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Abstract—Conventional power oscillation damping (POD) 
controllers have been designed to be effective in damping either 
inter-area low-frequency oscillations (LFO) or sub-synchronous 
oscillations (SSO). For those POD controls, model-based control 
design method has been widely implemented with wide-area 
feedback signals from phasor measurement units (PMU). 
However, the model accuracy of a large realistic power system 
can hardly be guaranteed, which will finally impact the POD 
damping performance. In this paper, a measurement-based 
method is proposed for POD design using High Voltage Direct 
Current links (HVDC) to realize the coordinated control of both 
LFO and SSO. For each type of oscillations, a band-pass filter is 
added to avoid the interactions between different modes. Case 
studies are carried out on the Great Britain 36-bus power 
system model with multiple HVDC links in 
DIgSILENT/PowerFactory. Simulation results demonstrate that 
the proposed PODs are effective in damping inter-area LFO and 
SSO simultaneously. 

Index Terms—Low-frequency oscillation, sub-synchronous 
oscillation, phasor measurement unit, power oscillation damping 
control, coordinated control, HVDC links.  

I. INTRODUCTION  

Low-frequency oscillations (LFO) and sub-synchronous 
oscillations (SSO) have been a significant consideration to the 
secure and economic operation of large interconnected power 
systems [1-2]. These two different types of oscillations can 
also interact with each other. If not effectively damped, the 
power system could collapse and/or the resources within it 
could destabilize - blackout events may happen. Typically, 
Power System Stabilizers (PSSs) at conventional synchronous 
generators are used to suppress LFOs. PSSs use local feedback 
signals with relatively low observability for control and are 
usually designed and tuned based on offline simulations using 
system planning models for several assumed system operating 
conditions [3-4]. With the retirement and declining availability 

of conventional synchronous generators operating on the 
power system combined with the increasing integration of 
Inverter based renewable resources (IBRs), this results in 
insufficient stabilizing capability available from the remaining 
conventional generators. Moreover, the location of the 
remaining conventional synchronous generators may also be 
sub-optimal to the prevailing power flow and the power 
system presented at a given time and render them 
inappropriate to suppress these oscillations. Power electronics-
based devices such as high-voltage direct current (HVDC) 
transmission systems however can provide fast oscillation 
damping control to both natural LFO and SSO [5-7]. Such 
damping control however must be accurately controlled and 
tuned to avoid generating new modes of oscillation and new 
forms of destabilization. If insufficient control is enabled, the 
grid-following control of these devices will instead track and 
add to any power system oscillation that prevails at their point 
of connection to the power system. It is therefore important 
that a sufficient damping with correct control is applied across 
the power electronic-based devices being connected to the 
future power system. 

With the wide deployment of phasor measurement units, 
wide-area measurement signals have been proved to be more 
effective on damping oscillations than local signals. Within 
GB, there is a commitment to roll-out a comprehensive 
coverage of PMU devices over the transmission system over 
the next five years [8]. Model-based control design methods 
have been widely investigated and implemented on oscillation 
damping control with use of wide-area feedback signals [9-
10]. However, the power grid dynamic properties could 
change significantly with the variations of the grid’s operating 
conditions due to the high penetration of renewables and many 
of the inherent intermittencies of these resources, the variation 
of demand, and other market trading and availability factors 
influencing a given period of operation. In a realistic power 
grid, such a complex and high-order system is difficult to be 
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modeled accurately for a given point in time, the model 
parameters and dynamic properties have a high-level of 
uncertainty [11].  

In this paper, a measurement-based method is proposed to 
depict the system oscillatory dynamics through a simplified 
linear transfer function model built online. Residue method is 
then used to design the controller parameters for damping both 
LFO and SSO via use of the strategically located HVDC links 
being installed to connect in parallel with the onshore power 
system. Different from other auxiliary controller of HVDC 
links, the proposed controller can adjust its parameters based 
on the real time measurements instead of relying on the 
accuracy of the offline simulation model. The proposed POD 
controller is tested through the 36-bus Great Britain (GB) 
system to verify its efficiency. 

II. OVERVIEW OF GREAT BRITAIN SYSTEM  MODEL AND 

ITS MODES  

A reduced 36-bus model in DIgSILENT/PowerFactory 
representing the Great Britain power system, developed by 
National Grid Electricity System Operator (National Grid 
ESO) is used for this case study [12]. The system topology 
with 13 international HVDC links and five domestic HVDC 
links is shown in Fig. 1. Among the five domestic HVDC 
links, the West Coast HVDC is an LCC-HVDC link, while the 
other four (West Coast HVDC 2, West Coast HVDC 3, East 
Coast and East Coast 2) are VSC-HVDC links. Each bus has 
eight synchronous generators, one wind plant, one solar plant, 
and one aggregated load. All synchronous generators are 
equipped with governor, exciter, and automatic voltage 
regulator. The synchronous generators with the different fuel 
types of biomass, nuclear, gas, hydro, and pump storage are 
equipped with local PSSs. All the renewables 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 was performed on the GB model, and three 
oscillation modes were identified, as shown in Fig.1. The 
dominant low frequency oscillation is the one between the 
generators in North and South GB, whose boundary is shown 
in blue. The second oscillation is the one between the 
generators in northwest and the southeast GB. The third one is 
a local oscillation mode. Detailed mode analysis is given in 
Section V. Next the POD control design method is presented, 
to ensure coordinated control of the LFO and SSO.   

III. MEASUREMENT-BASED MODEL IDENTIFICATION  

A.  Optimal observation signal and actuator selection 

With the increasing installations of PMUs, 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 optimal observation signal for the critical mode 
among all the candidate observation signals.  

The Fast Fourier Transform (FFT) algorithm can rapidly 
transform time-domain signals to frequency domain by 

factorizing the discrete Fourier transform matrix into a product 
of sparse (mostly zero) factors [13]. The function Y = fft(x) is 
given for vectors of length N by: 

     
1

0

( ) ( )
N

jk
N

j

X k x j ω
−

=

= ∑  , 0≤k≤N-1                      (1) 

where ( 2 )/i N
N e πω −= is an N-th root of unity. 

 

Figure 1.  Diagram of Great Britain power system 

In this work, a series of three-phase fault events at 
different locations are used to excite the oscillation mode of 
interest. FFT is adopted to select the optimal observation 
signals of the damping control loop by utilizing the 
measurement signals collected from the fault events. The time 
window is 20 seconds, and the sampling rate is 100 Hz. For 
each case, the measurement signals are ranked from high to 
low according to the magnitudes at the frequency of the 
targeted oscillation mode. Finally, the final rank is derived by 
using the mean value of different cases, and the highest-
ranking signal is selected as the optimal observation signal to 
suppress this dominant mode. 

Since different HVDCs have different controllability to the 
system oscillation modes, a method to analyze the sensitivity 
of all candidate actuation signals to the observation signal is 
developed to select the optimal actuation signals.  

The transfer function ( )G s  is obtained from the input ui to 
the output yj, and it can always be expressed as a sum of 
partial fractions of the form  

0

( )
n

k

k k

R
G s

s λ=

=
−∑                            (2) 

where kR  is the residue associated with the mode kλ . The 

residue kR provides an idea of how the mode kλ is affected by 
the input ui and how visible it is from the output yj. Therefore, 
the residues are clear measures of joint controllability and 
observability of a particular oscillation mode. For this reason, 
residues are commonly used in damping oscillation analysis. 
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Generally, the residues are complex numbers, and the optimal 
input–output signal pair is given by the maximum value of the 
residue magnitude. 

B. Measurement-based model identification method with 
probing signal 

The measurement-based approach to design the POD 
controller is illustrated in Fig. 2. The POD controller uses the 
optimal feedback frequency measurements from the selected 
PMUs as its input signals, and its control command is added to 
Id_ref and/or Iq_ref to suppress the targeted oscillation mode 
by modulating the active power or reactive power of the 
selected HVDC link. In this paper, the auxiliary active power 
control via VSC-HVDC links is investigated to damp the two 
types of oscillations. As shown in Fig.2, a probing signal is 
added to Id_ref under the most recent normal operating 
condition and the corresponding feedback signal response is 
collected for constructing the measurement-based model with 
the prediction error method (PEM) [14]. The identified 
measurement-based model can be updated in real-time and 
reflect the realistic dynamic oscillation properties of the entire 
system. The POD controller parameters are then tuned based 
on the measurement-based model to guarantee its online 
damping performance. Here the probing signal is adopted with 
filtered white noise signal, which can concentrate its energies 
in the dominant mode frequency range. The measurement-
based model of the power system can be represented as a 
simple output error (OE) model in (3). 

11
1 2

1
1

( )
( ) ( ) ( )

1

− − +−

−−

+ + +
= +

+ + +

L

L

k b

b

f

f

n n
n

n

n

z b b z b z
y t u t e t

f z f z
           (3) 

where y(t) and u(t) are the output and input of the model, the 
e(t) is the error. 

  
Figure 2.  Measurement-based approach to design POD via HVDC 

Prediction error method (PEM) estimates the parameters of 
the model by solving the following optimization problem: 

 

1

ˆ arg min ( , )

1
( , ) ( ( , ))

N N

N

N N
k

V Z

V Z l k
N

ε
=

⎧ =
⎪
⎨

=⎪
⎩

∑

*
N θ
θ θ

θ θ
                     (4) 

where { }(1), (1), , ( ), ( )= LNZ u y u N y N is input and output 

data set the for system identification. ( ( , ))θεl k  is the 

prediction error. In this paper, l (·) is selected as
2

( )ε ε=l . 

 

IV. POD DESIGN METHOD  

A. POD controller structure 

In order to ensure all the oscillation modes can be 
suppressed effectively, the POD is designed to damp each 
mode with a multi-channel structure. For each channel, a 
band-pass filter is added to avoid the unexpected interactions 
among different modes. Fig. 3 illustrates the block diagram of 
the POD controller with two channels for damping both 
natural LFO and SSO. For each channel, it consists of a 
washout block, a band-pass filter, two phase compensation 
blocks, and a gain block [15-16]. The input signal of each 
POD channel is selected based on FFT analysis results for 
each mode, and the controller parameters of each channel are 
designed based on the identified measurement-based model. 
The output signal of POD is added as an auxiliary signal to the 
Id_ref to modulate the active power of the HVDC links. The 
limiter of POD is set to be ± 0.1 p.u., which means 10% of the 
active power of HVDC links can be utilized for damping both 
natural LFO and SSO. 

 

Figure 3.   Multi-band POD structure with muliple channels 

The time constant Tw of the washout block is 10s. The 
transfer function of the filter is [13]:  

2 2
( )

n

f
n

n

s
Q

K s
s s

Q

ω

ω ω
=

+ +
                     

(5)

 
where ωn is the oscillation frequency of the targeted mode. Q 
is the quality factor, which is usually set to be 1. 

B. POD parameter calculation 

The compensation phase and gain are the key parameters 
that determine the controller performance, and should be 
designed carefully. When modulating active power of HVDC 
links, the compensation phase and control gain can be 
calculated directly based on the transfer function of the power 
system model.  

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

 ( ) 180d kK j Rω∠ + ∠ = − o                         (6) 
and the amplitude satisfies 

*( ) ( )d k k dK j Rω ς ς ω= − −�                      (7) 
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where dω  and kς  are the frequency and damping ration of the 

dominant inter-area oscillation mode. *ς  is the expected 
damping ratio.  

The parameters of K(s) can be calculated with the 
following equations [11]: 

 

max max max

1 3 2 2 4
2

1 2

(1 sin ) (1 sin ) , ( ) / 2

, 1 ( )

( ) ( (1 ) (1 ) )
d

d

d

w d s j

K j

T T T T T

K K j T s T s ω

α θ θ θ ω
α αω

ω
=

= + − = ∠⎧
⎪

= = = =⎨
⎪ = + +⎩

    (8) 

V. CASE STUDY ON GREAT BRITAIN GRID MODEL  

A. Oscillation mode analysis 

With all the five domestic HVDC links activated, small-
signal analysis of the default dispatch is conducted by using 
the built-in small-signal analysis tool in 
DIgSILENT/PowerFactory. This tool is used to conduct 
eigenvalue analysis of the entire system to calculate the 
properties of the oscillation modes, e.g., oscillation frequency, 
damping ratio, and mode shape. Three LFO modes with low 
damping can be observed in the GB system, which are listed 
in TABLE I. Mode 1 (0.880 Hz) with the lowest damping 
ratio is the oscillation between the generators in the northern 
and southern GB. Mode 2 (1.015 Hz) with a bit higher 
damping ratio (7.8%) is the oscillation between 
western/northern and southern/eastern GB. Mode 3 is a local 
mode inside the northern England. Mode 1 (0.880 Hz) which 
has the lowest damping ratio is the dominant natural LFO 
mode for the POD design. In addition to the LFO modes, a 
10Hz SSO oscillation was artificially introduced in the GB 
system by detuning the parameters of the wind plant model at 
Bus 29.   

TABLE I.  SMALL-SIGNAL ANALYSIS OF GB SYSTEM 

Mode Frequency (Hz) Damping ratio (%) 
Mode 1 0.880 3.27 
Mode 2 1.015 7.81 
Mode 3 1.417 8.16 

B. Observation signal and actuator selection 

Several candidate observation signals are chosen from 
each zone in the system, as listed in TABLE II. Four different 
contingencies at different locations are applied to the system 
to conduct FFT analysis of each signal. TABLE II gives the 
normalized FFT results of each signal under all the events. 
The mean value of the FFT results under the four events of 
TABLE II is chosen as the index for the observation signal 
selection. Compared to other signals, the bus frequency 
difference between Bus 1 and Bus 32 (f_1-f_32) has the 
highest magnitude at the dominant natural LFO mode (Mode 
1), and is chosen to be the optimal observation signal for the 
POD. To calculate the controllability of the four domestic 
VSC-HVDC links, the probing signal is injected at the Id_ref 
of the corresponding active power control. The model 
representing the relationship between the probing signal and 
the optimal observation signal is identified, and the 
corresponding absolute value of residues are calculated. 
TABLE III shows the normalized residue results of the four 
domestic VSC-HVDC links. It can be clearly seen that West 
Coast 3, East Coast 2 and West Coast 2 HVDC are the optimal 

actuators for damping control under all three different 
dispatches. In this paper, the West Coast 3 is chosen to test the 
POD damping performance. Hence, West Coast HVDC 3 was 
used as the actuator for SSO suppression as well. 

TABLE II.  NORMALIZED FFT RESULTS  

Area Signal Event 
1 

Event 
2 

Event 
3 

Event 
4 

Mean 

England 

f_1 0.658 0.597 0.658 0.660 0.643 
f_4 0.369 0.533 0.379 0.315 0.399 
f_3 0.107 0.114 0.107 0.123 0.112 
f_10 0.068 0.077 0.080 0.082 0.077 
f_12 0.115 0.135 0.104 0.118 0.118 
f_16 0.186 0.220 0.181 0.189 0.194 
f_19 0.278 0.329 0.277 0.249 0.283 
f_22 0.283 0.336 0.282 0.258 0.290 

Scotland 
f_27E 0.302 0.357 0.295 0.293 0.312 
f_27W 0.292 0.346 0.287 0.283 0.312 
f_32 0.348 0.411 0.345 0.3401 0.361 

Frequency 
difference 

f_1-
f_32 

1.000 1.000 1.000 1.000 1.000 

TABLE III.  NORMALIZED RESIDUE RESULT OF DIFFERENT HVDC LINKS  

Name Capacity (MW) 
Normalized residue 

Magnitude 
East  Coast 3000 0.58 
East Coast 2 5000 1.00 
West Coast 2 5000 0.97 
West Coast 3 5000 0.97 

C. POD design and performance  

According to the POD design method introduced in 
Section III, the parameters of the POD controllers for damping 
LFO and SSO can be calculated by using the residue method. 
Since the phase shift angle is close to zero for damping control 
of parallel HVDC link, the phase shift block will be bypassed. 
The POD parameters for LFOs and SSOs are shown in 
TABLE IV. The active power modulation amplitude is usually 
limited within ±10% of the HVDC link’s capacity. 

TABLE IV.  POD PARAMETERS  

POD channel 
Input 
signal 

Tw 
(washout) 

ωn 
(filter) 

K 
(control gain) 

LFO  f_1-f_32 10 5.466 55 
SSO f_32 10 62.83 300 

 
The damping performance of POD at West HVDC 3 is 

validated under a temporary three-phase fault at line 26-27W. 
Fig. 4 shows the bus frequency response at Zone 32 under the 
different control schemes. TABLE V lists the Prony analysis 
results under different control schemes. It can be seen clearly 
that the POD controller is able to actively suppress LFO and 
SSO after the disturbance happened. The damping ratio of 
LFO can be improved from 3.2% to 6.0%, and the oscillation 
magnitude can be reduced from 0.0004 to 0.0003. Similar 
conclusion can also be observed for SSO from TABLE V. The 
LFO controller in combination with the SSO controller 
coordinate to improve the response of the power grid, 
compared to the individual SSO and LFO controllers. 

With regard to the POD controllers, their output signals to 
the HVDC units can be seen in Fig. 5. It can be seen that the 
POD controllers can adjust their output signals to counteract 
the oscillations occurring in the network as desired.  
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Figure 4.  Frequency response with different POD under three-phase fault 
event. 

 

Figure 5.  POD controller output. 

Figure 6.  POD Performance Comparison 

Scenario 
LFO SSO 

Mag. 
Freq. 
(Hz) 

Damp. 
(%) 

Mag. 
Freq. 
(Hz) 

Damp. 
(%) 

Without POD 0.0004 0.88 3.27 0.0003 11.82 0.51 
POD for SSO 0.0005 0.85 3.28 0.0001 11.82 1.00 
POD for LFO 0.0003 0.94 6.65 0.0003 11.85 0.51 
POD for LFO 
& SSO 

0.0003 0.94 6.00 0.0001 11.82 0.95 

VI. CONCLUSION 

In this paper, a multi-band wide-area POD controller using 
a measurement-based transfer function model is designed and 
validated to improve GB’s small-signal stability by 
simulations in DIgSILENT/PowerFactory. The measurement-
based approach is used to design the POD controller with 
active power modulation of HVDC links. It has found that the 

optimal actuators within the GB 36 bus model tend to 
represent the HVDC links that operate in parallel to the 
existing onshore system which are connected at particularly 
relevant locations for application of a damping control. Either 
active or reactive power modulation of HVDC links through 
POD can be designed based our proposed POD design 
method. The damping performance of the proposed POD is 
validated on the 36-bus GB grid model. The simulation results 
of the developed POD controller show that both LFO and SSO 
can be damped effectively using the HVDC links. 
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