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Abstract— This paper proposes a small-signal model of
STATCOM based on theoretical derivation. This theoretical
model is obtained by linearization of the dc-link control loop,
Phase-Locked Loop (PLL), ac voltage control loop under the
weak grid condition. In order to validate the correctness of this
small-signal model, an identified model in the form of transfer
function matrix is obtained by Output Error with Extended
Prediction Model (OEEPM) identification method using the
data acquired from the nonlinear time-domain simulation. The
two developed models are compared using the time-domain
simulations conducted in MATLAB/Simulink. Based on the
compared results disturbance, the accuracy and applicability
of the proposed small-signal model have been discussed.
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1. INTRODUCTION

In recent years, there has been a continuous increase in
the installed wind power generation capacity throughout the
world. In order to improve the voltage stability of wind
power  systems, static  synchronous  compensator
(STATCOM) has been widely applied in large-scale wind
power systems [1], [2]. However, STATCOM based on
power inverters tend to cause instability in a wide frequency
due to the interactions between the multi-time scale control
behavior of inverters and the large grid impedance [3], [4].

In the case of three-phase ac systems, there does not exist
dc operation point. The small-signal impedance model has
been developed in the rotating dg-frame to analyze the
dynamic characterization and stability of grid-connected
inverter systems [5], [6]. However, before calculating the
small-signal impedance model for stability analysis, an
accurate small-signal model must be guaranteed.

When adopting the ac voltage controller, STATCOM is
usually applied to regulate the voltage at the point of
common coupling (PCC) where the converter of STATCOM
is synchronized with through phase-locked loop (PLL). Since
the grid voltage is usually assumed to be stiff, and the PCC
bus voltage is also strongly associated with the grid
impedance. Hence, it is very important to include the grid
impedance in the small-signal model of STATCOM. In other
words, the grid impedance and AC voltage control loop have
a significant impact on the stability of STATCOM. On the
other hand, dc-link voltage controller that guarantees the
normal operation of STATCOM is also a pretty crucial issue

for stability analysis. Therefore, when establishing the small-
signal model of STATCOM by linearization, the influence of
dc-link voltage controller, PLL, ac voltage controller and
grid impedance should all be considered, which could help to
obtained a more accurate small-signal impedance model.

However, because of the complexity of the theoretical
modeling and simplicity of derivation process, the accuracy
of this small-signal model could not be guaranteed. An
identified model would be proposed to validate the
correctness of this theoretical model. The existing power
electronics inverter was used to generate the input (excitation
signal) of the identified system through the pulse width
modulator (PWM) and the cross-correlation method was
applied to extract the response of this identified system [10],
[11]. According to the DFT analysis of the system response
to the impulse input signals, the response of the system could
be extracted online with the help of DSP [12]. However, the
identification methods mentioned before are carried out by
non-parametric methods which cannot be applied for
controller design directly. This paper adopts a parametric
method to obtain the model which can be used to validate the
correctness of the parameter-based small-signal model
derived through theoretical expression.

In this paper, the authors present a small-signal model of
STATCOM based on theoretical derivation. For this
theoretical derivation model, the effects of PLL, dc-link
voltage controller, ac voltage controller as well as the grid
impedance in the weak grid condition are also included in the
small-signal model. In order to validate the accuracy of this
small-signal model, an identified model is obtained by the
nonlinear time domain simulation which takes accounts of all
the control aspects. Based on the validated model, the small-
signal impedance model is able to be obtained and could be
applied for stability analysis and controller design.

II. SMALL-SIGNAL MODEL OF STATCOM

Fig.1 shows the schematics of the STATCOM. L and R
are filtered inductor and its parasitic resistor. ime and uape
represent the current of STATCOM and PCC voltage,
respectively. Ui, means the output voltage of the inverter.
Uy is the DC-Link voltage of STATCOM.

There are three dg-frames defined in Fig.2. One is the
system dg-frame whose d-axis is aligned with the grid
voltage U, which can be considered as stiff, and another one



called the PCC dg-frame whose d-axis is aligned with PCC
bus voltage Us; the third one named the controller dg-frame
which is defined by the PLL. In the steady state, the
controller dg-frame is the same as the PCC dg-frame. When
small-signal perturbations are added to the PCC voltage,
there is an angle difference AG+6 between the controller
and system dg-frames. As illustrated by Fig.2, these two
frames with the controller one (superscript “c”) and the
system one (superscript “g”) aligned with Us,.

According to Fig.2 and linearing the PLL, the transfer
relationship between the vectors in the system frame and the
vectors in the controller frames can be represented by three
asymmetric transfer matrices, which are given by

AU?dq = G;’LL Adeq

ALY, =G}, AU?, +TAIf )

sdq

AD¢, =G}, AU?

sdq sdq + TlADqu
where G}, is the transfer function matrix from the PCC
voltage in the system dg-frame to the PCC voltage in the

controller frame. G/

. 18 the transfer function matrix from

U¢, to the injected current in the controller frame. G}, is
the transfer function matrix from U* 4 10 the transfer matrix

of duty cycle Df, . T is the transfer matrix between the PCC

dg-frame (or controller frame) and the system frame; T is its
inverse matrix.

In general, STATCOM would be applied to regulate the
PCC voltage while dc-link voltage control dynamics are
associated with active power. Hence, equations related to ac
voltage Uy and dc voltage Uy control dynamics are

AU, :HIG;’LL Adeq @)
3
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subscript “0” represents the steady values of its
corresponding variables. Gi. and Gq. represent the AC
voltage and dc-link voltage controller, which in general are

PI controllers. A, and AI:q are the perturbations of active
and reactive current references, respectively. AU,,,,, is the

perturbation of the DC-Link voltage reference, which would
be implemented as the input of small-signal perturbation for
identification.

In the previous research about small-signal model of
inverters, the PCC voltage is considered to be constant. This
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Fig. Equivalent circuit diagram of STATCOM.
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Fig.2. Controller, PCC and system dg-frames.

hypothesis cannot be applied to the derivation of small-signal
of STATCOM since it regulates the PCC voltage
dynamically. In this paper, the grid voltage is assumed stiff
so the grid impedance and AC voltage controller would
cause small-signal perturbation of STATCOM to be more

coupled. Therefore, the relationship among gird voltage U§, ,
output voltage of STATCOM Uf, , inverter output

voltage U? output current of STATCOM I, could be

invdg
obtained
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Based on the control block, the output voltage of inverter
could be derived

*

AU® = GdVVAD;‘dq :devGi (Alidq - Aqu) (7)

invdg

where Ggyv represents the transfer function matrix between
the duty-ratio vector and output voltage vector; and G is
transfer function matrix of the current controller (generally
the PI controller).

By rearranging above equations, the small-signal model
could be derived in the form of the transfer function, as
shown in Fig.3. In the Fig. 3, the inputs of the small-signal
model are the dc-link voltage reference and grid voltages in
the dg-domain. The outputs of the small-signal model are the
DC-Link voltage and output currents of STATCOM in the
dg-domain. Gc(s) is the closed loop transfer function from
the voltage reference to dc-link voltage. Y,(s) is output



impedance of the STATCOM seen at PCC. Gesi(s) and Gesz(s)
are the cross-coupling terms between the dc-link voltage
control and the current control.

However, since the grid voltage is assumed stiff in this
paper (which means AU, =0), the transfer function matrix

Yo(s) and transfer function matrix Ges2(s) would not be
considered. The expression of Ggc(s) and Gesi(s) could be
obtained

3 _
G, = m[HzMzu (Zng lelo tM,,)
. (®)
+H,(I+ZZ, +7Z;' -M;)"M, ] M
1 1
Gcsl(s):MZII(Zng M, +tM,,)) 0 ©)

Therefore, the small-signal model of STATCOM could
be expressed in (8) and (9). In order to express the small-
signal model simply, the calculation transfer matrixes (M-
M>11) are introduced and the detailed expressions could be
found in the appendix.

III. IDENTIFIED MODEL OF STATCOM

Although the small-signal model of STATCOM can be
derived based on theoretical expression, the accuracy of this
model could not be guaranteed because of its simplicity of
derivation process. Therefore, an identified model of
STATCOM is proposed by measuring the transfer function
from STATCOM, which can be used for model validation
for the analytical small-signal model derived before.

The identification method is usually used to identify the
plant model. As can be seen in Fig.4, Gc(s), Gpiands) and GA(s)
represent controller transfer function, plant transfer function
(physical system) and feedback transfer function,
respectively. The system consisting of G(s), Gpun(s) and
Gf(s) can be replaced by G(s). Therefore, the open loop
identification method could be applied to identify the model
of STATCOM directly.

The transfer function as shown in Fig.4 is able to obtain
through the identification method using the data acquired
from the simulation model. The Fig.5 shows the flowchart of
the identification procedure of STATCOM.

A. Generation of Excitation Signals

PRBS are sequences of rectangular pluses, which
approximate a discrete-time white noise and thus have a
spectral concern rich in frequencie, as shown in Fig.6. To
obtain the response over the entire frequency spectrum
generated by a particular PRBS, the test time # should be
larger than at least one period of PRBS. Besides, the
maximum duration of a pulse of PRBS would influence the
accuracy of identified model’s steady gain, which is mainly
because the excitation signal should assure at least one
completed dynamic response of the system before the next
excitation signal comes. In this paper, the excitation signals
(PRBS) would add to the DC-Link voltage reference and the
response of the system (STATCOM) would be acquired by
the scope of the simulation model.

B. Signal Processing

In order to obtain the accurate model, the output/input
data acquired from simulation or measurements must be
centered, which means the measured values have to subtract
the mean values before the identification starts. Besides,
either the DC components or the slow drift of the operating
point during identification have to be eliminated.
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Fig.3. Small-signal model of STATCOM.
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Fig.4. Simplification of the closed-loop transfer function.
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Fig.5. Flowchart of the identification procedure of a transfer function
model.

C. Selection of the Model Complexity and Noise Model

In fact, the estimation of the model complexity means the
selection of the degrees of the numerator and denominator of
the transfer function. According to the chosen form of
disturbance model, there are four main forms (which can be
found in [7]) of identified model structures which would
pose significant influence on the identification of small-
signal model. The specific degree of the identified model
would not elaborated in this paper since the limited space.
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Fig.6. Samples of PRBS in time domain and its power spectra

D. Identification Algorithm

Based on the chosen noise model, the corresponding
parameter adaptation algorithm would be determined.
Basically, there are two types of identification methods: one
based on the whitening of the prediction error (type I), the
other one based on the correlation of the observation vector
and the prediction error (type II). In this paper, Output Error
with Extended Prediction Model identification method (type
I) is adopted to estimate the parameters of the identified
model since it has faster bias rejection compared to other
methods [7].

Eventually, the identified model could be obtained based
on parameter estimation and could be applied to validate the
correctness of the small-signal model obtained by theoretical
derivation.

IV. VALIDATION AND COMPARISON

The responses of the system acquired from the small-
signal model obtained from the theoretical derivation and the
identified model are compared in the time domain. These
two small-signal transfer models were Dbuilt in
MATLAB/Simulink. And for simplicity, only the step
change of the reference of the DC-Link voltage is introduced
to verify the small-signal model. The parameters of
STATCOM for theoretical model and identified model are
shown in Table I.

TABLE 1. PARAMETERS OF STATCOM

Symbol Description Value
K p/Kac i DC voltage outer controller 0.5/5
Ki p/K; i Current inner controller 0.02/25
Kpi p/Kpir i PI controller of PLL 0.28/3
10} Grid frequency 314 rad/s
£, Sampling frequency 10kHz
1, d channel current steady value 2A
I, q channel current steady value 20A
C Capacitor of STATCOM 10000urF
U o DC voltage of STATCOM 730V
U, Grid phase-neutral peak voltage 325V
L Filtered inductor 3mH
R Filtered resistor 0.2Q
L, Grid inductor 10mH
R, Grid resistor 0.2Q

Fig.7, Fig.8 and Fig.9 show the perturbation components
of the dc-link voltage and dg axis current, respectively. In
Fig.7, when the reference of the DC-Link voltage (the input
of the small-signal model) increases by 10V (1.1% of the
nominal reference), the responses of the DC-Link voltage
calculated from the theoretical small-signal model and
acquired from identified model match well in large extent.
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Fig.10. Perturbation components of d-axis voltage.
However, there still exist minor mismatches between the

responses of the DC-Link voltage obtained from the
identified model and calculated from theoretical derivation.



This is mainly because the linearization of the active power
associated with DC-Link voltage has ignored the nonlinear
multiplied term of the expression which would lead to little
difference of the DC side model.
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Besides, the results of dg axis current obtained from the
identified model and theoretical calculation are perfectly
consistent, which means the small-signal model in the AC
side could represent the dynamic characteristic of
STATCOM completely.

On the other hand, based on the theoretical small-signal
model, the responses of the output voltage of STATCOM
could also be calculated, as shown in Fig.9 and Fig.10. As
can be seen, the results obtained from theoretical model and
identified model also have the same dynamic characteristic.
This means that based on the response of the output voltage
and current of STATCOM, the small-signal impedance
model of STATCOM could be calculated accurately.
Furthermore, the calculated small-signal impedance model
could be used to analyze the interaction stability between
STATCOM and external AC systems.

V. CONCLUSION

Based on the theoretical derivation, a small-signal model
of STATCOM have been presented in this paper. In order to
derive the small-signal model of STATCOM more
accurately through physical circuit, the influence of the grid
impedance, PLL, DC-Link voltage controller and AC voltage
controller has been considered. According to the simulation
data, the identified model could be obtained to validate the
accuracy of the proposed small-signal model of STATCOM
derived from the theoretical expression. Since the ignorance
of the nonlinear multiplied term, the theoretical model shows
minor difference with the identified model in the DC side
while it would not have a significant influence on the
interaction stability analysis. Moreover, in the AC side, the
theoretical model matches very well with the identified
model, which means an accurate small-signal impedance
model could be calculated based on the proposed small-
signal model and applied for interaction stability analysis
with external AC grids.

APPENDIX

The detailed expressions of the calculation transfer
matrixes (Mi-M>11) are

(1]
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