourier transform is applied to obtain the transfer
function for each input-output couple [8]. The main issue in
such a technique is that the measurement time may become
large if the number of input and output couples increases. In
addition, the system operating conditions may change between
the measurements.

An alternative method to measure the frequency responses
from a MIMO system is to apply orthogonal sequences.
Orthogonal sequences are uncorrelated signals, that is, if one
signal has non-zero energy at a certain frequency, the other
signal has zero energy at the same frequency. As a result,
orthogonal sequences can be simultaneously injected to each



input to obtain all the necessary frequency responses within
one measurement cycle [14], [15].

A conventional technique to generate orthogonal sequences
is to apply Hadamard modulation [6]. In the method, a
conventional pseudo-random binary sequence (PRBS) is used
as the first sequence. Doubling and inverting every other digit
of the first sequence, that is, modulating the first sequence
by a 2-bit sequence [0 1], creates the second sequence. The
third orthogonal sequence is synthesized by modulating the
first sequence by the sequence [0 O 1 1]. This modulation
pattern can be extended to create any number of orthogonal
sequences [10], [17].

While the Hadamard modulation provides a convenient
method to produce an arbitrary number of orthogonal se-
quences, the method has two major drawbacks. First, in the
obtained binary sequences, the spectral energy is distributed
over a wide range of frequencies [18]. As a result, the signal
energy at each harmonic frequency is quite low. Therefore,
one has to either increase the signal amplitude or increase
the signal injection period and apply averaging. However, in-
creasing the signal amplitude may violate the system integrity,
while increasing the injection period increases the computa-
tional burdern as well as the measurement time [12]. Second,
each time when a new orthogonal sequence is generated the
sequence length is doubled compared to the length of the
previous sequence [19]. This means that the measurement time
will increase when generating a large number of orthogonal
sequences.

B. Computer-Optimized Orthogonal Binary Sequences

Recent studies have presented the use of computer-
optimized binary sequences (COS) in various frequency-
response measurements [20], [21]. Such binary sequences are
optimized so that most of the signal energy lies at user-defined
harmonic frequencies. Compared to the conventional PRBS
the computer-optimized sequence has lowered frequency res-
olution but the signal energy at the specified frequencies can
be 5-10 times higher in the computer-optimized sequence
(without increasing the signal time-domain amplitude) [12].
Otherwise the COS has all the same attractive signal properties
as the conventional PRBS. For example, the signal is periodic
which means that the signal produces no leakage effect in
the measurements, and the signal has a binary form which
means that the signal can be easily implemented in a practical
application.

The generation of the computer-optimized binary sequence
is based on an iterative algorithm that comprises selecting
target harmonic frequencies and adjusting the sequence ac-
cordingly [11], [12], [22]. The algorithm starts by pre-defining
the amplitude spectrum and an initial set of phase values
in the frequency domain. Then, the inverse discrete Fourier
transform (DFT) is performed to convert the signal back to
time domain where the signal is made as a binary signal, for
example, by setting all negative signal values to -1 and all
positive signal values to +1. After this, DFT is performed to
extract the sequence’s frequency content and phase values. In

the frequency domain, adjustments are made to retain new
phase values while the amplitude spectrum is reset to the pre-
defined value. The procedure is iterated by swapping between
time and frequency domain until the signal fulfills the design
criteria.

Orthogonal COS can be straightforwardly generated by
appropriately selecting the harmonics where the signal energy
lies between different sequences. In practice, the following
steps can be applied.

1) Specify the number of applied orthogonal sequences.

2) Select a generation frequency that is twice the highest
frequency to be identified.

3) Define the number of selected harmonics for each se-
quence. For example, odd harmonics for sequence 1 and
even harmonics for sequence 2.

4) Perform the optimization process to obtain a set of or-
thogonal COS from the specified frequencies and selected
generation frequency.
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Fig. 4: Samples of two OBS and two COS in the time domain and frequency
domain



Fig. 4 show samples of the conventional orthogonal binary
sequences (OBS 1 and OBS 2) and the proposed orthogonal
computer-optimized binary sequences (COS 1 and COS 2).
All the sequences were generated at 9 kHz. For the COS,
10 harmonics were selected and the energy was maximized
at those frequencies. As the figure shows, all the orthogonal
sequences have the same time-domain amplitude. However,
the COS has approximately 4-13 times more spectral energy
at the specified frequencies.

IV. EXPERIMENTAL MEASUREMENTS

A. System Setup
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Fig. 5: Experimental PHIL setup of the STATCOM

Fig. 5 shows the power hardware-in-the loop experimental
setup applied to demonstrate the proposed frequency response
measurement method in a STATCOM application. The grid
emulator was separately controlled using dSPACE to provide
120 V RMS phase voltage. The three phase Imperix inverter
was operated as a STATCOM and its control was implemented
by keeping the d-axis current reference at zero using an
outer voltage control loop to maintain a constant 400 V DC-
link voltage. A g-axis reference current (4 A) was applied
to emulate the STATCOM and provide the reactive power
support. A measurement unit (NiDAQ USB-6363) was used
to inject the orthogonal signals as well as to collect the data
to and from the computer. The system parameter values are
presented in Table I

B. Experiments

In this work, the STATCOM output impedance was mea-
sured by using both the conventional orthogonal binary se-
quences (generated by Hadamard modulation) and computer-
optimized orthogonal binary sequences. Both sets of orthog-
onal sequences were separately injected on top of the d and
q component of the reference voltage of the grid emulator, as
shown in the setup in Fig. 1. The resulting output voltages and
currents were measured, and Fourier transform was applied
to obtain the output impedance for both d and ¢ components.
For a fair comparison, both orthogonal sequences were applied
with similar parameters. The excitation variables are presented
in Table II.

Table I: System Parameters

Grid

Grid frequency, f 60 Hz
Grid voltage (rms), U, 120 V
Grid inductance, L 0.38 mH

Grid resistance, R, 0.4 Q

STATCOM

Switching frequency, f, 18 kHz
Sampling frequency, f; 18 kHz
Filter inductance, L; 2.5 mH
Filter resistance, Ry 22 m{?
DC-link capacitor, Cy 780 uF
DC-link voltage, Ugc 400 V

Table II: Excitation Variables

Parameter OBS COS
Injection amplitude I1Vand8V 1Vand 8V
Generation frequency, feen 9 kHz 9 kHz
Sampling frequency, f; 18 kHz 18 kHz
Sequence Length, N 2046 bits 2046 bits
No. of harmonics 2046 10
Injection periods 5 5
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Fig. 6: Measured d and ¢ component output impedance of the STATCOM by
applying (a) 8 V perturbation amplitude, and (b) 1 V perturbation amplitude

Fig. 6 shows the simultaneously measured d and g com-
ponent output impedance of the STATCOM by applying both
the conventional OBS and the proposed orthogonal COS with



two different injection amplitudes. The reference response was
obtained by using a commercial frequency response analyzer
(Venable-3120). Fig. 6a shows that both the conventional OBS
and the proposed orthogonal COS produce accurate output
impedance in a wide frequency range when the perturbation
amplitude is high enough (8 V). Fig. 6b shows the measured
output impedance when the injection’s amplitudes were re-
duced to 1 V. As the figure shows, the proposed orthogonal
COS still produce accurate measurement results while the
conventional OBS fail due to too low SNR.
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Fig. 7: STATCOM output voltage and current applying COS injections (a) 8
V perturbation amplitude, and (b) 1 V perturbation amplitude

Fig. 7 shows the STATCOM output voltage and current
with the orthogonal COS perturbation injected at two different
amplitudes. Fig. 7a shows that using a high amplitude (8 V)
introduces undesired harmonics in the voltage and current
which may violate the system integrity. On the other hand,
Fig. 7b shows that the reduced orthogonal COS perturbation
amplitude (1 V) has little to no effect on the STATCOM
output voltage and current. As the figures show, the proposed

orthogonal COS perturbation is effective in measuring the
system frequency response in STATCOM application while
maintaining the system stability.

V. CONCLUSION

The STATCOM is an important device responsible to main-
tain voltage levels and improve power quality in the electrical
network. It is of high interest to accurately measure the desired
frequency response, such as the output impedance, in the
STATCOM application in order to ensure the system stability
as well as to optimize the control strategy. Due to the tight
restrictions of the injection amplitudes during the identifi-
cation process, the conventional orthogonal binary sequence
perturbations may not work under high external noise, that is,
when the noise floor is increased. This paper has proposed an
effective method based on the computer-optimized orthogonal
perturbations and Fourier techniques to simultaneously and
accurately measure the desired frequency responses of the
STATCOM. The computer-optimized sequences are pseudo-
random binary sequences in which the spectral energy can
be increased at specific harmonic frequencies without in-
creasing the signal amplitude in the time-domain. The PHIL
experimental results clearly showed the superiority of the
computer-optimized orthogonal binary sequences compared to
the conventional orthogonal binary sequences.
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