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Abstract—With the frequent and uncertain variations of
loads and renewable generation in the power system, a
conventional power oscillation damping (POD) controller with
fixed parameters cannot guarantee satisfactory control
performance when power system operating conditions change.
In this paper, an adaptive wide-area POD is proposed via
voltage source converter based high voltage direct current
(VSC-HVDC) system to achieve sufficient control effect under
different system dispatches. The observation signal and actuator
for the POD can be selected in advance considering the system
dispatches. Meanwhile, the POD parameters can be adjusted
online based on a measurement-driven approach. Simulations
of the Great Britain power grid model on the real time digital
simulator (RTDS) demonstrate that the adaptive POD can
improve the control performance compared to a conventional
non-adaptive POD.

Keywords—adaptive control, power oscillation damping,
RTDS, VSC-HVDC

. INTRODUCTION

In today’s interconnected power grids, low-frequency
oscillations are a significant issue that can limit power transfer
capability and even deteriorate power system security due to
potential low damped or even undamped oscillations [1]-[3].

With the increasing integration of renewables and the
retirement of conventional synchronous generators, the
stability properties of the system and, in particular, the
oscillation modes (e.g., oscillation frequency, damping ratio,
and mode shape) may change due to the different dynamics of
the control of inverter-based resources and their tracking of
the network compared to synchronous machines [4]-[5].
Moreover, new oscillation modes could emerge as a result of
this generation mix evolution [6]-[7].

Typically, local controllers (e.g., power system stabilizers
on synchronous generators) have been used to suppress these
low-frequency oscillations [8]. However, the retirement of
conventional plants will result in insufficient stabilizing
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capability from the remaining generators, the location of
which may also render them inappropriate to suppress these
oscillations [9]. The use of inverter-based resources, Flexible
AC Transmission Systems (FACTS) devices, and high
voltage direct current (HVDC) links with appropriate controls
to provide damping is envisioned as a solution to this
challenge. Due to the power electronics interface with the grid,
these devices can provide fast and flexible control that can
outperform slower control provided by generators [10]-[11].

Another challenge introduced by high levels of renewables
is the frequent and uncertain variations in the operating
conditions of the grid [12]. This may result in frequently
varying oscillation modes that are dependent on the operating
condition [13]. In conventional power grids with limited
variability and uncertainty, the oscillation damping controllers
are designed based on the system circuit model around a
particular operating point and tuned for hypothetical critical
operating conditions [14]. Such controllers with fixed
parameters may experience deterioration in the damping
performance when the system operation condition varies. To
address these challenges, the adaptive capability should be
considered in the design of the damping controller [15]. Some
papers have investigated adaptive damping controllers in
different application areas. Reference [16] develops a
damping controller via Thyristor Controlled Series
Compensator (TCSC) to suppress inter-area power
oscillations based on the proposed oscillation energy analysis.
Reference [17] proposes a linearized Heffron-Philips model
and designs an adaptive neuro-fuzzy UPFC controller to
provide efficient damping control. In [18], a single-input
single-output adaptive damping control is proposed on the
FACTS devices to provide system damping control.

As synchronized measurements provided by phasor
measurement units (PMUs) are increasingly available in
transmission networks, the design and development of such
adaptive wide-area PODs become feasible and an urgent need
[19]-[20]. To this end, a simple linear transfer function model
can be built using the collected measurements to reflect
operating condition variations. The PODs can automatically
select the effective observation signal(s) as the controller input



signal(s), select the effective actuator(s), and adjust their
parameters based on the identified measurement-driven
models to achieve the desired damping performance.

In this paper, an adaptive wide-area POD controller
through voltage source converter based HVDC (VSC-HVDC)
links based on a measurement-driven approach is proposed for
the Great Britain (GB) power grid. The proposed POD
controller has the following features:

1) The designed POD controller can suppress the targeted
oscillation mode by modulating the active power and/or
reactive power of the selected VSC-HVDC link.

2) Under different system dispatches, the designed POD
controller can switch its input/feedback signal and actuator
using a loop-up table.

3) When the GB power grid is operating under different
system dispatches, the POD controller can adjust its control
parameters using the measurement-driven approach to
guarantee its control performance.

The rest of this paper is organized as follows. Section 11
presents an overview of the GB grid model. Section Il
introduces the POD design method, including the selection of
effective signal and actuator. Case studies conducted on
RTDS are presented in Section IV. Section V draws the final
conclusions.

Il. INTRODUCTION OF GB MODEL

In this paper, a reduced 36-bus model implemented in
DigSILENT/PowerFactory and developed by National Grid
Electricity System Operator (National Grid ESO), is used to
represent the GB power system. The system topology is
shown in Figure 1, with 13 international HVDC links and five
domestic HVDC links.

Figure 1. Diagram of Great Britain power system.

Among the five domestic HVDC links, the W.Coast
HVDC is an LCC-HVDC link, while the other four (W.Coast
HVDC 2, W.Coast HVDC 3, E.Coast, and E.Coast 2) are
VSC-HVDC links. Each bus has eight synchronous generators
based on different fuels (biomass, coal, gas, nuclear, hydro,
pump storage, oil, and other), one wind plant, one solar plant,
and one aggregated load. All synchronous generators are

equipped with a governor, exciter, and automatic voltage
regulator. The synchronous generators with the fuel type of
biomass, nuclear, gas, hydro, and pump storage are equipped
with local PSSs. All the renewables and HVDC links are
represented by static generators. They are equipped with user-
defined active power controllers and voltage controllers to
modulate active power output and maintain the local voltage,
respectively.

Modal analysis is first conducted based on the GB model.
Under the default dispatch with intermediate load, the
dominant mode with low damping can be observed and
marked in Figure 1. This mode is the oscillation between the
generators in the northern vs. southern GB. This oscillation
mode is selected as the target mode, which needs to be
suppressed by the POD controller.

I11. ADAPTIVE POD DESIGN METHOD

A. Adaptive POD Design method overview

The adaptive POD design method is shown in Figure 2.
The adaptive capabilities of the POD is conducted from two
aspects:

1) Optimal observasion signal and actuator, i.e., control
loop selection, for different system operating condition,
which will be introduced in Section Ill. B.

2) The POD parameters are calculated according to the
measurement-driven approach in Section Ill. C. This is the
core adaptive part that can achieve online updates.

B. Observation Signal and Actuator Selection Method

With the increasing installations of PMUSs, a great number
of candidate observation signals collected by PMUs can be
utilized for oscillation mode analysis and control. However,
since only some of them have good observability of the
dominant oscillation mode, a comprehensive method is
needed to select the effective observation signal for the critical
mode among all the candidate observation signals under
different operating conditions.

In this work, a series of three-phase fault events at different
locations are used to excite the oscillation mode of interest.
The Fast Fourier Transform (FFT) algorithm is adopted to
select the optimal observation signals of the damping control
loop by utilizing the simulation output signals collected from
the fault events. For each case, the signals are ranked from
high to low according to the magnitudes at the frequency of
the targeted oscillation mode. The highest-ranking signal is
selected as the observation signal to suppress this dominant
mode.

Since different HVDCs have different controllability to
the system oscillation modes, the residue method is utilized to
analyze the sensitivity of all candidate actuation signals to the
observation signal and to select the optimal actuator. The
transfer function G(s) is obtained from the input u; to the
output y;, and it can always be expressed as a sum of partial
fractions of the form:
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Figure 2. Adaptive POD design.

where Ry is the residue associated with the mode . The
residue Rx provides an idea of how the mode Jx is affected by
the input u;and how visible it is from the output y;. The optimal
input-output signal pair is given by the maximum value of the
residue magnitude.

C. POD parameter calculation based on measurement-
driven approach

The measurement-driven approach is used to design the
POD controller. The POD controller uses the selected
effective observation PMU measurement as the input signals,
and its control command is added to Prer and/or Qref to suppress
the targeted oscillation mode by modulating the active power
or reactive power of the selected HVDC link. In this paper, the
auxiliary POD control via VSC-HVDC links is investigated to
damp the low-frequency oscillation. To get the realistic
dynamic oscillation properties of the entire system for POD
design, a probing signal is added to Prs and Qrer, and the
corresponding feedback signal response is collected for
constructing the measurement-driven model with the
prediction error method (PEM) [21].
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Figure 3. POD structure.

Figure 3 illustrates the block diagram of the POD
controller, which consists of a washout block, a band-pass
filter, two phase compensation blocks, and a gain block [22].
The input signal of the POD is selected based on FFT analysis
result, and the controller parameters are designed based on the
identified measurement-based model. The output signal of
POD Pprop/Qrop is added as an auxiliary signal to the Py to
modulate the active power, or to the Qs to modulate the
reactive power of the HVDC links.

The time constant T, of the washout block is set as 10s.
The transfer function K; (s) of the filter is [23]:

a,
o )
Kf(5)=
S+ s+

where o is the oscillation frequency of the targeted mode. Q

is the quality factor, which is usually set to be 1.

In the phase compensation block, T; and T, are the lead
and lag time constant, respectively. K is the gain of the POD.
Prob_max/Qpop_max and Ppop_min/Qrop_min are the upper and
lower limits of the POD output.

According to Ry associated with the inter-area oscillation
mode J, the compensation angle of POD satisfies

ZK(joy )+ 2R, =-180 3)
and the amplitude satisfies
|K(jwd)|‘|Rk|:|_(§*_§k)wd| 4

where wq and ¢ are the frequency and damping ratio of the
dominant inter-area oscillation mode. ¢~ is the expected
damping ratio.

The parameters of K(s) can be calculated with the
following equations [24]:

a=(1+sind,,)/A-sinb,.),0... = ZK(jo,)!?2

T=al,, T,=1/ (Jew,) )
K =[K(jo,)l/(@+T8)/@+T,3),_,,. )°

IV. CASE STUDIES

In order to demonstrate the POD performance using
detailed HVDC models, the reduced 36-bus GB grid model is
converted from DigSILENT/PowerFactory to RTDS.
Detailed models of the VSC-HVDC links are used, as
provided by the National HVDC Center [25]. For the case
studies, a temporary three-phase line fault is applied in Zone
27W att = 2s as the event trigger.

The adaptive POD performance is tested under three
different system dispatches: default dispatch (Dispatch 1), low
load/high renewable dispatch (Dispatch 2), and high load/low
renewable dispatch (Dispatch 3). For the three dispatches, the
optimal observation signal and actuator are selected in
advance by using the method introduced in Section III. B. In
this case study, the optimal observation signal is f;-f3, and the
actuator is W.Coast 3 HVDC for P, Q, and P&Q modulation
under three different dispatches. Therefore, the adaptive
capability 1 in Figure 2 is not demonstrated in this case study.



The oscillation frequency and damping ratio of the dominant
oscillation mode for the three dispatches are shown in TABLE
l.

TABLE I. OSCILLATION MODE FOR DIFFERENT DISPATCH
Dispatch No. Oscillation Freq. (Hz) Damping Ratio (%0)
1 0.89 3.11
2 0.85 0.82
3 0.77 5.07

According to Section III. C, the POD parameters are
updated and listed in TABLE Il. and TABLE lII. for the three
system dispatches. The active power modulation amplitude is
usually limited within +10% of the HVDC link’s capacity.
While the reactive power limit can be largely utilized for
damping control, since the HVDC link only transmits the
active power. Note that the parameters T1 and T are set to 0
to bypass the lead-lag blocks when using P modulation.

TABLE I1. POD PARAMETERS FOR P MODULATION
Dispatch P limit
No. Tw Wn T1/Tz K (MVV)
1 10 5.592 0/0 55 +400
2 10 5.341 0/0 220 +400
3 10 4.838 0/0 220 +400
TABLE IlI. POD PARAMETERS FOR Q MODULATION
Dispatch Q limit
No. Tw wn TJT, K (MVar)
1 10 5.592 0.093/0.322 336.5 +1550
2 10 5.341 0.181/0.181 345.0 +1550
3 10 4.838 0.243/0.157 758.0 +1550
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Figure 4. POD performance via P, Q, and P&Q modulation.

The POD control performances via P, Q, and P&Q
modulation for Dispatch 1, 2 and 3 are given in Figure 4. From
Figure 4, it can be proved that the designed POD controller
can suppress the targeted oscillation mode via either P
modulation or Q modulation for the three dispatches. The
POD modulating both active and reactive power performs
better than just modulating one of them.

To verify the necessity of the adaptive POD, the
comparison of POD performance with non-adaptive and
adaptive parameters under Dispatch 2 and 3 are shown in
Figure 5 and Figure 6, respectively. Non-adaptive means the
POD parameters designed for Dispatch 1 are used under
Dispatch 2 or 3 (parameters in the first row of TABLE Il and
TABLE I1l). Adaptive refers to the specified parameters
designed for Dispatch 2 or 3 (parameters in the second row
for Dispatch 2 and third row for Dispatch 3). The oscillation
frequency and damping ratio comparison are given in
TABLE IV.
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With adaptive POD parameters, the damping
performance can be improved for either P or Q modulation,
especially via Q modulation. Compared to non-adaptive Q
modulation, the damping ratio increases over 10% for
Dipatch 2 and over 5% for Dispatch 3, which shows the
effectiveness of the adapative POD design.

TABLE IV. ADAPTIVE POD PERFORMANCE
Dispatch Scenario Oscillation Damping
No. Freq. (Hz) Ratio (%)
No POD N/A 0.85 0.82
P modulation Non-adaptive 0.83 11.32
2 Adaptive 0.83 12.09
. Non-adaptive 0.92 451
Q modulation =40 Htive 0.85 >15
No POD N/A 0.77 5.07
P modulation Non-adaptive 0.75 7.48
3 Adaptive 0.75 8.67
. Non-adaptive 0.77 9.89
Q modulation =40 Htive 0.77 >15

V. CONCULUSION

In this paper, an adaptive wide-area POD controller via
HVDC links is designed for the Great Britain power system.
The POD input signal and the control parameters can be
adjusted according to the wvarious system operating
conditions. Case studies using a GB model developed in
RTDS demonstrate that: (1) The POD via either P, Q or P&Q
modulation can damp the oscillation effectively; (2) The POD
can effectively select the observation signal and actuator
based on the system dispatch; (3) Under different system
dispatches, the adaptive POD can adjust its control
parameters. The damping effect shows that it performs better
than the POD with fixed parameters, especially for POD via
Q modulation.
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