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Abstract—This paper deals with the design of an adaptive power
oscillation damping (POD) controller for a static synchronous
compensator (STATCOM) equipped with energy storage. This is
achieved using a signal estimation technique based on a modified
recursive least square (RLS) algorithm, which allows a fast,
selective, and adaptive estimation of the low-frequency electromechanical oscillations from locally measured signals during
power system disturbances. The proposed method is effective in
increasing the damping of the system at the frequencies of interest,
also in the case of system parameter uncertainties and at various
connection points of the compensator. First, the analysis of the impact of active and reactive power injection into the power system
will be carried out using a simple two-machine system model. A
control strategy that optimizes active and reactive power injection
at various connection points of the STATCOM will be derived
using the simplified model. Small-signal analysis of the dynamic
performance of the proposed control strategy will be carried out.
The effectiveness of the proposed control method to provide power
oscillation damping irrespective of the connection point of the
device and in the presence of system parameter uncertainties will
be verified through simulation and experimental results.
Index Terms—Energy storage, low-frequency oscillation, power
oscillation damping (POD), recursive least square (RLS), static
synchronous compensator (STATCOM).

I. INTRODUCTION

S

TATIC synchronous compensator (STATCOM) is a key
device for reinforcement of the stability in an ac power
system. This device has been applied both at distribution level to
mitigate power quality phenomena and at transmission level for
voltage control and power oscillation damping (POD) [1]–[3].
Although typically used for reactive power injection only, by
equipping the STATCOM with an energy storage connected to
the dc-link of the converter, a more flexible control of the transmission system can be achieved [4], [5]. An installation of a
STATCOM with energy storage is already found in the U.K.
for power flow management and voltage control [6]. The introduction of wind energy and other distributed generation will
pave the way for more energy storage into the power system
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and auxiliary stability enhancement function is possible from
the energy sources [7]. Because injection of active power is
used temporarily during transient, incorporating the stability enhancement function in systems where active power injection is
primarily used for other purposes [8] could be attractive.
Low-frequency electromechanical oscillations (typically in
the range of 0.2 to 2 Hz) are common in the power system
and are a cause for concern regarding secure system operation, especially in a weak transmission system [9]. In this regard, FACTS controllers, both in shunt and series configuration,
have been widely used to enhance stability of the power system
[1]. In the specific case of shunt connected FACTS controllers
[STATCOM and static var compensator (SVC)], first swing stability and POD can be achieved by modulating the voltage at
the point of common coupling (PCC) using reactive power injection. However, one drawback of the shunt configuration for
this kind of applications is that the PCC voltage must be regulated within specific limits (typically between 10% of the
rated voltage), and this reduces the amount of damping that can
be provided by the compensator. Moreover, the amount of injected reactive power needed to modulate the PCC voltage depends on the short circuit impedance of the grid seen at the connection point. Injection of active power, on the other hand, affects the PCC-voltage angle (transmission lines are effectively
reactive) without varying the voltage magnitude significantly.
The control of STATCOM with energy storage (named hereafter as E-STATCOM) for power system stability enhancement
has been discussed in the literature [10]–[12]. However, the impact of the location of the E-STATCOM on its dynamic performance is typically not treated. When active power injection is
used for POD, the location of the E-STATCOM has a significant
impact on its dynamic performance. Moreover, the typical control strategy of the device for POD available in the literature is
similar to the one utilized for power system stabilizer (PSS) [9],
where a series of wash-out and lead-lag filter links are used to
generate the control input signals. This kind of control strategy
is effective only at the operating point where the design of the
filter links is optimized, and its speed of response is limited by
the frequency of the electromechanical oscillations.
In this paper, a control strategy for the E-STATCOM when
used for POD will be investigated. Thanks to the selected local
signal quantities measured in the system, the control strategy
optimizes the injection of active and reactive power to provide
uniform damping at various locations in the power system. It
will be shown that the implemented control algorithm is robust
against system parameter uncertainties. For this, a modified recursive least square (RLS)-based estimation algorithm as described in [13], [14] will be used to extract the required control
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Fig. 1. Simplified two-machine system with E-STATCOM.
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Fig. 3. Equivalent circuit for two-machine system with E-STATCOM.

Fig. 2. Block diagram of the control of E-STATCOM.

signals from locally measured signals. Finally, the effectiveness
of the proposed control strategy will be validated via simulation
and experimental verification.
II. SYSTEM MODELING FOR CONTROLLER DESIGN
A simplified power system model, such as the one depicted
in Fig. 1, is used to study the impact of the E-STATCOM on the
power system dynamics. The investigated system approximates
an aggregate model of a two-area power system, where each
area is represented by a synchronous generator.
The synchronous generators are modeled as voltage sources
of constant magnitude
and dynamic rotor angles
behind a transient reactance
. The transmission system consists of two transformers represented by
their equivalent leakage reactance
and a transmission line with equivalent reactance
. The
losses in the transmission system are neglected for simpler analytical expressions. If the mechanical damping in the generators
is neglected, the overall damping for the investigated system
is equal to zero. Therefore, the model is appropriate to allow a
conservative approach of the impact of the E-STATCOM when
used for stability studies [14]. For analysis purpose, the electrical connection point of the converter along the transmission
line is expressed by the parameter as

respectively. In the notation in Fig. 2, the superscript “ ” denotes the corresponding reference signals.
In this paper, the outer control loop is assumed to be a
POD controller, and the detail of the block will be described
in Section III. For this reason, we assume that the injected
active and reactive powers in the steady state are zero. When
designing a cascaded controller, the speed of outer control loop
is typically selected to be much slower than the inner one to
guarantee stability. This means that the current controller can
be considered infinitely fast when designing the parameters of
the outer controller loop. Therefore, the E-STATCOM can be
modeled as a controlled ideal current source, as depicted in the
equivalent circuit in Fig. 3, for analysis purpose.
The level of power oscillation damping provided by the
converter depends on how much the active power output from
the generators is modulated by the injected current, . For the
system in Fig. 3, the change in active power output from the
generators due to injected active and reactive power from the
E-STATCOM is calculated as in

(2)
and
represent the
where
change in active power from the corresponding generators due
to injected active power
and reactive power
, respectively.
,
, and
are given by

(1)
where

(3)
The control of the E-STATCOM consists of an outer control loop and an inner current control loop, as shown in Fig. 2.
The outer control loop, which can be an ac voltage, dc-link
voltage or POD controller, sets the reference current for the
inner current controller. The generic measured signal
depends on the type of outer loop control. The control algorithm
is implemented in -reference frame where a phase-locked
loop (PLL) [15] is used to track the grid-voltage angle from
the grid-voltage vector . By synchronizing the PLL with the
grid-voltage vector, the - and -components of the injected current ( and ) control the injected active and reactive power,

The initial steady-state PCC voltage magnitude
and generator rotor angles
correspond to the operating point
where the converter is in idle mode. A derivation to the expressions in (2) is given in the Appendix.
It can be seen from (2) and (3) that the change in active power
output from the generators depends on the location of the converter as well as on the amount of injected active and reactive
power. Moreover, it can be understood from (2) that the effect
of reactive power injection depends on the magnitude and direction of transmitted power from the generators.
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III. POD CONTROLLER DESIGN
The derivation of the POD controller from locally measured
signals will be made in this section.
A. Derivation of Control Input Signals
Considering the simplified two-machine system in Fig. 1,
the active power output from each generator should change in
proportion to the change in its speed to provide damping [9].
From (2), it can be observed that the effect of the power injected by the compensator on the generator active power output
highly depends on the parameter , i.e., on the location of the
E-STATCOM. Using the equivalent system in Fig. 3, a control
input signal that contains information on the speed variation of
the generators can be derived. When the E-STATCOM is not
injecting any current, the variation of the locally measured signals,
and
at different E-STATCOM connection points
using the dynamic generator rotor angles
and
is given
by
(4)
(5)

tors due to injected active power is maximum when the compensator is installed at the generator terminals (i.e.
and
). Assuming equal inertia constant for the two generators,
no damping is provided by injection of active power at the electrical midpoint of the line (i.e.,
for
) as
the power output of the two generators is the same and the net
impact is zero. At this location, the derivative of PCC-voltage
phase is zero [see (6)]. This means that
scales the speed
variation of the two generators depending on the location of
E-STATCOM and its magnitude changes in proportion to the
level of damping by active power injection. Therefore,
is an appropriate input signal for controlling the active power
injection. On the other hand, it can be understood from (2) that
the change in the output power from the generators due to injected reactive power is maximum at the electrical midpoint of
the line (i.e.,
) and minimum at the generator terminals
(i.e.,
and
). As the changes in the power output
of the two generators are the same in magnitude and opposite
in sign, a signal that varies linearly with the speed variation between the two generators,
is an appropriate signal to control reactive power injection. This information can be obtained
from the derivative of the transmitted active power
.
B. Estimation of Control Input Signals

From a small-signal point of view and under the assumption that the PCC-voltage magnitude along the line
does
not change significantly, the required control input signals can
be derived from the PCC-voltage phase and transmitted active
power as [14]
(6)

(7)
where the constant
has been defined in the previous section.
The nominal system frequency is represented by
whereas
and
represent the speed variation of the generators
in p.u. The electromechanical dynamics for each generator
is given by [9]
(8)
,
,
,
, and
represent inertia conwhere
stant, speed variation, change in input torque, change in output
torque and mechanical damping constant for the th generator,
respectively.
The derivative of the PCC-voltage phase and transmitted active power are both dependent on the speed variation of the generators. Moreover, the derivative of the PCC-voltage phase depends on the location of E-STATCOM, through the parameter
, as well as the mechanical dynamics of the generators as
shown in (8). This information will be exploited in the POD
controller design.
For the two machine system in Fig. 1, damping is related to
the variation of the speed difference between the two generators,
. From (2) and (3), it can be understood that the change in the output power from the genera-

As described in the Introduction, effective power oscillation damping for various power system operating points and
E-STATCOM locations require fast, accurate, and adaptive estimation of the critical power oscillation frequency component.
This is achieved by the use of an estimation method based on a
modified RLS algorithm. For reasons described in the previous
subsection, the derivative of the PCC-voltage phase and the
transmitted power should be estimated for controlling the active and reactive power injection, respectively. The aim of the
algorithm is therefore to estimate the signal components that
consist of only the low-frequency electromechanical oscillation
in the measured signals
and
. By using a PLL with
bandwidth much higher than the frequency of electromechanical oscillations, the derivative of the PCC-voltage phase can
be obtained from the change in frequency estimate of the
PLL
. Therefore, the low-frequency electromechanical oscillation component can be extracted directly
from the frequency estimate of the PLL. On the other hand, the
derivative of transmitted power is estimated by extracting the
low-frequency electromechanical oscillation component from
the measured signal,
and then applying a phase shift of
to the estimated oscillation frequency component.
From the estimated control input signals
and
, which contain only a particular oscillation
frequency component, the reference injected active and reactive current components
from the E-STATCOM can
be calculated to setup the POD controller as in Fig. 4. The terms
and
represent proportional controller gains for the active and reactive current components, respectively.
To describe the estimation algorithm, an input signal which
could be either
or
, as shown in Fig. 4, is considered.
Following a power system disturbance, will consist of an average value that varies slowly and a number of low-frequency
oscillatory components, depending on the number of modes that
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Fig. 4. Block diagram of the POD controller.

are excited by the disturbance. For simplicity, let us assume that
there exist a single oscillatory component in the input signal.
Therefore, the input signal consists of an average component
and an oscillatory component
which can be modeled
as
(9)
where
is expressed in terms of its amplitude
, frequency
and phase
. The model in (9) is rewritten using
the oscillation angle
as

where the terms

and

are given by

From an observation matrix
and measured input signal
, the estimated state vector is derived using the RLS algorithm in discrete time as [13], [14]
(10)
with

Calling the identity matrix, the gain matrix
and covariance matrix are calculated recursively starting with an initial
invertible matrix
as

(11)
(12)

Fig. 5. Block diagram of the modified RLS estimator for multiple oscillation
modes.

frequency selectivity of the algorithm reduces. For this reason,
the conventional RLS algorithm must be modified in order
to achieve fast transient estimation without compromising its
steady-state selectivity. In this paper, this is achieved with the
use of variable forgetting factor as described in [13]. When the
RLS algorithm is in steady-state, its bandwidth is determined
by the steady-state forgetting factor
. If a rapid change is
detected in the input (i.e., if the estimation error magnitude,
exceeds a predefined threshold),
will be modified
to a smaller transient forgetting factor
. Thus, by using
a high-pass filter with time constant
,
will be slowly
increased back to its steady-state value
.
Besides , the performance of the estimation method depends
on accurate knowledge of the oscillating frequency,
. This
frequency is dependent on the system parameters and its operating conditions. If the frequency content of the input changes,
the estimator will give rise to a phase and amplitude error in the
estimated quantities. Therefore, a frequency adaptation mechanism as described in [14] is implemented to track the true oscillation frequency of the input from the estimate of the oscillatory
component,
.
Modification for Multiple Oscillation Modes: The investigated control method has been derived under the assumption of
a single oscillatory frequency component in the input signal. A
brief description of how the proposed algorithm can be extended
for multi-area system with multiple oscillation modes will be
briefly presented here for future reference. Assuming that the
input signal contains
oscillatory components, (9) must be
modified as

where represents the forgetting factor for the RLS algorithm
such that
. With
representing the sampling time,
the steady-state bandwidth of the RLS
and the estimation
error
are given by [14]
(13)
Modification in the Conventional RLS Algorithm: The selection of
is a tradeoff between a good selectivity for the
estimator and its speed of response [13], [14]. A high forgetting
factor results in low estimation speed with good frequency selectivity. With increasing estimation speed (decreasing ), the

(with
) is
where the th oscillation mode
expressed in terms of its amplitude
, frequency
,
and phase
. Using the model in (13), the RLS described in
the previous sections (including variable forgetting factor and
frequency adaptation for each considered oscillation mode) can

488

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 30, NO. 1, JANUARY 2015

be modified as described in Fig. 5. Thus, the POD controller in
Fig. 4 can be modified accordingly to control each mode independently. Observe that the phase-shift applied for calculation
of the reference currents depends on the investigated system and
needs to be calculated for each oscillatory mode [9].
IV. STABILITY ANALYSIS OF SYSTEM MODEL
The mathematical model of the system in Fig. 3 is developed
in this section to investigate the performance of the POD controller using active and reactive power injection. Using the expressions in (6)–(7) for
and
, the injected currents are controlled as
(14)

(15)
where the constant
is as defined in (3). Linearizing around
an initial steady-state operating point, the small-signal dynamic
model of the two-machine system with the E-STATCOM in per
unit is developed as in

(16)
represents the rotor angle difwhere
ference between the two generators and other signals as defined
previously. Assuming no mechanical damping and the initial
steady-state speed of the generators set to
, the constants are
derived as in

(17)

where

is given by

(18)
and
represent the synchronizing torque
The terms
coefficients resulting from the selected operating point and the
contribution of the E-STATCOM is zero. The terms
and
determine the damping torque coefficient provided by the
E-STATCOM with respect to the change in speed of the respective generator. To provide positive damping,
and
should
be negative. For this, the sign of
should be negative and the

(a)

(b)

(c)

Fig. 6. Real and imaginary part of the complex conjugate poles versus position.
(a) Active power injection. (b) Reactive power injection. (c) Active and reactive
0.4444 p.u. .
power injection.

sign of
should be chosen based on the sign of
. For a
transmitted power from Generator 1 to Generator 2,
will be
positive and the sign of
should be negative. For a transmitted power in the other direction, the sign of
should be
opposite. The terms
and
are the cross coupling terms
between the two generator speed variations.
With active power injection only
, the cross coupling terms reduce the damping as the speed variation of the
generators will be opposite at the oscillatory frequency. At the
mass-scaled electrical midpoint of the line where
,
the damping that can be provided by
is zero. Therefore,
the active power injected by the E-STATCOM at this location is
set to zero by the control algorithm. When moving away from
this point towards the generator terminals,
increases and at
the same time the cross coupling terms decrease. This enhances
the damping that can be provided by active power injection and
therefore the amount of injected active power is increased. In
the case of reactive power injection only
, positive
damping is provided by the cross coupling terms and maximum
damping is provided at the electrical midpoint of the line (i.e.,
for a symmetrical system) where
magnitude is
maximum.
As an example for the analysis in this section, a hypothetical 20/230 kV, 900 MVA transmission system similar to the
one in Fig. 1 with a total series reactance of 1.665 p.u. and inertia constant of the generators
s is considered. The leakage reactance of the transformers and transient
impedance of the generators are 0.15 p.u. and 0.3 p.u., respectively. The movement of the poles for the system as a function of
the E-STATCOM location is shown in Fig. 6. With the described
control strategy, injected active power is zero at the point where
the effect of active power injection on damping is zero. This is at
the electrical midpoint of the line. On the other hand, at the same
location damping by reactive power injection is maximum. The
reverse happens at either end of the generators. Thanks to a good
control of
and
, it is also possible to see from Fig. 6 that
a more uniform damping along the line is obtained by using injection of both active and reactive power.
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Fig. 7. Simplified two-area four machine power system.

Fig. 9. Single-line diagram of the laboratory setup.

(a)

(b)

Fig. 10. Photograph of the laboratory setup. (a) Analog transmission-line
model. (b) Generator system.

Fig. 8. Measured transmitted active power output following a three-phase fault
with E-STATCOM connected at bus 7 (top), bus 8 (middle), and bus 9 (bottom).
only (black solid),
only (gray solid), both
,
(black
POD by
dashed), and no POD (gray dashed).

V. SIMULATION RESULTS
The POD controller described in Section III is here verified
via PSCAD/EMTDC simulation using the well known two-area
four-machine system in Fig. 7. The implemented system is rated
20/230 kV, 900 MVA and the parameters for the generators and
transmission system together with the loading of the system are
given in detail in [9]. The system is initially operating in steadystate with a transmitted active power,
400 MW from
area 1 to area 2. A three-phase fault is applied to the system on
one of the transmission lines between bus 7 and bus 8. The fault
is cleared after 120 ms by disconnecting the faulted line. Due to
the applied disturbance, a poorly damped oscillation is obtained
after the fault clearing.
With the POD controller structure described in Fig. 4, the
performance of the E-STATCOM following the fault at three
different locations is shown in Fig. 8. As described in the
small-signal analysis for two-machine system in Section IV,
when moving closer to the generator units, a better damping

is achieved by active power injection (see Fig. 8, black solid
plots). With respect to reactive power injection, maximum
damping action is provided when the E-STATCOM is connected close to the electrical midpoint of the line and the level
of damping decreases when moving away from it (see Fig. 8,
gray solid plots). Because of a good choice of signals for
controlling both active and reactive power injection, effective
power oscillation damping is provided by the E-STATCOM
irrespective of its location in the line (see Fig. 8, black dashed
plots).
VI. EXPERIMENTAL VERIFICATION
To validate the results obtained via simulation for the POD
controller performance by E-STATCOM, the obtained experimental results will be presented in this section.
A. Laboratory Setup
The schematic of the laboratory setup is shown in Fig. 9,
while Fig. 10 shows a photograph of the actual transmission
system model. The system consists of a 75-kVA, 400-V synchronous generator connected to a stiff ac grid through a transmission-line model. A voltage source converter (VSC) system
can be connected at various locations of the transmission line.
1) VSC System: The VSC system consists of a two-level converter connected to the transmission line model though a series
reactor with
2 mH,
6.2 m and shunt capacitor
with
60 uF. The VSC is controlled from a computer with
a dSpace 1103 board, which can be programmed using C-code
or MATLAB/Simulink. The dc-link of the VSC is connected to a
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Fig. 11. Measured transmitted active power from the generator. A three-phase
fault is applied and cleared after 250 ms.

dc machine rated 700 V and 60 A. The dc machine is equipped
with field control and the terminal dc voltage is controlled to
650 V for all of the experiments. The dc machine will act as the
energy source providing active power injection capability to the
VSC. Therefore, the VSC with the dc machine is considered as
an E-STATCOM.
2) Network Model: The network model is a down-scaled
version of an actual Swedish 400 kV transmission system
with the model rated at 400 V, 50 Hz. The transmission-line
model consists of six identical
sections (with parameters
2.05 mH,
and
46 F), each
corresponding to a portion of 150 km of the actual line [16].
As shown in Fig. 9, faults can be applied to the transmission
system using the contactor (CT1).
3) Synchronous Generator: A photograph of the generator system which represents an actual model of the large
Harsprånget hydro power plant, situated by the Luleå river
in northern Sweden is shown in Fig. 10. The synchronous
generator has an inertia constant of 5.6 s, and it is driven by an
85-kW dc motor [16].

Fig. 12. Modified RLS-based estimator. Variation of forgetting factor
(bottom).
and estimate of oscillation frequency

(top)

B. Experimental Verification of Modified RLS Estimator
In order to create a power oscillation in the system, a
three-phase fault has been applied in the middle of the transmission line. The fault clearing time is 250 ms. The measured
output power from the generator
as shown in Fig. 11 is
then used as an input to test the performance of the algorithm
to estimate the low-frequency electromechanical oscillation
component. The actual oscillation frequency of the measured
signal
is about 0.42 Hz. This low oscillation frequency
highlights the importance of the adopted estimation method,
since the classical approaches based on filters would require
low bandwidth, resulting in a reduction in the estimation speed
[14]. To investigate the robustness of the algorithm against
system parameter changes, an initial oscillatory frequency of
0.6 Hz is assumed in the estimation.
The modified RLS algorithm as described in Section III-B
uses a variable forgetting factor and a frequency adaptation
mechanism. The trend of the variable forgetting factor and frequency adaptation is shown in Fig. 12. The performance of the
algorithm to estimate the average and oscillatory components
of the measured signal is shown in Fig. 13. As the results show,

Fig. 13. Estimate for the average and oscillatory component. Top: estimated
average component. Middle: estimated oscillatory component. Bottom: measured generator active power signal (gray line) and estimated signal (black line).

thanks to the variation of , very fast transient performance is
achieved. The frequency adaptation ensures a correct extraction
of the magnitude and phase of the oscillatory component which
is a crucial point in the POD application.
C. Experimental Verification of POD Controller
by E-STATCOM
As described in Section III, the outputs of the POD controller
are active and reactive current references to be injected to the
grid by the E-STATCOM. The current controller implemented
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Fig. 14. Single-line diagram of the laboratory setup for POD.

Fig. 16. Injected active and reactive power with E-STATCOM connected at bus
1 (black line) and bus 2 (gray line). Active power injection (top) and reactive
and
used for POD.
power injection (bottom); both

Fig. 15. Measured generator active power output following a three-phase fault
with E-STATCOM connected at bus 1 (top) and bus 2 (bottom). POD by
only (black solid line),
only (gray solid line), both
,
(black dashed
line) and no POD (gray dashed line).

here is a Proportional-Integral based vector controller. It is designed based on the internal model control approach. The bandwidth of the controller is chosen as 2500 rad/s, and the detail
of the implementation can be found in [14]. To verify the POD
controller performance, the setup in Fig. 9 which represents a
single-machine infinite bus system with E-STATCOM is used.
The single-line diagram of the setup is shown in Fig. 14, where
the possible connection buses of the E-STATCOM are marked
as 1 and 2. For the tests, the gain
is chosen to get a damping
ratio of 10% at bus 2 when reactive power is used for POD. For
a fair comparison, the gain
is then adjusted to get a similar
order of maximum active and reactive power injection for the
tests. Once the values for the gains are selected, they are kept
constant for all the experiments.
First, the power oscillation damping controller is tested with
two connection points of the E-STATCOM as shown in Fig. 14.
For this test, knowledge of the oscillatory frequency in the transmitted active power has been considered. As before, a threephase fault is applied at bus 1 and the fault is cleared after
250 ms. The performance of the E-STATCOM for POD using
the control strategy described in Section III is shown in Figs. 15
and 16. Observe that, to facilitate the comparison, the presented
measured signals have been filtered to remove noise and highfrequency harmonic components. A low-pass filter with cutoff
frequency of 50 Hz has been used in order not to affect the
low-frequency components. As described in the small-signal
analysis in Section IV, the injected active power decreases with

the distance from the generator where its impact to provide
damping decreases (see Fig. 16). A better damping with active
power injection is obtained when the E-STATCOM is closer to
the generator, in this case at bus 1 (see Fig. 15). With respect
to reactive power injection, the damping provided by the compensator increases when moving closer to the electrical midpoint. As the transmitted power
is used to control reactive
power, the same amount of injected reactive power is used at
the two locations and a better damping action is provided close
to the electrical midpoint of the line, in this case at bus 2. With a
proper choice of control signals for injection of active and reactive power, effective power oscillation damping is provided by
the E-STATCOM at both connection points of the compensator
as shown in Fig. 15 (black dashed curves).
To test the dynamic performance of the investigated POD
controller in case of system parameter changes, a second set of
experiments has been carried out assuming an oscillation frequency of 0.9 Hz, where the actual measured oscillation frequency is 0.42 Hz. This means that an error of 100% in the estimated oscillation frequency is here considered. Fig. 17 compares the performance of the POD controller with and without
the oscillation frequency adaptation in the RLS estimator. In
both cases, the E-STATCOM is connected at bus 2 and injection of active and reactive power is used for POD. By using the
frequency adaption as described in Section III-B, the phase of
the oscillatory component in the input signal is correctly estimated, thus providing an effective damping. This is advantageous when compared to the classical approaches, where the
correct phase shift is provided in the estimation only at a particular oscillation frequency. As shown in Fig. 17 (gray solid
plots), if the POD controller is not adapted to changes in the
system, its performance is significantly reduced. This is also
shown in Fig. 18, where the total energy exchange
between the E-STATCOM and the grid until the oscillations are
completely damped for the two cases is displayed. The case
without frequency adaptation is characterized by a longer settling time of the oscillation and a larger amount of total energy
exchange. This results in an uneconomical use of the energy
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VII. CONCLUSION
An adaptive POD controller by E-STATCOM has been
developed in this paper. For this, a modified RLS algorithm has
been used for estimation of the low-frequency electromechanical oscillation components from locally measured signals
during power system disturbances. The estimator enables a
fast, selective and adaptive estimation of signal components at
the power oscillation frequency. The dynamic performance of
the POD controller to provide effective damping at various connection points of the E-STATCOM has been validated through
simulation as well as experimental verification. The robustness
of the control algorithm against system parameter changes
has also been proven through experimental tests. Furthermore,
using the frequency variation at the E-STATCOM connection
point as the input signal for the active power modulation, it has
been shown that active power injection is minimized at points
in the power system where its impact on POD is negligible.
This results in an optimal use of the available energy source.
APPENDIX

Fig. 17. Top: measured generator output power with frequency adaptation
(black solid), without frequency adaptation (gray solid line) and with no POD
(gray dashed line). Middle: injected active power with frequency adaptation
(black line) and without frequency adaptation (gray line). Bottom: injected
reactive power with frequency adaptation (black) and without frequency
adaptation (gray line).

Here, the relation between the change in active power output
from the generators and the active and reactive power injected
by the E-STATCOM will be derived. With the notations given
in Fig. 3, the power output of Generator 1 is given by
(19)
From a small-signal point of view, the change in PCC voltage
from its initial steady-state value
due to injection
of active and reactive current is given by
(20)
where
represents the Thevenin equivalent impedance at the
PCC. Equation (20) can be expressed in terms of amplitude and
phase change as
(21)
The change in active power output of Generator 1 due to injection of active and reactive current from the E-STATCOM is
derived from (19)–(21) as

Fig. 18. Total energy exchange to damp oscillations with and without frequency adaptation.

storage. Observe that in order to avoid continuous injection of
active and reactive power, the POD controller implemented in
the laboratory sets the reference active and reactive currents to
zero when the amplitude of the oscillatory signal goes below a
pre-defined threshold. Here, this threshold is set to 0.005 pu. As
an example, it is clear from Fig. 17 (middle and bottom plots)
that, when the adaptive POD controller is used, the amplitude
of the power oscillation crosses this threshold at 8 s. As a result,
the active and reactrive powers injected by the compensator become zero.

(22)
(23)
In steady state, i.e., when the E-STATCOM is in idle mode,
can be expressed as
the PCC voltage
(24)
where is the relative electrical location of the E-STATCOM
as defined in (1).
Substituting (24) into (22) and (23) and defining ,
and
as in (3), the change in active power output from Generator 1 due to injection of active and reactive power from the
E-STATCOM given in (2) can be derived. By conservation of
energy, the expression for the change in active power output
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from Generator 2 due to injection of active and reactive power
is calculated as
and
.
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