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Abstract—In this paper, a power oscillation damping (POD)
controller embedded in virtual synchronous machines (VSMs)
is proposed. This controller suggests the decoupled use of both
active and reactive powers to damp low-frequency oscillations
present in a power network. This allows for selecting either
power component or both of them to damp the oscillations. This
issue is relevant since transmission system operators are imposing
new connection requirements to converter interfaced generators
(CIGs) requesting grid-forming capability and POD. In the
literature, it has been shown that these services can be provided
using the VSM control technique. However, POD controllers are
more complex in VSMs than in typical grid-following converters
due to the inherent coupling between active and reactive powers.
The performance of the proposed POD controller is evaluated
by using electromagnetic transient simulations on a benchmark
two-area power system with an additional CIG unit.

I. INTRODUCTION

The ever-increasing penetration level of converter-interfaced
generation (CIG) in electricity networks is having a significant
impact on the system operation. This comes as a consequence
of synchronous generators (SG) being decommissioned and
replaced by CIGs [1]. With respect to the system stability, this
fact is having a negative impact on frequency stability [2],
voltage stability [3], as well as the small-signal rotor angle
stability [4]. To address these issues, transmission system
operators (TSOs) are imposing requirements for CIGs to
provide additional services for supporting the network opera-
tion [5], [6].

The virtual synchronous machine (VSM) control approach
tries to mimic the behaviour of SGs with CIGs [7]. This
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controller allows the active and reactive power responses of
the CIG to be configured and adjusted. The VSM parameters
can be set before the CIG commissioning or adjusted dur-
ing the system operation, according to the network require-
ments [8], [9]. The power balance in the virtual swing equation
of the VSM is responsible for providing frequency support by
acting upon changes in the active power flow. Meanwhile, the
reactive power controller is used to define the output voltage
magnitude based on the changes in the reactive power flow.
The VSM controller directly affects the small-signal rotor
angle stability of power networks [10]. When a VSM is
connected to an existing power network, the VSM parameters
can be set to avoid undesired small-signal interactions with
the rest of the network [11]. Also, if the VSM is connected
to a network that already has a poorly-damped low-frequency
mode, additional control loops can be added to the VSM in
order to help damping that mode [12]. Recent publications
have proposed the use of adaptive virtual inertia [13] or
multiple virtual swing equations for that purpose [14]. These
works show the VSM can contribute to damping of the low-
frequency oscillations by using either active or reactive power.
However, the two power components are coupled and it is
difficult to know beforehand the active and reactive powers
required for the oscillation damping. The case of oscillation
damping by active power is particularly to analyse for CIGs
since it is directly linked to the primary source of energy.
The coupling between active and reactive powers is a natural
phenomenon in power networks and depends on the system
parameters and the network topology [15]. When a VSM is
connected to a power network, this coupling is also affected
by the internal parameters of the VSM. To avoid this coupling,
a decoupling mechanism can be added to the control system.
One approach is to add decoupling terms in the inner current
control loop [16]. Another is to add additional terms to the
virtual swing equation and the reactive power controller so that
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Fig. 1. (a) Single-line diagram of two-area power system, (b) CIG power-stage, (c) internal loops and VSM, and (d) proposed POD controller.

the voltage and angle generated by the VSM are modified [17].
These works show that it is possible to control active and
reactive powers in a decoupled manner. However, the imple-
mentation of such mechanisms requires a modification of the
internal control loops of the CIG, which may not be approved
by the CIG manufacturer (and its intellectual property policy).

In this paper, a POD controller for VSMs that improves the
damping of low-frequency modes present in a power network
is proposed. This controller is based on conventional lead-
lag filters plus a set of decoupling equations that define and
allow the use of active and/or reactive power to damp the
oscillations. Therefore, the proposed decoupling mechanism
allows the CIG operator to select which power component
should be used for oscillation damping and to set the margins
accordingly. Also, there is no need to modify the internal
loops of the CIG. The design procedure does not require
an analytical model of the plant as it is based on system
identification techniques. This makes this POD controller
suitable for applications where a detailed small-signal model
of the power system is not available. The proposed controller
is tested in a two-area benchmark network where an additional
CIG is connected.

II. SYSTEM OVERVIEW
A. Application Description

Fig. 1 (a) shows the single-line diagram of the system
studied in this work. It is based on the two-area benchmark
network for low-frequency oscillation studies [18]. It consists
of four generation units (G1_4) that form two areas. Each
generation unit includes a SG, a governor, an exciter and a
power system stabiliser (PSS). There are two modifications
compared to the model described in [18]. First, the propor-
tional gain in each PSS has been reduced so that the inter-
area mode is poorly damped. The second modification is an
additional connection point in Bus 6 that is used to connect a
CIG unit.

Fig. 1 (b) shows the CIG power stage. The primary energy
source is connected to the dc side and it is modelled as
an ideal dc voltage source that provides the required power.

The primary source model is not considered here, but it is
considered of interest for further research. The ac side of the
power converter is connected to the rest of the system via an
LC filter and a step-up transformer.

Fig. 1 (c) shows the block diagram of the internal loops
and the VSM control algorithm. The inner current and voltage
loops regulate the output current and voltage while the virtual
impedance is used to simplify the integration with the rest of
the network elements [19]. The voltage (V') and angle (#) are
references for the internal controllers by the VSM, and s is the
Laplace variable. The definition of the VSM control algorithm
and its parameters can be found in [11]. The values of the
virtual impedance and VSM parameters (Kq, Jy and D) are
calculated according to the grid requirements [8].

Fig. 1 (d) shows the proposed POD controller. This con-
troller acts on the estimated frequency of the grid (w,) and
calculates the additional active and reactive power references
that are used to damp oscillations (p. and ¢., where c stands
for “coupled”). The requirements for these two power com-
ponents might vary depending on the available active power
from the primary energy source and the converter ratings.
Nonetheless, if applied directly, the power references would
result in CIG delivering both power components as active and
reactive powers are coupled. This poses an important problem
because, if the power demanded to the primary source is
larger than the available power, the CIG may collapse. For
that reason, the implementation of a decoupling mechanism is
of interest.

B. POD Controller Description

Fig. 2 (a) shows the block diagram of the POD controller.
The frequency deviation (Aw,) is used as the input signal for
the POD controller (A stands for “incremental””). A high-pass
filter (H (s)) is applied to eliminate the steady-state value of
the frequency so that the controller only acts on frequency
variations. Then, lead-lag compensators (Cp(s) and Cg(s))
are applied to compensate the open-loop phase of the plants
while proportional gains (Kp and Kg) are used to amplify
the command signals [20].
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Fig. 2. (a) POD controller block diagram with (b) power decoupling

mechanism and (c) dynamic model of the plant.

Fig. 2 (b) shows the decoupling system. This control block
allows the operation with decoupled power references calcu-
lated by the POD controllers (pg and g4) applied to the original
power references (p. and q.), that are coupled. This is done
by multiplying pg and g4 by a decoupling matrix (D). The
details and alternatives for the calculation of this decoupling
matrix are explained in the following section. Fig. 2 (c) shows
the inherent coupling G(s) between references and measured
active and reactive powers. The injected active and reactive
powers from CIG to the system have an effect on the system
frequency. The dynamic relationships between these variables
are summarised in P(s), shown in Fig. 2 (d).

III. DECOUPLING OF ACTIVE AND REACTIVE POWERS
A. System Modelling

For a VSM connected to a power network, if any power
reference is modified, the injection of both active and reactive
power will change. This is not considered to be a problem,
but rather a characteristic of the grid (e.g., by injecting
active power both the voltage and the frequency change).
If the system is operating in a steady state and only small
disturbances are considered, the coupling between active and
reactive power can be described as follows:

2] = [y Gactil[5G0] o
G(s)

where G(s) represents the system dynamics and subindex m
stands for “measured”. Capital letters are used for signals and
transfer functions in the Laplace domain. This system has a
structure of a multiple-input multiple-output (MIMO) linear
dynamic system [21]. The decoupling mechanism is designed
to counteract coupling effect of the power components. It is
defined as follows:

2] =P 3 o

where D is a 2 x 2 matrix.

B. Decoupling Options
The three most common methods to decouple MIMO sys-
tems are described in the following list [21]:

1) The first method is called dynamic decoupling and it
allows to decouple each input-to-output response during

both transients and in steady-state. To achieve such a
requirement, the decoupling matrix is selected as follows:

~

D =G !(s), 3)

where G(s) is a model of G (s). Even though this method
is accurate, it has some important shortcomings. First,
G~1(s) will have unstable poles if the original plant
has right-hand place zeros. Also, G_l(s) usually has
more zeros than poles, and therefore it cannot be easily
implemented. The most common practical approach for
addressing this is to multiply G~ (s) by additional high-
frequency poles, but this increases the complexity and
order of the system.

The second method is commonly called decoupling at
frequency (e.g., w,) [21]. In this case, D is chosen to be
exactly equal to G! (s) at some specific frequency (w,).
This can be written as follows:

2

~

D = G !(jw,). (4)

Such decoupling mechanism would be of interest in
poorly damped systems, where the frequency response is
greatly affected by the frequency. This method is suitable
for the application considered in this work. However, the
main drawback is that D now consists of four complex
numbers. Then, in order to implement this decoupling
system, the complex multiplication would need to be
implemented with additional filters (e.g., lead-lag filters).
The third method is called steady-state decoupling [21].
This method is a particular case of the one described in
the previous point, but for w, = 0:

3

~

D = G 0). (5)

This selection decouples the response of the MIMO
inputs and outputs, in steady state. The main benefit
of this alternative is its simplicity, since D contains
only real numbers. The coefficients of D can be readily
calculated in real applications by applying step changes to
the system inputs. Although the steady-state decoupling
mechanism does not guarantee full decoupling during
the transients, it contributes to the dynamic decoupling
between the inputs as well [21]. This way of decoupling
will be used in this work.

IV. DESIGN OF THE POD CONTROLLER

A. Preliminaries

The design objective of the POD controller is to maximise
the CIG damping action. To carry out the design, it is assumed
that the power system is operating in steady state and that the
linearised model is calculated. Then, the POD controllers for
the active and the reactive powers are designed separately,
as discussed in [22]. Only the design of the active power
controller is described here since the procedure to design the
reactive power controller is exactly the same.
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B. POD Controller Blocks

First, a high-pass filter is applied to the frequency so that the
POD controller acts only over variations of Aw,. It is defined
as follows:

H(s) = s/(s +1/Th), (6)

where T}, is the time constant of the filter.

The compensator Cp(s) is designed following the open-
loop phase compensation method [22]. First, the plant
phase (¢p) at the oscillation frequency (w,) is obtained.
Then, the C'p(s) is designed to compensate that phase at that
frequency (see [20] for more details). The compensator C'p(s)
used for that purpose has the following structure:

- 1—|—8T1

Cp(s) = Ty’

)
where 7 and 75 are parameters of the lead-lag compensator.

The proportional gain (K p) is designed in an iterative pro-
cedure where a compromise between the damping coefficient
of the mode addressed and the negative impact on other modes
should be considered. See [20] for more details. In addition,
the power references are limited by saturations so that the CIG
ratings are not exceeded [20].
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Fig. 5. Frequency deviation during the transient response (gray) without

POD controller, and with POD controller based on (yellow) active power,
(red) reactive power, and (green) both power components.

V. NUMERICAL RESULTS

A. Decoupling Power Components

Fig. 3 shows the transient response after changes applied to
the active power reference (at ¢ = 10 s) and to the reactive
power reference (at ¢ = 30 s). In blue, without decoupling, and
in red, with the decoupling mechanism. For the case without
decoupling equations, the steps are applied on p, and ¢, (i.e.,
the original power references). For the case with decoupling
equations, the step changes are applied on pg and gq4. These
results show that the change of the active power reference
causes a change of the reactive power, and vice versa. It can
be seen that without the decoupling mechanism the coupling
between power components is more pronounced. Moreover, it
is removed in steady state. This result shows that this simple
mechanism greatly helps to decouple power components.

B. Damping of Oscillatory Modes

Fig. 4 shows the critical system eigenvalues of the original
system, and with the POD controller applied to active power,
reactive power, and on both components. This eigenvalue has
been obtained by using system identification techniques [23]. It
can be seen that POD action by either (blue) active or (green)
reactive power improves the damping of critical eigenvalue,
compared to original network (in gray). Then, the combined
action of both power components (red) results in a further
improvement of the damping of the critical eigenvalue. This
result shows that each of the POD controllers have a positive
effect in the critical eigenvalue. Furthermore, thanks to the
decoupling system, undesired interactions between control
loops are avoided.

Fig. 5 shows the deviation of the estimated frequency (w,)
after a disturbance, for four cases. The large frequency devi-
ation in the first milliseconds is the result of electromagnetic
transients and the response of the phase-locked loop (PLL) that
is used to estimate the frequency. Then, the undamped low-
frequency oscillation is the result of the interaction between
the electrical areas. The action of either (blue) active or (green)
reactive power improves the system damping and then the
oscillations vanishes earlier. Then, the combined action of
both power components (in red) further improves the transient
response. These numerical results confirm the theoretical ones
presented in Fig. 4.
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Fig. 6 shows the active and reactive powers injected during
the frequency transients when only one component is used to
damp oscillations. In Fig. 6 (a) (blue), it can be seen that the
delivered active power is higher when active power is used to
damp oscillations. However, there is also some reactive power
injection in Fig. 6 (b) (blue). The similar issue happens when
only the reactive power controller is applied (green curves). It
should be noted that the injection of active and reactive powers
during these transients is a result of the natural response of
the VSM to variations in the grid frequency. This means that
these oscillations are natural and cannot be avoided using the
decoupling system implemented in the POD controller. These
oscillations are of interest for further research.

VI. CONCLUSION

In this paper, a decoupled POD controller for low-frequency
oscillation damping using CIGs has been proposed. The con-
troller features an outer loop for CIGs operating as VSMs and
can be deployed even if access to the CIG inner control loops
is not available. The proposed POD controller is based on a
steady-state decoupling mechanism and the traditional open-
loop phase compensation technique. Only the open-loop phase
of the plant at the frequency of the oscillation is required to
design the controller. This makes the controller suitable for
application in the cases when the full power system model is
unavailable.

The presented results confirmed that the active and reactive
powers being used to damp oscillations are successfully de-
coupled in steady state when the proposed decoupling strategy
is applied. However, when an oscillation appears in the grid,
some coupling is still present because of the natural response
of the VSM. The results showed how the damping of the
critical low-frequency mode was improved by using either
active or reactive power. Also, it was shown that the combined
use of active and reactive power further improves the system
damping.

Future work will focus on developing a decoupling mecha-
nism capable of acting not only in steady state but also during
transients. Furthermore, the impact of the dc-side and the
constraints on the primary source of energy will be considered.
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