
0885-8993 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2019.2952656, IEEE
Transactions on Power Electronics

IEEE TRANSACTIONS ON POWER ELECTRONICS 1

Coupling of AC Grids via VSC-HVDC
Interconnections for Oscillation Damping based on

Differential and Common Power Control
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Abstract—This paper presents a control approach for HVDC
interconnections that provides damping of frequency oscillations
in asynchronous ac grids by introducing a virtual friction for
coupling their inertial dynamics. The HVDC interconnection is
modelled by using the concept of common and differential power
flow, allowing for independent control of the dc voltage and the
net power transfer between HVDC terminals, respectively. The
proposed controller introduces a damping effect in the differential
power flow which is equivalent to a mechanical friction between
the generators connected to the ac grids at the two terminals. This
virtual friction-based damping can effectively attenuate poorly
damped frequency oscillations that can be observed where the
HVDC interconnection is interfaced to either of the ac grids
without relying on fast communication between the converter
terminals. The impact of the proposed control technique on the
stability and damping of two interconnected power systems is first
analysed by using a simplified model. Then, the sensitivity to the
frequency and damping of the oscillation modes appearing in the
ac grid frequencies, as well as the effect of the dc line resistance on
the oscillation damping are evaluated. Finally, the control system
performance is experimentally validated on a scaled laboratory
setup.

I. INTRODUCTION

Low-frequency electro-mechanical oscillations in traditional
power systems (i.e. intra-area and/or inter-area oscillations) are
largely defined by the inertia and damping of the synchronous
generators, their governors and excitation systems, and the
power system topology [1]. Therefore, methods for Power Os-
cillation Damping (POD) and attenuation of frequency oscil-
lations have been widely studied in traditional interconnected
power systems. Since the early practical applications of power
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electronic technology in the transmission system, POD control
has also been investigated for HVDC interconnections [2, 3].
Initial research efforts focused on POD by Current Source
Converter (CSC) HVDC systems while HVDC links based
on Voltage Source Converters (VSCs) have been increasingly
preferred during the last decade [4]. Thus, recent research
efforts have been mainly focused on the possibility offered by
utilizing VSC-HVDC interconnections for improving power
systems stability and contributing to damping of low frequency
oscillations [5–8].

In modern power systems, Renewable Energy Sources
(RES) with power electronic grid interfaces are increasingly
replacing traditional generation plants [9]. However, power
electronic converters with conventional control strategies do
not inherently provide physical inertia, and reduced equivalent
system inertia may compromise the stability of power systems
under severe disturbances [10]. Therefore, new oscillatory
issues related to the increasing penetration of power electronics
converters are also becoming important [11].

To compensate for reduced equivalent system inertia, some
authors have proposed specific control strategies for HVDC
systems that emulate the dynamic properties of synchronous
generators [12–14]. This is becoming an attractive control
approach since power systems are inherently designed to
operate with synchronous generators and, once their control
parameters are properly set, such converters can contribute to
the power system stabilisation. However, in most cases, this
approach implies the dc-voltage regulation has to be in the
same time-scale (or slower) than the synchronous machine
dynamics, and this can threaten the dc-voltage stability.

Without considering contributions to the equivalent system
inertia, several control strategies have also been proposed
for utilizing HVDC-links to damp oscillations in emerging
power system configurations. For example, Zeni et al. [6]
recommended guidelines for controller design in order to
damp oscillations in HVDC links connected to off-shore wind-
farms. In [15] a supplementary controller based on neural
networks was introduced for inter-area Power Oscillation
Damping (POD). The method provides accurate results, but it
is computationally intensive. Other authors focused on control
strategies for POD by using Wide Area Measurement Signals
(WAMS). For example, Preece et al. [16] demonstrated a
controller for POD based on a Linear Quadratic Gaussian
regulator by using WAMS. Pierre et al. [17] proposed a
supervisory controller for inter-area POD by using real-time
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Fig. 1. Electrical and control diagram of a point-to-point HVDC connection providing virtual friction and voltage support to both sides.

frequency measurements, while Agnihotri et al. [18] designed
a robust controller that considered partial and complete loss
of communications. These control strategies showed satisfac-
tory performance, but the requirement of fast communication
increases the system complexity and reduces reliability [19].

To avoid dependency on high-bandwidth communication
between HVDC terminals, control strategies that use the dc-
link voltage as an indicator of the ac network frequency
deviation have been proposed. One of the first attempts was
introduced by Phulpin [20], who proposed a communication-
free controller that allowed offshore wind generators con-
nected via VSC-HVDC links to provide inertia to the mainland
ac grid. Recently, some authors have proposed coordinated
control strategies to provide frequency support and/or inertia
emulation via coordinated dc-voltage regulation [11, 21, 22].
In particular, Rouzbehi et al. [23] introduced the concept
of inertia sharing for ac systems coupled by MTDC links.
The control scheme provided a virtual coupling between ac
networks, increasing the equivalent system inertia. However,
coupling of lightly-damped ac systems and damping of low
frequency power oscillations was not addressed.

This paper introduces a controller for VSC-HVDC links
that introduces virtual electro-mechanical friction between two
power systems. As introduced in [24], the design of the pro-
posed control strategy is based on equivalent swing equation
models representing the interconnected power systems. Fre-
quency support as well as damping of frequency oscillations
at both sides of the HVDC link is inherently provided by
the control strategy. The implementation uses the differential
and common power concept introduced in [25]. This approach
allows independent control of the dc voltage and the power
transfer of the HVDC link, and it is demonstrated how this
representation assigns physical meanings to the controller
gains of the proposed virtual friction control.

Based on the general concepts introduced in [24], this
paper addresses the controller implementation in detail, and
shows that the proposed approach allows a straightforward
implementation of the virtual friction control with no need
of communication between the HVDC converter terminals.
Furthermore, the POD capability of the proposed controller
is analytically evaluated by using a simplified model of the
two ac networks connected via the HVDC-link. The impact of
the oscillation frequency and damping of the oscillations in the

two grid frequencies is analysed in detail as well as the impact
of the dc line resistance on the POD capability. Finally, the
performance of the control scheme is experimentally validated
by using a scaled prototype of the VSC-HVDC link.

II. SYSTEM OVERVIEW AND MODELLING

A. Reference System Configuration
Fig. 1 shows the electrical and control system diagram of

the point-to-point VSC-HVDC configuration considered in this
paper, consisting of two VSC terminals (VSC1 and VSC2)
that interconnect two asynchronous grids. For analysing the
operation of the VSC terminals for damping low frequency
power system oscillations, the two different asynchronous
areas can be modelled as equivalent generators that aggregate
the electro-mechanical dynamics of each area [1]. Therefore,
the dynamics of the ac networks considered in this paper are
represented by two equivalent generators (G1 and G2).

The control of the two VSCs terminals include traditional
inner loop controllers and they are operate as power-controlled
sources that inject or absorb active and reactive powers from
the ac grids. For each terminal, the grid-side current, the output
voltage and dc-capacitor voltage are denoted as io, vs and
vdc, respectively. The two terminals (1 and 2) are indicated as
variable subscripts (i.e. io1). The dc capacitor of each VSC is
referred as Cdc, and the total equivalent capacitance of the dc
system is given by C ′dc = Cdc1 +Cdc2 +Ccable, where Ccable

is the equivalent capacitance of the dc cable interconnecting
the VSC terminals.

Both terminals are assumed to have identical controllers
with an inner power controller (’VSC controller’) cascaded
with an outer loop controller (’Virtual friction controller’) that
emulates the effect of a friction between the two equivalent
generators and regulates the dc-link voltage.

B. Equivalent Generator Modelling
The linearised swing equation of generator G1 can be

written as follows (and the same equation can be used for
generator G2) [26, 27]:

2H1
d∆ω1

dt
= ∆Pm1 −∆Pe1 −D1∆ω1, (1)

where “∆” is the incremental operator, H1 is the equivalent
inertia constant of the synchronous area, D1 is the equivalent
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Fig. 2. Power flow representation in a Back to Back configuration based on
the common and differential power concepts.

damping factor of the area, ω1 is the area angular frequency,
Pm1 is the mechanical power supplied by the equivalent
turbine, and Pe1 is the electrical power demanded by the local
area load [1]. The mechanical power Pm1 is controlled by
using an equivalent turbine speed governor represented as a
first-order low-pass-filter [1], where R1 is the frequency droop
coefficient, and T1 is a time constant that models the delayed
response of the turbine actuator [26]. Thus, the dynamic
equation of the governor in Laplace domain is:

∆Pm1 = ∆P ∗ +R1/(T1s+ 1) · (∆ω∗ −∆ω1), (2)

where P ∗ and ω∗ are the active power and angular frequency
set points, respectively. For the sake of simplicity, the incre-
mental operator “∆” will be omitted in the rest of the paper.

The applied model is the simplest representation of the
dynamics of a synchronous generator, modelled as a second-
order system. Thus, this model provides an easy interpretation
of the coupling effect introduced by the proposed control
system and it will be used to represent the frequency oscilla-
tions that can be measured at the HVDC terminals. A similar
approach for simplified representation of ac grids has been
recently justified in [28], for analysis of the performance of
HVDC links in damping of inter-area oscillations. Thus, any
intra-area or inter-area oscillations that can be detected in the
frequency estimated at the HVDC terminals can be equiva-
lently represented by a second-order system. It is important
to remark that the proposed control concept is generic and
it can be applied in any arbitrary complex power network
model. However, a simplified equivalent model of each ac
grid is convenient for demonstration and analytical evaluation
of the virtual friction concept, while analysis of the influence
from the detailed power system configuration on the dynamic
performances of the proposed control strategy is considered
as a further research.

C. Common and Differential Power Concepts

The concept of differential and common power was intro-
duced in [25] with Fig. 2 showing an example of its application
to a Back-to-Back (BTB) configuration. The active power flow
can be defined by:

pcm = −(po1 + po2), (3)
p∆ = (po1 − po2)/2, (4)

where po1 and po2 are the instantaneous active powers deliv-
ered to the ac grids by VSC1 and VSC2, respectively while
pcm and p∆ represent the common and differential powers.
The main advantage of this representation is the decoupling
of the active power flow determining the dc link voltage
dynamics, associated with pcm, from the net active power
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Fig. 3. Block diagram of (a) a differential power controller emulating the
effect of a mechanical friction, and (b) the dc-voltage controller based on the
common power concept. Centralised implementation [29].

flowing from G2 to G1, associated to p∆ [25]. The proposed
controller takes advantage of this property to provide:
• A fast and accurate control of the dc-link voltage by

controlling the common-mode power pcm.
• An effect similar to that of a mechanical friction between

the two generators by controlling differential power p∆.
The output powers po1 and po2 can be expressed as a

function of the differential and common power, (3) and (4),
yielding:

po1 = p∆ − pcm/2, (5)
po2 = −p∆ − pcm/2. (6)

These expressions will be used later to calculate the power
references for each VSC as a function of their common and
differential power references.

III. INTRODUCTION TO THE VIRTUAL FRICTION CONCEPT

A. Differential Power and its Equivalent Mechanical Effect

The differential power p∆ is associated to the active power
exchange between grids, if losses and energy stored in the
LCL filters of the terminals are neglected. As first introduced
in [29], the differential power can be controlled to provide
an effect equivalent to that of a mechanical friction between
the ac networks. With this aim, the following expression is
defined:

p∗∆ = (K∆/s) · (P ∗∆ − p∆ +Bω(ω̂1 − ω̂2)). (7)

The hat “ ˆ ” refers to estimated values, p∗∆ is the differential
power reference for the inner controller, P ∗∆ is the differential
power set point, K∆ is the integral gain, and Bω is the
equivalent mechanical friction to be inserted between the
electrical grids that will be explained in the following. Fig. 3
(a) shows the block diagram of a centralised controller based
on this concept [29].

If the transient response of the differential-power controller
is significantly faster than that of the equivalent generators
(G1 and G2), its dynamics can be neglected for system-level
studies. This assumption will be guaranteed during the design
process. Thus, the differential power can be expressed as:

p∆ = P ∗∆ +Bω(ω̂1 − ω̂2). (8)

Moreover, if power losses are neglected, the swing equations
of both equivalent generators can be expressed in terms of the
HVDC terminals active powers, pe1 = −po1 and pe2 = −po2.
Therefore, by substituting (5) and (6) in (1) (and the same
equation for G2):
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2H1
dω1

dt
= Pm1 + P ∗

∆ +Bω(ω̂1 − ω̂2)− pcm/2−D1ω1, (9)

2H2
dω2

dt
= Pm2 − P ∗

∆ −Bω(ω̂1 − ω̂2)− pcm/2−D2ω2. (10)

In (9) and (10), the coefficient Bω multiplies the difference
of the two generator speeds and its effect is equivalent to
that of a mechanical friction inserted between G1 and G2.
The differential power reference P ∗∆ represents the power
exchanged between the shafts, while the common power pcm
represents the power that flows into the dc capacitor. Fig. 4
represents this concept, graphically.

B. Common Power Based dc-Voltage Controller

By neglecting losses and energy stored in the elements
of LCL filters, the dynamic equation that models the energy
stored in the dc capacitance can be written as [25]:

C ′dc/2 · dv2
dc/dt = pcm. (11)

Since the common power pcm is directly related to the energy
stored in the dc capacitance, the dc voltage can be regulated by
controlling the common-power with a PI controller as shown
in Fig. 3 (b).

IV. IMPLEMENTATION OF THE CONTROLLER WITHOUT
COMMUNICATIONS BETWEEN TERMINALS

In Section III, it has been assumed that measurements from
both terminals are available to a common controller. However,
as already mentioned, it will be preferable to avoid dependency
on high bandwidth communication between the terminals
of a HVDC interconnection. As shown in the following, a
decentralised control scheme can be developed, where only
measurements from a single terminal are assumed available to
each controller. An overview of the resulting implementation
of the virtual friction controller for terminal 1 is shown in
Fig. 5. The same scheme (with the notation adapted) is used
for terminal 2.

A. Implementation of the Equivalent Mechanical Friction

In order to implement a decentralized control scheme, two
new variables, p̃∗∆1 and p̃∗∆2, are defined. For the terminal 1,
its new variable is:

p̃∗∆1 = (K∆/s) · (P ∗∆1 − po1 + 2Bω(ω∗ − ω̂1)

−Ddc(v
∗2
dc − v2

dc)),
(12)

where Ddc is a droop coefficient for the dc-voltage that has
been added to the original expression of p∗∆ in (7). Its main
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(b) dc-voltage controller and (c) current controller and reference generator.

objective is to share information between terminals regarding
mismatches in p̃∗∆1 and p̃∗∆2.

Following the same procedure presented in Section III-A,
the steady state values for the decentralised implementation
can be calculated. In steady state, if (12) and the equivalent
version of the same equation for terminal 2 are subtracted and
divided by two, the following relationship is obtained:

(po1 − po2)/2︸ ︷︷ ︸
p∆

= (P ∗∆1 − P ∗∆2)/2︸ ︷︷ ︸
p∗∆

+Bω(ω̂1 − ω̂2) = 0. (13)

If the droop coefficients of both VSCs have the same value,
steady-state equation (13) is similar to steady-state equation
(7). Repeating the same procedure introduced in Section III-A,
it can be demonstrated that the effect of the frequency droop
Bω is again equivalent to a virtual friction inserted between
the two generators (see Fig. 4). The block diagram of the
proposed controller for terminal 1 is shown in Fig. 5 (a).

B. Implementation of the dc-Voltage Controller

Since both VSCs share the control of the dc-voltage, the
use of two integral actions should be avoided [30]. Therefore,
a P controller has been used:

p̃∗cm1 = Kdc′

p · (v∗2dc − v2
dc). (14)

where Kdc′

p is the dc controller gain.

C. Reactive Power Controller

Reactive power injection at each terminal can be controlled
independently:

q∗o = (KQ/s) · (Q∗o − qo +DV (|~v∗pcc| − |~vpcc|)), (15)

where Q∗o is the reactive power set point, qo is the instanta-
neous value of the reactive power, DV is the reactive power-
voltage droop coefficient, and |~v∗pcc| and |~vpcc| are the module
of the PCC voltage space vector and its reference value,
respectively.

D. Power Reference Generation

Fig. 5 (c) shows the block diagram of the power reference
generator. The proposed controller will generate the reference
values for p∆ and pcm (p∗∆ and p∗cm, respectively). Active
power references (p∗o1 and p∗o2) are obtained by manipulating
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the differential and common power expressions, (3) and (4),
yielding:

p∗o1 = p̃∗∆1 − p̃∗cm1/2, (16)
p∗o2 = p̃∗∆2 − p̃∗cm2/2. (17)

Reactive power references can be set independently (q∗o1 and
q∗o2). Current references are generated by using the output
power of each terminal, independently. Therefore, for one
terminal, the dq-axes current references can be written as [31]:

id∗o = p∗o/v
d
pcc, iq∗o = −q∗o/vdpcc. (18)

V. CONTROL PARAMETERS DESIGN

A. Equivalent Control System

Fig. 6 shows the equivalent block diagram of two generators
connected via a HVDC interconnection with the proposed
controller applied. The frequency estimator used in this paper
can be found in [32]. This equivalent diagram can be derived
from the block diagram depicted in Fig. 5, and adding the
synchronous generators models. First, if the transient response
of the current controller is faster than that of the dc-voltage
and virtual friction controllers, the dynamics of the current
controller can be neglected. Therefore, p∗o1 ≈ po1. Second,
the integral action that gives p̃∗∆ is moved to the power
command po1 and a derivative is added to the common
power loop p̂∗cm. After these manipulations, it can be seen
that the common-mode dc-link controller is equivalent to
a proportional-derivative controller, yet without an explicit
derivative action.

B. Active and Reactive Controllers Design

In order to avoid interactions between the current, dc-
voltage and virtual friction controllers, their time constants
should be sufficiently separated [33]. If this condition is met,

the input-output transfer function of the active power controller
for the VSC1 can be written as:

Po1(s)

P ∗∆1(s)
=

K∆

s+K∆
. (19)

Following a similar approach for the reactive power controller:

Qo1(s)

Q∗o1(s)
=

KQ1

s+KQ1
. (20)

Therefore, the frequency of the closed-loop poles can be
selected by using K∆ = ωp and KQ1 = ωQ1.

C. DC Voltage Controllers Design

The dc voltage controller is designed as a P controller where
the frequency of the first-order closed-loop system can be
selected by using the expression:

Kdc′

p = ωpC
′
dc. (21)

D. DC-Voltage Droop Design

The steady-state equation of the virtual friction controller
in (12) can be written as (one for each VSC):

P ∗∆1 − po1 + 2Bω(ω∗ − ω̂1)−Ddc(v
∗2
dc − v2

dc) = 0, (22)

By adding (22) and the equivalent expression derived for the
VSC2, a new steady-state equation that relates the dc-voltage
and the ac-frequency deviations is obtained:

(P ∗∆1 + P ∗∆2)− (po1 + po2) + 4Bω(ω∗ − ω12)+

−2Ddc(v
∗2
dc − v2

dc) = 0.
(23)

where ω12 is the mean of the two ac grid frequencies, and it
is calculated as follows:

ω12 = (ω̂1 + ω̂2)/2. (24)

Assuming that the system operates in steady-state, the power
consumed by the link are the losses: po1 + po2 ≈ −ploss.
Additionally, in (12), the same power reference has to be
used for both terminals: P ∗∆1 = −P ∗∆2 = P ∗∆, and the
dc-voltage controllers have the same value (Kdc′

p ). Under these
considerations, the power balance equation in (23) becomes:

4Bω(ω∗ − ω12) + ploss = 2Ddc(v
∗2
dc − v2

dc). (25)

This relationship can be used to design the dc-voltage droop
gain (Ddc). By using (25) and according to the maximum
dc-voltage deviation (vdc = v∗dc±∆Vdc), the dc-voltage droop
gain can be calculated as:

Ddc =
4Bω(ω∗ − ω12) + p̂loss

2(v∗2dc − v2
dc)

. (26)

where p̂loss are the estimated power losses dissipated in the
HVDC interconnection. However, the power losses are not
constant and can vary depending on the operating conditions.
One should note that Ddc is selected to establish a steady-
state relation between dc voltage and ac frequencies. Its value
is not critical for the system stability within a reasonable range
and it can be chosen according to the requirements for droop
settings.



0885-8993 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2019.2952656, IEEE
Transactions on Power Electronics

IEEE TRANSACTIONS ON POWER ELECTRONICS 6

sH1
1

+D1

1

*pm

pe1

1

sT1 +1
R1

2

B

2

*

pe2

pm2
sT2 +1
R2

sH2
1

+D22

Fig. 7. Simplified block diagram of the two power networks connected via
the virtual friction.

TABLE I
PARAMETERS OF THE EQUIVALENT GENERATORS

Var. Value Var. Value
H1 1/5 pu H2 1/200 pu
D1 0 D2 0
R1 0.5 R2 0.5
T1 0.5 s T2 3 s
ζ1 0.63 ζ2 0.04
ωos1 1.58 rad/s ωos2 4.08 rad/s

VI. ANALYTICAL RESULTS

This section presents results from an analytical evaluation of
the impact from the proposed controller on a simplified model
of the two networks interconnected. This simplified model
can be derived from the block diagram depicted in Fig. 6.
If the dynamics of the dc capacitor and power controllers are
significantly faster than the generator dynamics, they can be
neglected and the block diagram can be simplified to Fig. 7.

A. Analysis of the Virtual Friction Concept

The impact of virtual friction gain Bω on the oscillations
of the equivalent generators G1 and G2 is analysed in this
section. The parameters of the equivalent generators can be
found in Table I. According to these parameters, generator G1
has a damping factor of ζ1 = 0.63, while generator G2 has a
damping factor of ζ2 = 0.04 (low damping). When the two
systems are not coupled via the HVDC link, ωos1 and ωos2

are the natural frequencies of G1 and G2 respectively. Fig. 8
(a) and (b) show the trajectories of the closed loop poles of
the transfer functions ω1(s)/Pe1(s) and ω2(s)/Pe2(s) when
Bω varies. For Bω = 0 (green poles), the two networks are
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decoupled and the transfer functions exhibit different poles.
Generator 1 presents two complex poles that have frequency
of 1.58 rad/s and damping factor of 0.632, while generator 2
presents two complex poles that have frequency of 4.08 rad/s
and damping factor of 0.04. When Bω increases, the complex
poles of G2 move away from the stability limit, increasing
their damping factor until they reach the real axis and become
real. For Bω = 0.1 (red poles), one of the real poles moves
towards the stability limit, reducing its frequency, while the
other moves away increasing its frequency. The poles of G1
are almost not affected by the variation of Bω .

Fig. 9 (a) and (b) show the bode plot of the transfer
functions ω1(s)/Pe1(s) and ω2(s)/Pe2(s) for different values
of Bω . For Bω = 0 (blue line), both networks are fully
decoupled and G2 exhibits a resonance peak. The virtual
friction value introduces a coupling term and allows a power
exchange between the two networks. It can be seen that
increasing Bω reduces the resonance peak at G2.

Fig. 10 shows the transient response of two networks
connected by using a virtual friction when a step-change
was applied to the active power demanded by network 2
Pe2 for different values of Bω . For Bω = 0 (blue lines),
the two networks are decoupled and step change excited the
low-frequency resonance of G2, producing a poorly damped
frequency oscillation (Fig. 10 (b)). For Bω > 0, the two
networks are coupled by the virtual friction and the impact
of the disturbance can be mitigated. When Bω increases, the
coupling effect increases and network 1 supports network
2 when a disturbance takes place, effectively damping the
frequency oscillation.
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B. Impact of Area Modes on the Damping Capability

In this section, the impact of the oscillation frequency of G1
and G2 on the POD capability of the controller is investigated.
The parameters of G2 were maintained constant and they
were chosen so that G2 has a poorly damped oscillation
mode: ζ2 = 0.05 and ωos2 = 2 rad/s. The parameters of
G1 were selected in order to vary its oscillation frequency
(ωos1) between ωos2/2 and 2ωos2. Three different values for
the damping factor were considered: ζ1 = 0.05, ζ1 = 0.1
and ζ1 = 0.3. Fig. 11 shows the minimum damping factors
obtained among all the poles of the simplified model. The
logarithm of the ratio between area oscillation frequencies
(ωos2/ωos1) is used in one axis, while the virtual friction (Bω)
in the other. The logarithm was chosen in order to improve
the figure visualisation. Fig. 11(a) shows the case in which
ζ1 = 0.05 (both generators have low damping factors). For
Bω = 0, the minimum damping factor is 0.05 and, as Bω

increases, the minimum damping factor also increases until the
maximum damping is achieved. Further increase of Bω leads
to a slight decrease of the minimum damping factor. It can
be seen that the damping effect introduced by changing Bω is
less pronounced when the oscillation frequencies are similar
(ωos2/ωos1 ≈ 1). Particularly, when ωos2 = ωos1 (marked
with a red line), the minimum damping factor remains constant
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regardless the value of Bω .
Fig. 11(b) and (c) show the minimum damping for ζ1 = 0.1

and ζ1 = 0.3, respectively. As in case (a), when Bω increases,
the minimum damping factor also increases until the maximum
damping is achieved. It is worth noting that the damping effect
introduced by Bω is less effective when oscillation frequencies
are similar. However, this becomes less significant when the
damping factor of either generator is sufficiently large (see
Fig. 11(c)).

A similar analysis was performed for the particular case of
log(ωos2/ωos1) = 0.5 (ωos2 = 2 rad/s and ωos1 = 3.29 rad/s),
and damping factors of ζ1 = 0.05 and ζ2 = 0.05. Fig. 12(a)
shows the minimum damping factor obtained when Bω varies.
It can be seen that the minimum damping factor has a
maximum value for Bω = 0.023. Fig. 12(b) shows the
transient response of the simulation model for different values
of Bω . For Bω > 0 the transient response is more damped.
Moreover, for Bω = 0.023, the transient response is slightly
more damped than for Bω = 0.08.

These results demonstrate that the proposed controller can
increase the minimum damping factor of the system even
when both generators have similar sizes and low damping
factors. However, the damping effect is less effective when
the oscillation frequencies are close to each other and the
damping factors are low. As the difference between the os-
cillation frequencies and/or or the damping in one of the
grids increases, the POD capability increases. These results
are consistent with previous research studies that highlighted
the impact of the ratio between modal frequencies on the POD
capability between two asynchronous networks [28].
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C. Impact of the dc Line on the POD Capability

The impact of the dc-line resistance was evaluated analyt-
ically and in simulation. The parameters of the equivalent
generators can be found in Table I. Fig. 13 (a) shows the
minimum damping factor when a dc line resistance (Rdc) is
included in the small-signal model of the complete system.
Meanwhile, Fig.13 (b) shows the transient response of the
detailed simulation (grey) excluding and (black) including
the dc resistance, for Rdc = 0.16 pu. The line resistance
decreases the damping provided by the controller. However,
typical values of dc-line resistances are smaller than the
values considered here. Therefore, the POD capability of the
controller would not be compromised.

VII. EXPERIMENTAL RESULTS

A. Description of the experimental setup

The proposed virtual friction control system has been ex-
perimentally validated in the Smart Energy Integration Lab
(SEIL) [34], by a scaled version of the power system depicted
in Fig. 1. Fig. 14 shows a schematic diagram of the laboratory
facilities. The nominal grid voltage and frequency of both ac
grids is 400 V and 50 Hz. The ac grids represented in this
paper by the equivalent generators G1 and G2, are emulated
by using two 75 kVA VSC with LCL filter (SB=75 kVA)
operated in closed-loop. A fourth order synchronous generator
model is assumed which includes the mechanical shaft, the
speed governor and the exciter to control the rotor field.
The equivalent inductance of the synchronous generator is
emulated by using the output filter of the VSC. Two 15 kVA
converters in BTB configuration are used as the VSC-HVDC
interconnection. The output filters are LI = 2.3 mH, Cf =
8.8 µF and Lo = 0.93 mH, and the total dc-capacitance
is C ′dc = 1.2 mF. The control systems is implemented on
an embedded controller [34]. The sampling and switching
frequencies of the 15 kVA BTB converters are 10 kHz while
for the 75 kVA VSCs are 8 kHz.

B. Control System Specifications

The control parameters have been designed according to the
procedure described in Section V. Conventional PI controllers
designed to achieve a setting of tset < 4 ms and an overshoot
of Mp < 15% are used for the current controllers. The dc-
voltage controller is designed to have a slower transient

response than the current controllers with ωp = 300 rad/s.
The active and reactive power controllers are designed to be
even slower transient responses than the dc-voltage controller,
ωp = 2π10 rad/s and ωQ1 = ωQ2 = 2π10 rad/s. The reactive
power-voltage droop coefficients are determined by the appli-
cation requirements. It this case, both VSCs have the same
droop values DV = 0.01 pu. The dc-voltage droop coefficient
(Ddc) can the adjusted to achieve the desired steady-state
relation between the frequency and dc-voltage deviations. In
this case, it has been designed to achieve a dc-voltage deviation
of 20 V for frequency deviation of 0.05 Hz. Also, the power
losses of the HVDC link are estimated to be p̂loss = 1 kW. By
using (26), the dc-voltage droop coefficient is set to Ddc = 0.1.

C. Oscillation Damping of a Poorly Damped Generator

In this section, the proposed controller was tested in a
scenario where G1 presents well-damped transient response
while G2 is characterized by a poorly damped oscillation
mode. The parameters of generators can be found in Table I.
By using these parameters, it is possible to compute the
minimum damping factor of the system as a function of
Bω , similarly to Fig. 12(a). Then, the virtual friction value
is selected to maximise the minimum damping factor of the
system. In this case, the virtual friction was set to Bω = 0.05.

1) Oscillating Generator 2: Fig. 15(a) shows the transient
response of the system when a step change of differential
power reference P ∗∆ is applied, and the virtual friction is
disabled. The differential power rapidly reaches the reference
value and the frequency of G1 shows a well-damped response.
However, when the active power changes, the low-frequency
resonance is excited and the frequency of G2 exhibits a poorly
damped oscillation. Fig. 15(c) shows the transient response of
the system when a local load is connected to G2 (Pe2), and
the virtual friction is disabled. In this case, when the load
is connected, the low-frequency resonance is excited and the
frequency of G2 exhibits again a poorly damped oscillation.
These results are consistent with the analysis presented in
Section VI.

2) Damping of Oscillations: Fig. 15(b) shows the transient
response of the system when the virtual friction controller is
included (Bω = 0.05) and a step-change of P ∗∆ is applied.
In this case, the proposed controller is used to couple the
two generators by using the virtual friction and allows an
active power exchange between the generators depending on
the difference of frequencies ω1−ω2. Initially, the differential
power shows a fast transient response, leading to a transient at
the ac grid frequencies. Then, the differential power exhibits a
transient response depending on the frequency dynamics of ac
grids, and the control prevents excitation of the low-frequency
resonance. Moreover, the dc voltage acts as a communication
link between both terminals, indicating the need of active
power support. Fig. 15(d) shows the transient response of
the system when a local load is connected to G2 (Pe2),
and the virtual friction is included (Bω = 0.05). When the
load is connected, the low-frequency resonance is excited
and the frequency of G2 deviates. The differential power
shows a transient response proportional to the difference of
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frequencies, allowing the active power to flow from G1 to G2
and, more importantly, to damp the low-frequency oscillation.
In both cases, the dc voltage shows transient responses de-
pending on the frequency dynamics of the ac grids, acting as
a communication link between both terminals and indicating
the need of active power support. These results demonstrate
that the proposed control provides a feature equivalent to
a mechanical friction between the two generators, damping
the frequency oscillations according to the designed virtual
friction value. Also, the transient responses of both frequencies
present a good match with the theoretical responses provided
in Section VI-A, demonstrating the electro-mechanical cou-
pling established between the two generators.

D. Oscillation Damping of Two Poorly Damped Generators

In this section, the proposed controller was tested in a sce-
nario where both generators exhibit poorly damped oscillation
modes. In this case, the damping factor of the generators was
set to ζ1 = ζ2 = 0.05, while the oscillation frequency ratio var-
ied. Fig. 16(a) shows the transient response of the system when
a local load is connected to G1 and the oscillation frequency
ratio is ωos2/ωo1 = 1. When the virtual friction is disabled
(Bω = 0), G1 exhibits the low frequency resonance while the
G2 frequency remains constant. When the virtual friction is
enabled (Bω = 0.05 and Bω = 0.09), both generators shared
the disturbance featuring the same oscillation frequency. These
results demonstrate that the proposed controller cannot provide

effective POD when the equivalent generators of two poorly
damped grids have the same oscillation frequency. This result
is consistent with the analysis presented in Section VI-B.

Fig. 16(b) shows the transient response of the system
when a local load is connected to G1 and the oscillation
frequency ratio is ωos2/ωo1 = 1.64. Unlike the previous
case, when the virtual friction is enabled and Bω > 0,
the proposed controller provides additional damping and the
minimum damping of the system increase. When Bω = 0.023,
the transient response exhibits the most damped response,
while for Bω = 0.09 the transient response exhibits a less
damped response. These results are consistent with the analysis
presented in Section VI-B.

Fig. 16(c) shows the transient response of the system when
the same disturbance is applied and ωos2/ωo1 = 2.71. It can be
seen that the damping effect introduced by the virtual friction
Bω increases as the oscillation frequency ratio increases. These
results demonstrate that the proposed controller can provide
POD capabilities even when both generators exhibit poorly
damped oscillation modes.

VIII. CONCLUSION

In this paper, a controller based on differential and common
power concepts for HVDC interconnections has been intro-
duced. It has been demonstrated that this controller effectively
damps low-frequency electro-mechanical oscillations. The in-
troduction of differential and common power concepts shows
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clear advantages for the power flow representation of the
HVDC connection. The dc-link voltage was used as a measure
of the frequency difference between ac grids, avoiding the need
for communications. The controller was parametrised so that
the equivalent virtual friction represents one of the controller
gains, Bω , providing a clear physical meaning. Moreover, it
has been demonstrated that the proposed control scheme is
equivalent to a proportional-derivative controller applied to
the dc-link voltage. However, an explicit derivative action is
not required, making the controller more suitable for power
electronics applications.

Both theoretical and experimental results demonstrated that
oscillations in two asynchronous grids interconnected by an
HVDC link can be effectively damped by using the proposed
controller, even when both ac grids have similar inertia and
low damping factors. The benefits to system stability from the
virtual friction as a novel way to couple two ac networks were
demonstrated by utilizing a simple equivalent generator model.
Future studies could include further evaluation of the proposed
control technique for damping inter-area oscillations explicitly
represented in more complex power system models. Other
relevant further developments could include the adaptation
of the proposed control concept for application in multi-
terminal systems, and the evaluation of the performance when
implemented for Modular Multilevel Converters (MMCs).
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