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Applying Synchronous Condenser for Damping
Provision in Converter-dominated Power System

Ha Thi Nguyen, Guangya Yang, Arne Hejde Nielsen, Peter Højgaard Jensen, and Bikash Pal

Abstract——The dynamic characteristics of converter-dominat‐
ed systems are governed by the controls of power converters
and the interactions among the converter systems and conven‐
tional alternators. Frequency oscillations can appear during dy‐
namic operating conditions caused by the phase-locked loop dy‐
namics and the interactions among the converter control sys‐
tems. The oscillations may be poorly damped that can result in
reduced power generation, longer settling time or disconnec‐
tions of sensitive components. It is foreseeable that damping ser‐
vices will be critical for grid stabilization in the future with
high penetration of renewable generation. In this work, synchro‐
nous condensers are evaluated and applied for providing damp‐
ing services to the grid in post-event conditions. An innovative
supplementary controller for the automatic voltage regulator of
synchronous condensers is proposed to improve frequency stabi‐
lization in a converter dominated system after disturbances. Uti‐
lizing local and remote measurements, synchronous condensers
are able to modulate the reactive power output hence the termi‐
nal bus voltage, which further impacts on the power flow in the
system, therefore, it provides damping to the frequency oscilla‐
tions. The control is implemented on an industrial level hard‐
ware platform and the performance is verified by hardware-in-
the-loop simulation.

Index Terms——: Power oscillation, Prony analysis, low inertia
systems, supplementary controller, synchronous condenser.

I. INTRODUCTION

Synchronous condenser (SC) has a long historical use in
power systems for reactive power compensation. SCs had
been proven successfully applied to many grids in the world
for dynamic voltage regulation and short-circuit current sup‐
port. [1]-[9].

The rapid penetration of renewable energy sources (RES)
into power systems has introduced many challenges in secur‐
ing a stable network operation and has forced power systems

to operate in low inertia conditions. Systems based on con‐
verter-interfaced RES do not have the stronghold as the con‐
ventional systems due to a lack of synchronous machines in
operation. In such a system, the internal dynamics against an
external disturbance are highly dependent on the control of
the main converter stations and their interactions within
themselves as well as with the synchronous units. SCs had
been proven as an effective solution for supporting system
dynamic performance and renewable: interconnection in low
inertia systems. SCs providing inertial and frequency re‐
sponse in renewable-based systems had been investigated in
[10]-[13].

For a converter, frequency and power are coupled through
their control system. From the system point of view, this arti‐
ficial coupling can affect frequency as a global parameter
for power regulation due to the heterogeneous design and re‐
sponse of the measurement and control systems of the con‐
verters. When the number of converters increases in a sys‐
tem, the locality of frequency will increase which increases
the heterogeneity of the entire network. Hence, faster fre‐
quency dynamics with unexpected power oscillations may
occur at system level at different operating conditions and
generator mix after an external disturbance.

A frequency response with faster dynamics and an undesir‐
able oscillation during a generation loss disturbance was ex‐
perienced in the simulated Great Britain power system due
to the inertia reduction [14]. The impacts of wind power pen‐
etration on the low-frequency oscillation modes of the IEEE
39-bus New England power system is investigated in [15].
The oscillation frequency is dependent on the inherent iner‐
tia of the involved network (can be a sub-network) as well
as the bandwidth of the measurement and control systems of
converters within the network. While traditional PSS does
not work well for SCs and will not be suitable for renew‐
able-based systems where synchronous generator will be
gradually phased out.

To help the frequency dynamic improvement and the
damping of the oscillations from the system level, the paper
exploits the controllability of SCs. As SC itself does not con‐
trol active power, the control effect over system power and
frequency oscillations will be through its reactive power
channel via its excitation control. In [16], SCs can provide
damping torque via its fast excitation control has been theo‐
retically proven by small-signal analysis.

To use the SC to provide damping in frequency for con‐
verter-based systems, this paper proposes a design principle
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of a power oscillation damping (POD) controller as a supple‐
mentary controller for SCs, where reactive power is used to
modulate the active power flow of main flow paths in the
system through node voltage regulation. In this way, active
power oscillations after the disturbance can be damped
quicker, and the system can regain a stable frequency sooner
after a major frequency disturbance. The design uses both lo‐
cal and remote measurements from the systems, where in the
proposed controller, measurements of local frequency and a
remote tie-line flow are used as inputs while the output is
the SCs reactive power. By modulating the SC bus terminal
voltage in terms of the magnitude and the phase,, the active
power of transmission lines and loads in the system can be
affected at a global scale which helps to damp the oscilla‐
tions and enhance the frequency stability both on frequency
nadir and settling time.

The study is purely based on electromagnetic transient
simulation (EMT), where the case study is based on an ob‐
served oscillation in a modified Danish power system. A pa‐
rameter optimization based on software-in-the-loop (SiL)
linking a real-time digital simulator (RTDS) and MATLAB
through OPC (object linking and embedding for process con‐
trol) communication is implemented [17]. Prony technique is
applied to extract the dominant oscillation frequency and
damping ratio from the system frequency measurement. The
near-optimal or optimal parameter set of the POD controller
is determined by a gradient-free algorithm to maximize the
damping effect. To validate the effectiveness of the proposed
method, the prospective future Western Danish (DK1) power
system supplied by renewable energy sources and multiple
interconnections with neighboring countries is used. Compar‐
ative results show that the POD controller provided enhance‐
ment in the system in terms of oscillation damping and fre‐
quency stability.

The remaining of the paper is organized as follows: the
proposed method is clarified in Section II, which explains
the impact of the SC on the improvement of the power oscil‐
lation damping and frequency stability during disturbances
via its reactive power control channel. Section III reveals the
communication system setup of the control parameterization
by RTDS, MATLAB, and OPC. Based on the proposed ap‐
proach, the prospective future Western Danish power system
is used to test the low inertia system verification of the POD
controller in Section IV. Finally, conclusions are drawn in
Section V.

II. DESIGN METHODOLOGY AND PROPOSED POD
STRUCTURE

Power oscillations in a converter-dominated system can
take place between the subnetworks, where in a subnetwork
a cluster of dynamic components including HVDC links,
synchronous and non-synchronous generators, and loads are
located in a vicinity where similar local information was pre‐
sented to their control systems. A subnetwork may represent
a center of inertia, where the components in a subnetwork
can oscillate against one or several other subnetworks in the
system during a disturbance. This phenomena was consid‐
ered inter-area oscillations where the characteristics are gov‐

erned by synchronous machines. However, with the increas‐
ing amount of power converters in the system, the control
system of power converters start to play a major role in the
oscillation analysis. A number of field events have been re‐
ported in recent years.

A. Design methodology

The oscillations in a system can be suppressed by control‐
ling the critical flow paths in a network. This can be
achieved by controlling active or reactive power of controlla‐
ble units in the system, provided a designated control system
can handle the expected oscillatory frequencies. To effective‐
ly achieve the damping effect, one might consider using mea‐
surements of line flows as immediate inputs for a controller.
Synchronous condenser can only provide volt/var control to
a system, however, volt/var can impact the system power
flow in a number of ways as described below.

The mathematical formula of the transferred active power
on a simplified transmission line can be expressed as:

P =
V1V2

X
sinδ (1)

where V1 and V2 are the line-to-line voltages of the two end
sides of the transmission line; δ is the angle of V1 with re‐
spect to V2; and X is the reactance of the transmission line.

The active power of a load expressed in a voltage and fre‐
quency dependent load (V&FDL) model [18] is as follows:

PLoad =P0 (1+ kPfDf )(pp + pc

V
V0

+ pz (
V
V0

)2) (2)

where P0 is the rated active power of the load; V0 and V are
the nominal and actual voltage magnitude at the load bus, re‐
spectively; f0 and Df are the nominal frequency and frequen‐
cy deviation, respectively; kPf is the frequency characteristic
coefficient; and pp, pc, and pz are the portions of total load
proportional to constant active power load, constant current
load, and constant impedance load, respectively.

The active power of the LCC-HVDC link at the rectifier
is expressed as follows:

PHVDC = 1.654Vm Id cosα (3)

where Vm is the peak line-to-line voltage of the AC terminal;
Id is the DC current of the HVDC; and α is the firing angle
of the rectifier.

The basic control principle of the LCC-HVDC link is that
the rectifier controls the DC current and the α limit, whereas
the inverter is responsible for a constant extinction angle
control to keep the transferred power tracking to the set
point.

According to (1)-(3), the active power on the transmission
lines, LCC-HVDC links, and loads can be manipulated by
the AC terminal voltage which can be controlled via the ex‐
citation of SCs with a supplementary POD controller. The
principle of proposed method manages to control the termi‐
nal voltage in terms of magnitude and phase via the excita‐
tion of SCs, which in turn adjusts active powers of loads,
LCC-HVDC and the power transferred on transmission line
connected directly to the SC terminal. Consequently, it helps
to damp the oscillation in voltage, power, and frequency.
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B. Power Oscillation Damping Controller

A POD control design incorporating SCs adapting to the
modern system characteristics is developed. By regulating
the terminal voltage through the reactive power modulation,
the POD controls the active power transferred on the trans‐
mission lines, HVDC links, and loads to damp the power os‐
cillation and improve the frequency stability.

The lead-lag control structure is still preferred due to a
better tradeoff between the static accuracy, system stability
and insensibility to disturbances in the frequency domain
[19]. Low-frequency oscillation can be efficiently damped
by the proper selection of lead-lag block parameters.

In the literature, many valuable input signals of the POD
controller are suggested, including the rotor speed deviation,
the frequency, the electrical power or the acceleration power
[20]-[22]. It is worth noting that the frequency behavior rep‐
resents the active power oscillation or imbalance; therefore,
it is selected as an input to damp the power oscillation. Fur‐
thermore, due to the locality of the frequency in a low iner‐
tia system, it is essential to select a signal from a central
path of the oscillation as one of the inputs, where in this
case, a measured tie line flow between the Danish and Ger‐
man system is selected. In implementation, this measurement
is best taken by synchrophasor measurement units to main‐
tain time synchronization with the local measurements.

Figure 1 shows the control diagram of the proposed POD
controller. The POD controller takes local frequency mea‐
surement and active power on a tie line as input signals to
create a POD output, which is then added to the AVR of the
SC. This output regulates the excitation field current to con‐
trol the terminal voltage, which therefore changes the active
power on the tie line, HVDC links and voltage-dependent
loads to enhance the power oscillation and frequency devia‐
tion during disturbances. To begin with the first control in‐
put, a deadband is applied to eliminate small frequency
changes that may result in an unexpected contribution of
POD during steady state conditions. A following low-pass fil‐

ter (
1

1+ sTL

) filters the measurement noise that can make the

control function poor. There are 2 control signals created by
the frequency measurement. The first one, with a small time
constant (TW1), works similar to a differentiation to capture
the frequency derivation during frequency excursions. The
second, with a larger time constant (TW2), catches the fre‐
quency deviation to generate a signal with a longer response
time. The second input (active power on a tie line) first
moves through a washout, which allows the desired frequen‐
cy oscillation mode (inter-area oscillation around 0.1 Hz to
1.5 Hz) to pass and optimizes the compensation at low-fre‐
quency range (normally less than 0.5 Hz).

The magnitude and phase shift of the output are adjusted
through control gains (K1, K2, and K3) and the lead/lag time
constants (T1 and T2) to compensate the system oscillation.
They are optimized by the objective function of genetic algo‐
rithms (GA). The GA objective is to maximize the damping
ratio of the dominant oscillation mode of the system frequen‐
cy.

A limiter is a crucial part of each controller that hedges

the control participation in conditions of uncertainty. This
limiter is more critical when the SC connected to the same
bus with voltage-sensitive components, such as PV sources
or wind power plants which have strict fault ride-through re‐
quirements and voltage-based protection settings. These limi‐
tation values may change from site to site depending on grid
codes.

III. CONTROL TUNING PROCEDURES

The tuning process is based on EMT simulation of de‐
tailed power grid model, where on top of the simulation
model a non-linear optimization procedure is added to opti‐
mize the controller parameters with respect to system perfor‐
mance. This is by far the most suitable procedure with re‐
spect to EMT simulation, as conventional analytical eigenval‐
ue analysis is exclusively used on stability analysis function
(RMS) representation of system, where the dynamics inside
converter control is ignored due to the mismatch between
the operating time scales.

A prospective power system run in the RTDS platform is
driven by a MATLAB script for system startup and distur‐
bance simulations. The data of the system are collected by
an OPC server and sent directly to the MATLAB workspace.
In MATLAB, the signal is first processed to remove the fun‐
damental frequency component. The oscillation component
is then analyzed by the Prony technique for extracting the
frequency and damping ratio of the dominant oscillation
mode. The damping ratio is maximized by a GA objective
function to determine the better parameters of the POD. GA
is a global heuristics parameter search technique based on
genetic operators to find the optimal or near-optimal solu‐
tions for each specific problem [23], [24]. Unlike the tradi‐
tional optimization approaches that require one starting
point, GA uses a set of points (chromosomes) as the initial
condition and each chromosome is evaluated for its perfor‐
mance according to the objective function which characteriz‐
es the problem to be solved and defined by the designers.
After that, these parameters are updated on the RTDS model
for further verification. These steps are iterative by a closed-
loop and run in real time with the RTDS, OPC, and MAT‐
LAB communications as shown in Fig. 2. The loop will con‐
tinue until the objective function satisfies the damping ratio
maximization of the dominant mode constraint to determine
the optimal values of POD parameters.

A. Prony analysis

A Prony analysis is a least-square approximation tech‐
nique of fitting a linear sum of exponential terms to a mea‐

Fig. 1. Proposed POD control structure.
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sured signal. A brief overview of this technique is given in
[25]. The important feature of this technique is that it direct‐
ly determines the frequency, damping ratio, energy, and rela‐
tive phase of the modal components present in a given mea‐
surement signal by an extended Fourier analysis [26]. The
ability to extract such information from transient signal simu‐
lations would overcome the computing burden of the linear
model for large-scale systems.

Consider a generally continuous signal y(n) that is to be
modeled by

y(n)=∑
i = 1

p

(bi z
n
i )=∑

i = 1

p

Ai e
jθie(αi + j2πfi)nDt

(4)

with

{bi =Aie
jθi

zi = e(αi + j2πfi)nDt

where n= 012...N - 1, N is the sampling number; Dt is
the time interval of sampling; p is the order of the Prony
mode; Ai and θ i are the amplitude and inception phase angle
of the ith oscillation mode, respectively; and fi and α i are the
frequency and damping ratio of the ith oscillation mode, re‐
spectively.

Overall, Prony analysis can be summarized into three
steps:

1) Constructing a linear prediction model from the mea‐
sured data and solving it.

2) Computing the discrete-time poles of the characteristic
polynomial equation generated by the linear model, which in
turn results in the eigenvalues.

3) From these eigenvalues, the damping ratios and oscilla‐
tion frequencies and related parameters can be extracted.

Before determining the information of the measured data,
a signal processing step is implemented to remove the funda‐
mental frequency. This step separates the oscillatory compo‐
nent for a Prony analysis conduction. The Prony analysis ob‐
tains many oscillation modes, including dominant modes and
noise modes. This observation results from the mixing noise
and trend in the measurement, which cannot be eliminated
completely in the signal processing step.

The dominant mode is recognized by the energy analysis
approach, which evaluates the contribution of each oscilla‐
tion mode and is expressed as follows:

Ei =∑
n= 0

N - 1

(Ri z
n
i )2 (5)

where Ei, Ri, and zi are the energy, the amplitude, and the
pole of the ith oscillation mode, respectively; and
i = 12...p. The dominant mode is the largest energy contri‐
bution to the oscillation.

B. Overall fitting procedure

In this paper, five parameters (T1, T2, K1, K2, and K3) of
the POD controller are optimized by a damping ratio maxi‐
mization objective function through a gradient free solver
that is Genetic Algorithm in this case. The main control de‐
sign goal is maximizing the damping ratio of the system os‐
cillation mode.

f (x)=max{ξ =- α

α2 + β2 } (6)

subject to

Timin £Ti £Timax (i = 12) (7)

Kjmin £Kj £Kjmax ( j = 123) (8)

where α and β are the real and imaginary parts of the domi‐
nant mode, respectively. The optimization determines the
variables x (T1, T2, K1, K2, and K3) based on the boundary
settings to maximize the damping ratio ξ of the oscillation
mode. Table I shows the boundary setting of the POD con‐
troller.

IV. CASE STUDY

The case study section is based on an observed damped
oscillation after major frequency disturbances, causing a
long settling time in frequency after disturbances. The sys‐
tem is a modified Western Danish system that considers the
major planned upcoming wind power plants and HVDC
links as shown in Fig. 3. The system contains HVDC links,
Type III and Type IV wind turbines, and three synchronous
condensers distributed at the major HVDC terminals in the
system [27] without synchronous generators. The system is
synchronized with the German grid, which is modelled by a
simplified synchronous machine with a low inertia constant.
An oscillation is found after a frequency disturbance, as
shown in Fig. 4.

The oscillation, verified by a sensitivity study, takes place
between the major converter stations and the external grid,
instead of by synchronous machines only, which in this case
are synchronous condensers. To illustrate the contributions
of different components to the oscillation, Figure 5 contains

Fig. 2. System arrangement of the HiL and SiL simulations.

TABLE II
WITHOUT, WITH PSS, AND WITH OPTIMAL POD COMPARISON OF

DOMINANT MODE

Cases

WO

WPSS

WPOD

Dominant
mode

-0.525±j6.585

-0.635±j6.870

-1.933±j6.379

Frequency
(Hz)

1.048

1.093

1.015

Damping
ratio

0.079

0.092

0.29

Frequency
nadir (Hz)

49.7

49.71

49.82

Settling
time (s)

17

16

8
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two scenarios investigated in the whole DK1 renewable-
based system (WDK1): one applied with/without a major
wind power plant (WOWPP) (Fig. 5(a)) and another applied
with and without a synchronous condenser (WOSC) (Fig. 5
(b)). It can be seen that without the major wind power plant
in the back curve, the post contingency oscillation of the fre‐
quency response is highly reduced, and rapidly damped.
Meanwhile, the oscillation effect without a synchronous con‐
denser is only in phase delay. It can be envisaged that by

having more power converters replacing synchronous ma‐
chines in a power system, converters will become the main
oscillation source. Due to the complexity of the inertia char‐
acteristics of a low inertia system, the mode of oscillation
may shift over time, depending on the types of generators
online and the performance of the converter control systems.
This requires innovative solutions for an oscillation damping
controller that adapts to the modern system characteristics to
guarantee a secure operation.

To verify the performance of the proposed method on the
damping and frequency stability, a load increase disturbance
and a three-phase short-circuit fault are investigated in this
section. To determine how the PSS performs in low inertia
systems, a comparison of system responses with PSS that
was tuned well in [22], with POD and without either is in‐
vestigated in the first scenario. It is worth noting that the
modeled future Danish power system is a low inertia system
due to high penetration of non-synchronous units, HVDC

links, and a weak German grid. The Danish electricity sys‐
tem is divided into two non-synchronous areas: the Western
Danish power system (DK1) is synchronized with the conti‐
nental European system, whereas the Eastern Danish power
system (DK2) is synchronized with the Nordic power system
that also includes Sweden, Norway, and Finland. DK1 and
DK2 are linked by an LCC-HVDC interconnection. This con‐
nection is known as the Great Belt Power Link, which has a
400 kV DC connection with a transmission capacity of 600

Fig. 3. Single-line diagram of a 400 kV Western Danish renewable-based system in 2020.

Fig. 4. Power oscillation in the prospective Western Danish power system.

Fig. 5. Sensitivities of different components of oscillation in the prospec‐
tive Western Danish power system. (a) Frequency response of WDK1 with
and without WOWPP. (b) Frequency response of WDK1 with and without
WOSC.
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MW. The single-line diagram of a 400 kV DK1 renewable-
based system in 2020 is shown in Fig. 3 and is used for the
case study system in this paper. In this study, all synchro‐
nous generators are phased out and there are six synchro‐
nous condensers installed in the system (marked red in Fig.
3), while the SCs at FGD and KAS (SC3 and SC4) are
equipped with the proposed POD controller.

A. Load increase disturbance

A comparison of the system responses with PSS (PSS),
with POD, and without either (WO) during a load increase
disturbance is intuitively shown in this scenario. Fig. 6
shows the comparative results of the system frequency, RO‐
COF, active power on transmission line KAS to LAG, LCC-
HVDC, VSC-HVDC links, load, and the SC responses. The
responses are without in the dotted black lines, with the PSS

in the dash and dotted red lines, and with the POD in the
solid blue lines, respectively. From the comparative results,
it can clearly be seen that with the POD controller, the sys‐
tem response is significantly enhanced in terms of the damp‐
ing ratio and frequency stability. By comparing the system
frequency in Fig. 6(a), without the POD it experiences a
large and long oscillation (the dominant mode has a 0.079
damping ratio) as well as a significant frequency deviation
(0.3 Hz) before obtaining a new equilibrium. In contrast,
with the GA-based POD these parameters are remarkably im‐
proved by a damping ratio of 0.29 and a frequency deviation
of 0.18 Hz. The frequency rapidly reaches the steady-state
condition. Taking a look at the ROCOF, faster damping and
quicker settling down are obviously seen in Fig. 6(b) with
the POD controller.

The active powers on the transmission line from KAS to
LAG, HVDC links, and load are controlled during the distur‐
bance to reduce the power imbalance and damp the oscilla‐
tion. As a result, the system frequency with the GA-based
POD is improved in terms of the oscillation damping, fre‐
quency nadir, and settling time, as shown in Fig. 6.

An opposite trend is observed from the reactive power re‐
sponse of the SC during the disturbance without and with
the POD controller. Instead of rapidly increasing the reactive
power from 31 Mvar to approximately 83 Mvar to keep the
voltage constant at the nominal value as in the WO case, the
POD decreases the terminal voltage by absorbing approxi‐
mately 58 Mvar reactive power (from 31 Mvar to approxi‐

mately -27 Mvar) to control the power flow. Consequently, a
large decrease and less oscillation are seen from the active
powers on the transmission lines, HVDC links, and load
with the POD controller as shown in Fig. 6.

As expected, the SC rapidly releases kinetic energy for
the inertial response and quickly settles down with the POD
controller as seen in Fig. 6. As a result, the power oscilla‐
tion damping and frequency stability are improved during
the disturbance with the POD controller. The comparison of
the dominant mode information with PSS, with POD, and
without either is listed in Table II, which shows a significant
enhancement in terms of the frequency stability and power
damping with the POD controller. The settling time and fre‐

Fig. 6. Load increase scenario. (a) Frequency. (b) ROCOF. (c) Active power from KAS to LAG. (d) Active power of the LCC-HVDC link from DK1 to
DK2. (e) Active power of a load. (f) Active power of the VSC-HVDC link from DK1 to Holland. (g) Active power of the SC. (h) Reactive power of the
SC. (i) Terminal voltage of the SC.
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quency nadir are improved significantly from 17 s and 49.7
Hz to 8 s and 49.82 Hz without and with the POD, respec‐
tively.

To clarify the active power decrease of the LCC-HVDC
link, the rectifier is set to maintain the DC current at its set-
point by controlling the firing angle. When the busbar volt‐
age decreases, the DC current is less than its order, and the
rectifier tends to reduce the firing angle, hence increasing
the DC current. However, the firing angle reduction hits the
minimum firing angle limit (typical 5o). This results in the
DC current decreasing, thereby reducing the HVDC active

power during the disturbance.
By comparison, the PSS does not handle well in the con‐

verter-based system, while the POD can further improve the
frequency stability and damping ratio by absorbing more re‐
active power to allow for a lower voltage but still satisfy the
grid code.

B. Three-phase short-circuit fault

The POD controller is verified through a severe distur‐
bance with a three-phase short-circuit fault and a load trip
occurring simultaneously. At t = 1 s, a three-phase short-cir‐
cuit fault is applied on one of the feeders of the TRI bus
and cleared at t = 1.1 s, then the circuit breaker of the feed‐
er suddenly disconnects the load (250 MW). Figs. 7 and 8
show the comparison of the system responses without and
with the GA-based POD controller. A similar pattern is plot‐
ted in this scenario. While the uncontrolled system exhibits a
severe oscillation and system collapse after approximately 4
s, the system with the POD controller performs a better
damping and becomes stable after the fault.

TABLE I
BOUNDARY SETTINGS

T1min

0.01

K2min

0.5

T1max

10

K2max

12

T2min

0.01

K3min

0.05

T2max

10

K3max

2

K1min

0.5

Min

-0.13

K1max

50

Max

0.13

Fig. 7. Three-phase short-circuit fault scenario. (a) System frequency. (b) ROCOF. (c) Active power of the FER load.

Fig. 8. Three-phase short-circuit fault scenario. (a) Active power from KAS to LAG. (b) Active power from DK1 to DK2 through HVDC connection. (c)
Reactive power of the SC. (d) Terminal voltage of the SC. (e) Active power of the SC. (f) Rotor speed of the SC.
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As shown in Fig. 9, for the scenario without the POD
(WO), after the fault the frequencies at different substations
tend to oscillate against each other, which leads to a system
collapse, while they quickly become stable with the POD.
Because of the asynchronism issue, the active power could
not transfer from Germany to the DK2 system through the
transmission line KAS to LAG, HVDC link, and load as
shown in Figs. 7 and 8.

Instead of decreasing the reactive power to prevent the
voltage surge, the POD allows terminal voltage increase
within the limit range. Therefore, the transmission line,
HVDC link, and load can absorb more active power to off‐
set the power imbalance during the load trip, as can be intui‐
tively seen in Fig. 7 and Fig. 8. This phenomenon helps the
system maintaining stability after the fault.

In this scenario, the active power of the HVDC link does
not significantly contribute to the power oscillation control
during the disturbance with the POD. It can be explained
that the busbar voltage increases, making the DC current
higher than the current set-point. With the ability of firing
angle control to transiently reach 90o in order to quickly re‐
duce the DC current, the active power can be kept constant
during the voltage increase. In contrast, the load tends to ab‐
sorb more active power to counteract the power imbalance
and damp the oscillation, as seen in Fig. 7.

V. CONCLUSION

To deal with the faster frequency dynamic and oscillatory
stability issues for modern power systems that introduce new
stability issues and requirements for the controls. This paper
proposes using SC incorporating a POD controller by con‐
trolling the terminal voltage through the reactive power regu‐
lation to improve the frequency dynamic and damp the pow‐
er oscillations for low inertia systems. Prony technique is ap‐
plied to extract the system oscillation characteristics from
the measurement data, which benefits large-scale systems
with thousands of variables. Optimization for the POD pa‐
rameters with a damping ratio maximization objective is im‐
plemented by SiL simulation. Comparative results show that
by controlling the terminal voltage, the power oscillation
damping and frequency stability can be significantly im‐
proved by SC with the POD controller. In addition, the pa‐
rameter optimization algorithm can help control designers,
thereby saving time while still offering near-optimal or opti‐
mal solutions for the control parameter set compared to the

empirical tuning method.
To properly apply the POD controller to a specific grid,

some conclusions should be drawn as follows:
1) Controlling the terminal voltage of the SC to change

the active power should take the limitation of the transmis‐
sion lines, HVDC links, and loads into consideration to set
the limit values for the POD output.

2) The limits of the terminal voltage of the connected bus‐
bar may impact the components connected to the same bus
of the SC (PV system, wind generator) which are sensitive
to the low-voltage ride-through threshold, voltage-based pro‐
tection, etc.

3) The transmission line selected for controller design
should represent the paths for major oscillations in a net‐
work.
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