IEEE Access

Multidisciplinary i Rapid Review : Open Access Journal

Date of publication xxxx 00, 0000, date of current version xxxx 00, 0000.

Digital Object Identifier 10.1109/ACCESS.2017.Doi Number

Multi-Rotor Virtual Machine for Grid-forming

Converter to Damp Sub-synchronous
Resonances

Ngoc Bao Lai'?, Student, IEEE, Gregory N. Baltas®?, Student, IEEE, and Pedro Rodriguez!?,
Fellow, IEEE

ntelligent Clean Energy System (ICES), Luxemburg Institute of Science and Technology, L-4362 Esch-sur-Alzette, Luxembourg.
2Universitat Politécnica de Catalunya (UPC), 08034 Barcelona, Spain.
3 Universidad Loyola, 41704 Sevilla, Spain.

Corresponding author: Ngoc Bao Lai (e-mail: ngocbao.lai@list.lu).

This work was supported by the European Commission under Project FLEXITRANSTORE-H2020-LCE-2016-2017-SGS-
774407.

ABSTRACT Grid-forming power converters (GFMC) have been widely adopted in power systems as an
attractive solution against the challenges imposed by the ever-increasing penetration of renewables. Despite
its versatility, GFMC is employed only to provide islanded operation, grid regulations, and synthetic inertia.
To further extend the use of GFMC in enhancing power system stability, this paper proposes a multi-rotor
virtual machine (MRVM) controller to attenuate sub-synchronous oscillations. Driven by the formulation of
a virtual synchronous machine (VSM), the proposed MRVM implements a VSM-based GFMC with several
virtual rotors whose electromechanical characteristics can be individually adjusted to target specific
oscillatory modes in the system. In this work, the MRVM’s working principle is described in detail and tuning
guidelines are proposed to simplify the selection of control parameters by using frequency-domain techniques
and the eigenvalue locus analyses. To validate the performance of the MRVM, an IEEE benchmark grid
model is adopted namely, the three-machine-infinite-bus system. It is evident from the results that the MRVM
(i) provides higher degrees of freedom when dealing with sub-synchronous oscillations, and (ii) outperforms
conventional GFMC, especially in damping intra-area power oscillations.

INDEX TERMS Frequency-selective damping, grid-forming power converter, power oscillation damping,

sub-synchronous oscillation, virtual synchronous machine.

I. INTRODUCTION

Low-frequency oscillations (LFO) exist naturally in power
systems due to the power exchange between generating units
operating in parallel and when interconnected through long
transmission lines [1], [2]. Such phenomenon was expected
and studied since the early development stages of electricity
networks. However, the energy transition towards clean
energy systems has aroused a renewed interest in the
electromechanical interactions within the frequency range of
0.1 to 2.0 Hz [3]. In fact, the wide integration of power
electronics is not only affecting the characteristics of the
existing modes of oscillations but also creates new ones [4],
which affects the power system performance, since operators
must enforce conservative limits on the maximum allowable
power transfer in transmission lines to ensure the stability of
the system. Such restrictions, however, introduce substantial

VOLUME XX, 2017

costs reducing social welfare [5]. Therefore, damping of
low-frequency electromechanical oscillations is imperative
both in terms of stability and efficiency.

The necessity of mitigating undamped power oscillations
has been widely recognized by the industry and academia
since the 1960s [6], [7]. In addition, numerous incidents
related to sub-synchronous resonances (SSR) have been
reported around the world. For instance, the SSR events at
Mohave power plant in Nevada, USA in 1970 and in 1971
[8]; at the Shangdu power plant in the inner, Mongolia, China
in 2011 [9]; and at power plants of the Electric Reliability
Council of Texas (ERCOT) area in 2012 [10], to name a few.

Power System Stabilizer (PSS) have been the most cost-
efficient method for providing additional damping to LFO,
usually through the excitation system of the generator [11].
In the literature, there are different types of PSS and tuning
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procedures [12] although in many cases the PSS parameters
are set upon plant commissioning and updated only
sporadically [13]. However, placement of the PSS as well as
its tuning are critical for achieving optimal results. With
power electronics displacing many of the existing fossil-
fueled power plants [14]: (i) suitable PSS installation sites
will become fewer and (ii) the number of already installed
PSS will decrease (and so will the damping of critical
modes).

As a viable alternative to PSS, some LFO dampers based
on the flexible alternating current transmission system
(FACTS) have been proposed in the literature. For instance,
the sliding mode controller and the robust linear quadratic
regulator have been employed in a static synchronous
compensator (STATCOM) [15] and in a thyristor controlled
series compensator (TCSC) [16] to damp electromechanical
modes. Other damping strategies for FACTS devices are
reported in [17] and [18]. As the installation of renewables
and energy storage systems (ESS) has increased in recent
years, the use of power converters for suppressing
mechanical interactions within power systems has become
even more practical. Notably, optimization approaches and
proportional-integral-derivative controller were proposed to
leverage ESS [19] and photovoltaic systems [20] to reduce
SSR.

Nevertheless, the above approaches only focus on
maximizing the LFO damping of the power converter, which
is not always practical. That is, in addition to LFO damping,
power converters are often required to provide multiple
functionalities and services to withstand and support the grid
under abnormal operating conditions, such as in the case of
voltage sags, and under low-inertia situations [21], [22].
Consequently, it is not straightforward to design and tune
separately the individual controller for each of the said
functionalities such that the closed-loop system can work in
a stable and reliable manner.

To overcome such a challenge, the grid-forming converter
(GFMC) concept has been proposed. GFMC refers to a group
of strategies that control grid-connected converters as a
controlled voltage source [23], [24]”. According to ENTSO-
E, a GFMC should be able to support the operation of the ac
power system under normal, alerted, emergency, blackout and
restoration states without having to rely on services from
synchronous generators [25]. In fact, the GFMC
implementation, especially those based on virtual
synchronous machine (VSM) e.g. the synchronous power
controller (SPC), allows unifying multiple control functions
in a single cascaded control structure [26]. It has been
demonstrated in this regard that, among other functionalities,
the SPC can provide current control, voltage control, power
control, inertia emulation, droop control, and power
oscillation damping [26].

Similar to a synchronous machine (SM), the SPC could
provide LFO damping through the virtual admittance and
the virtual inertia. In order to adjust the damping power
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Fig. 1. SPC-based GFMC connected to an infinite bus.

provided by the SPC, an analytical method is proposed in
[27]. According to [27], the participation of the SPC towards
the damping of electromechanical oscillations can be
increased by properly tuning the virtual inertia and damping
coefficient. However, as the damping coefficient also
determines the dynamic behavior of the SPC, reducing the
damping ratio as suggested in [27] certainly deteriorates the
overall performance of the GFMC. To overcome such a
limitation, selective damping methods have also been
reported [28] and [29]. However, there have been any studies
that deal with the implementation of multi-band LFO damper
for GFMC in a systematic manner.

This paper brings a new concept, i.e. multi-rotor virtual
machine (MRVM), for improving oscillation damping
performance of GFMC while retaining its overall dynamic
characteristics. Indeed, the MRVM exploits the flexibility of
power converters to implement a VSM with multiple rotors
to realize a GFMC with a high degree of freedom in coping
with LFO. That is, by emulating multiple rotors (instead of
only one) within the framework of a VSM, the MRVM can
be tuned to attenuate selectively oscillatory modes.
Frequency-domain techniques and modal analyses are
employed to identify the optimal settings for the MRVM.
The proposed control approach is validated with the three-
machine infinite bus (3MIB) IEEE benchmark system.
Validation results confirm that the proposed MRVM can
simultaneously improve the damping of both local and inter-
area modes.

The rest of the paper is organized as follows. Section Il
reviews the use of GFMC for damping LFO and highlights
the limitations of the existing approaches. Section Il
describes the concept and parameter tuning of the proposed
MRVM. Section IV presents simulation validation of the
MRVM using the 3MIB system. Finally, section V
summarizes the main outcomes and contributions of the

paper.

II. DAMPING SSR WITH GRID-FORMING CONVERTERS

To assess the performance of GFMC in damping SSR, the
SPC-based GFMC (SPC-GFMC) is considered. In general,
the SPC-GFMC consists of three control loops dedicated to
providing three sets of grid functionalities, shown in Fig. 1.
The current control loop ensures that the injected currents
follow their references with minimal settling times. According
to grid codes [30], the current controller is also required to
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minimize the harmonic components in the injected currents.
Likewise, the voltage control loop, implementing the virtual
admittance, is often parameterized according to the voltage
support requirements [31]. The virtual admittance block can
be understood as the stator part of an SM. The outermost loop,
i.e. the power controller often implements a swing equation to
mimic the electromechanical behavior of an SM for providing
grid synchronization, inertia emulation, and/or power
oscillation damping to name a few.

As these three control loops are nearly decoupled from one
another, it is convenient to discard the dynamics of the
current and voltage control loops when investigating the
electromechanical characteristic of the SPC-GFMC [32].
This simplification is reasonable, since SSR are often in the
range of 0.1 to 2Hz [33], while current and voltage
perturbations show much higher frequencies. According to
[32], the small-signal model of the SPC-GFMC might be
given as in Fig. 2, where H and D are virtual inertia constant
and virtual damping coefficient, respectively, «; is the

nominal grid frequency, AJS denotes virtual rotor angle,
AP, is the deviation of the error in active power, and Y, is

the virtual admittance. As the dynamics of the virtual
admittance block is much faster than those of the power
control loop, only RMS value of the admittance is considered
in this paper. Note that the closed-loop control scheme of the
SPC-GFMC has 2 inputs, the active power reference AP,

and the grid frequency Aw, . The output is the injected active

power AP .
Thus, it is possible to derive the closed-loop transfer
functions from the inputs to the output as follow:

G (5) = % o)
P2 2Hs® + Ds+Y,
2HY. s + DY, &’

G . (s)=—'9 9 2

o2e (5) 2Hs? + Ds +Y, @, @)

As (1) and (2) take the form of a second-order system which
is often given by the following transfer function.

2
[0

GS)=—7"—" 3
(©) s’ +2lw,s5+ @) ®)

where ¢ and @, are the damping ratio and natural frequency.

In practice, damping is often given in terms of damping
ratio ¢ rather than damping coefficient D . Therefore, the
damping coefficient D is calculated from the damping ratio

¢ using (3) as:
D =,[8HY,, %0 . (4)

From (1) and (2), the step response and frequency
characteristic can be obtained as in Fig. 4 and Fig. 3,
respectively. In normal operating conditions, to achieve a
proper dynamic response for the SPC-GFMC, the damping
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Fig. 2. Small-signal model of SPC-GFMC.
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Fig. 3. Frequency response of SPC-GFMC according to (2).

ratio ¢ isoften setto 0.71. As shown in Fig. 4, with ' =0.71,

the step response of the active power is rather stable with
negligible overshoot. In addition, Fig. 3 shows that the SPC-
GFMC has high gain at low frequency i.e. less than 1 Hz.
meaning that it can provide damping to SSR. Such damping,
however, might not be significant to LFO whose frequency is
above 1 Hz because of the substantial phase lag at higher
frequencies. In fact, the phase delay is approximately 45
degrees at 1.5 Hz.

To improve the performance of the SPC-GFMC, a tuning
method is proposed in [27]. Essentially, this tuning approach
aims to reduce the phase lag by adjusting the controller
damping ratio ¢ . As shown in Fig. 3, when the damping

ratio decreases, the phase lag decreases, resulting in better
damping at a higher frequency, i.e. higher than 1 Hz. This
method might be of interest in certain applications where
power oscillation damping is the primary objective.
Nevertheless, it is obvious from Fig. 4 that reducing the
damping ratio harms the overall dynamic performance of the
SPC-GFMC. Indeed, the lower the damping ratio the higher
the overshoot of the step response. In other words, this
method increases the damping capabilities by reducing the
overall system stability. This is not desirable as system
stability needs to be ensured at all times. Moreover,
decreasing the damping ratio also reduces the gain at lower
frequencies, causing the degradation of damping
performance against interarea modes. Hence, this method is
not suitable for dealing with multiple modes simultaneously.

On the other hand, the work in [34] demonstrated that
frequency-selective damping methods might offer better
performance in suppressing LFO. Motivated by such a
demonstration, this paper coins a new concept, namely
MRVM, to fully exploit the virtualization paradigm in
controlling GFMC. That is, instead of emulating a
conventional VSM, MRVM will implement a virtual

9
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Fig. 4. Active power of the SPC-GFMC when power reference
undergoes a step change of 0.5 pu.

machine that consists of multiple virtual rotors to attenuate
simultaneously several modes in the power system with a
high degree of controllability.

Assuming that frequencies of the oscillatory modes are
well-detected by using the techniques presents in [28] and
[29], this paper will be focused on analyzing the operation
and design of the MRVM, and not the detection of the
oscillations’ frequency.

[ll. MULTI-ROTOR VIRTUAL MACHINE CONTROLLER

A. CONTROL STRUCTURE
The conceptual representation of the proposed MRVM is
shown in Fig. 5. The main idea of the MRVM is to leverage
the flexibility of the digital implementation of the control
system for a GFMC to implement enhanced functionalities.
Overall, MRVM consists of two main control blocks, namely,
the decoupling network and the virtual rotors. The decoupling
network is used to set the target oscillation frequencies while
the virtual rotors dictate the desired damping toward such
frequencies. Unlike conventional VSM implementation, the
MRVM emulates a VSM with several virtual rotors. Each of
the virtual rotors will have different mechanical characteristics
for creating selective responses to different oscillatory modes.
Indeed, the main rotor, rotating at «,, can be tuned by

adjusting {HO, DO} to provide the overall electromechanical

behavior of the GFMC. Whereas the other virtual rotors,
rotating at , and ,, can be tuned with {H, D,} and

{Hz, DZ}, respectively, to provide adjustable damping to

different electromechanical modes. In this way, the damping
of GFMC to LFO can be maximized in a selective manner
without comprising significantly the overall performance of
the GFMC.

The detailed implementation of the proposed MRVM is
shown in Fig. 6. While the electromagnetic part, i.e. the virtual
admittance is adopted from the SPC-GFMC, the structure of
the electromechanical part is substantially modified to deal
with multiple LFO in the power system. Apart from the
additional virtual rotors to target specific modes, a decoupling
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Fig. 5. Conceptual presentation of the proposed MRVM.
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Fig. 6. Detailed block diagram of the proposed MRVM.

network is introduced. Such a decoupling network consists of
band-pass filters and crossed cancellation of filtered signals
which is important to improve the filtering performance. The
decoupling network is particularly essential to separate the
dynamics between virtual rotors. Thus making selective
attenuation of the oscillatory modes possible. Furthermore,
decoupling the dynamics of the virtual rotors also simplifies
greatly the tuning of the control parameters.

B. PARAMETER TUNING

Commonly, there are multiple oscillatory modes in power
systems. Electromechanical modes, characterized by
generators’ inertia, line impedances, governors, and AVRs,
are often of frequency from 0.1 to 2 Hz. Based on the nature
of the interactions between the generators or the group of
generators, these modes are classified into intra-area (local)
and interarea modes. The frequency of interarea modes ranges
from 0.1 to 0.8 Hz, whereas the power oscillations between
generators in the same area are normally of higher frequency
e.g. from 0.7 to 2 Hz [35].

Without loss of generality and for demonstrating the
working principle of MRVM, two electromechanical modes,
local (1.25 Hz) and interarea (0.4 Hz), are considered in the
following analyses. As stated previously, these frequencies
can be provided by a prediction algorithm, therefore here are
assumed to be known. It is clear from Fig. 7 that the
conventional SPC-GFMC can provide effective damping to
interarea mode owning to high gain and low phase lag.
However, local modes are almost out of the scope of SPC-
GFMC due to the high phase lag i.e. approximately 40
degrees.



IEEE Access

Multidisciplinary i Rapid Review : Open Access Journal

\..g/ 150 -
[}
=]
«5 100 Interarea
8 mode
<
=
50 b i
0 , A , \
\
— local
on
—E _30 _ \) mOde
[P]
S 60|
=
-90 . . . .
0.1 0.2 0.5 1 2 5

Frequency (Hz)

Fig. 7. Frequency response of an SPC-GFMC and target LFO modes.

For convenience, the electromagnetic part of the MRVM
can be rewritten as
a)O
G, (s)=——
ma( ) X S

v

®)

with X, being the virtual impedance.
Likewise, the virtual rotors emulating swing equations can
be formulated as

1

Gyi=——"— 6
' 2H;s+ D, ©)

where subscript i =0, i =1, and i=2 denotes parameters for
the virtual rotors targeting overall dynamics, interarea mode,
and local mode, respectively.

In addition to the crossed cancellation of filtered signals via
feedback loops, the decoupling network also consists of one
bandpass filter for each target frequency. The band-pass filters
are mathematically described in terms of transfer functions as

25,8
Gl(s)=—21— 7
« ) s*+ 28 ws + of )

25,m,8

G:(s)=
b s+ 28,5+ @b

®)

where @, and «, are target frequencies, and & and &, are
the filter damping ratios.

To facilitate the performance analyses and parameter
tuning, Fig. 6 can be equivalently represented as in Fig. 8 in
which the coupling interactions are presented as transfer
functions. That is, the decoupling network is equivalently
represented by the following transfer functions.

-G,,,G

G
G,,(5) = e ©

bp1bp2
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G,.,-G G
O (10)
1_Gbp1Gbp2
Gio(s)=1-G;, -Gy, (11)

Note that the Laplace operator s is omitted on the right-hand
side of (9), (10), (11) for the sake of simplicity.
From (5), (6), and Fig. 8, the closed-loop transfer function
of the MRVM can be derived as
+Gf2Gsw2)

Gma (GfOG + Gflewl (12)
1+ Gma (GfOGswo + Gflewl + GfZGswz)

sw0

Geop' (5) =

G
G (8)= e (13)
1+Gma(GfOG +Gf1G +GfZGSw2)

sw0 swl

According to the control diagram depicted in Fig. 8, the
control parameters can be tuned to maximize the damping of
the MRVM. In order to simplify the tuning procedure, it is
convenient to set the damping ratio of the bandpass filters at a
standard value of 1/ V2 . Unlike the bandpass filters which are
only used to implement the decoupling network, the emulated
swing equations can dictate the damping of the MRVM. As
there are multiple swing equations in the MRVM, it would be
simpler to tuning their parameters one by one. Though not
strictly required, virtual motors for most unstable modes can
be tuned first in order to achieve the required stability
requirement. After that, one might proceed with the tuning of
other virtual rotors.

For demonstrating the tuning procedure, the parameters of
the VMRM are given asin TABLE I. Note that the final values
of ¢, and ¢, are obtained after the tuning process. Though
all the parameters are tunable, only two of them are essential
for defining the damping of the MRV M. These two parameters
are the damping ratios of the additional swing equations. From
Fig. 8 and TABLE I, the frequency responses of the MRVM
from grid frequency «, to output power P can be obtained as
in Fig. 9 and Fig. 10. The former shows the gain and phase of
the MRVM at 0.4 Hz (inter-area mode) and 1.25 Hz (local
mode), which are the frequencies of target modes when ¢ is

varied from 0.2 to 1. It can be observed that as ¢, increases,
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TABLE |
PARAMETERS OF THE MRVM
Values
Symbol Quantity Tuning Tuning Final
4 s, value
Centre frequency of
“ band-pass filter (rad/s) 04 04 04
Damping ratio of
& band?pags filter 0.707 0.707 0.707
Centre frequency of
@ band-pass filter (rad/s) 1.25 1.25 1.25
Damping ratio of
% band?pags filter 0.707 0.707 0.707
H, Inertia constant (s) 5 5 5
$o Damping ratio 0.707 0.707 0.707
H, Inertia constant (s) 5 5 5
¢ Damping ratio [0.3,1] 0.707 0.8
H, Inertia constant (s) 5 5 5
- Damping ratio 0.707 [0.2,1] 0.31
0 Grid nominal
@y frequency (Hz) 60 60 60
X, Virtual impedance (pu) 0.3 0.3 0.3
2 200
=
3
g 150
=
ED Interarea mode
g 100 Local mode

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

— % : : : : : :
(9}
go High gain and low phase lag
<
S ol
%
o
.

_20 ! I 1 ! 1 L

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
G

Fig. 9. Phase and gain at 0.4 Hz (blue) and 1.25 Hz (red) for different
values of (;

only the gain and phase at 0.4 Hz is affected, meaning that £;

affects only the response of the VMRM to oscillations at 0.4
Hz. This property is achieved thanks to the decoupling
network. Additionally, it is clearly shown that ¢, is

proportional to closed-loop gain and inversely proportional to
phase delay. In fact, as the damping increases, the closed-loop
gain of the MRVM also increases while its phase delay
decreases. According to [33], the damping to LFO is
maximized when the phase difference is close to zero and the
gain is high. Such a condition is roughly indicated by the
shadowed region in Fig. 9. In this region, the gain is
significantly high while the phase displacement is relatively
low. The values of the damping ratio £ in this region can be
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considered for generic settings of the MRVM when the details
of the grid model are unavailable.

Once, the proper damping for interarea mode is specified, a
similar procedure can be carried out to determine the ¢, . Fig.
10 shows the frequency response of VRVM at 0.4 Hz and 1.25
Hz for different values of ¢,. Owing to the decoupling
network, &, modifies only the gain and phase of VRMR at
1.25 Hz. From such frequency characteristics, one can easily
identify the feasible region for ¢,. The highlighted area
showed in Fig. 10 indicates the range of value for £, where

the phase displacement is minimal and gain is maximized. In
this case, as the variation in gain is insignificant, the overall
damping is mainly determined by the phase displacement.
This tuning procedure is not only useful to determine tentative
parameters from the MRVM but also is important for
understanding the working principles of the controller.

The proposed parameter tuning procedure can be
summarized as follows:

Input parameters: H,, &, X,,
Tuning parameters: H,, H,, & or D,, ¢, or D,, & ,and

S

Step 1:set & =4, =1//2 to have well-damped filters.

Step 2: set H, =H, = H, for simplification.

Step 3: set &, = ¢, and use (13) to find a high damping range
for &, .

Step 4: Select a value for &, then use (13) to high damping
range for &, .

Step 5: If the simulation model of the target power system is
available, step 3 and step 4 can be repeated with the
modal analysis approach to fine-tune the values of
&, and &, , which will be illustrated in section IV.

0
@y o,,and o,
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Fig. 11. Modified three-machine-infinite-bus system

TABLE II
DATA OF THE GENERATORS
Parameters Generator
Gl G2 G3
S [MW] 1560 1560 890
f, [Hz] 60 60 60
X, [pu] 0.89 0.89 1.72
X, [pul 0.66 0.66 1.68
Xg [pu] 0.36 0.36 0.49
Xq [pu] 0.36 0.36 0.8
X4 [pu] 0.29 0.29 0.34
X! [pu] 0.29 0.29 0.34
X, [pu] 0.28 0.28 0.27
R, [pu] 0 0 0
H, [s] 45 45 3.86
Tao [8] 5.1 5.1 5.3
Tao [8] 0.06 0.06 0.048
Teo [8] 0.094 0.094 0.066

It is to remark that there are in fact only two tuning
parameters, ¢, and ¢, , after the simplification made in step

1 and step 2.

IV. VALIDATION

To validate the proposed MRVM, the three-machine-infinite-
bus (3MIB) system is adopted. 3MIB is an IEEE benchmark
system that is commonly used to assess PSS performance
when multiple modes are considered [36]. The parameters of
the generators are detailed in Table Il. As its name suggests,
the 3MIB system consists of three generators (G1, G2, and
G3) and an infinite bus. Due to low damping, G1 and G2
oscillate against G3, forming local or intra-area oscillations at
1.25 Hz. At the same time, the three generators oscillate
against the infinite bus at 0.4 Hz representing an interarea
mode. As a modification to the original 3MIB to take into
account the integration of renewables in power systems, a
grid-connected power converter of 200 MW is connected to
B5 through a step-up transformer. The complete model for
validating the proposed control scheme is depicted in Fig. 11.
The parameters of the MRVM are given in TABLE | and are
the same for all simulations. The following modal analysis and
time-domain results are obtained by using PowerFactory
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Fig. 12. Low-frequency modes of the modified 3MIB system.

software. The eigenvalue loci are achieved by combining the
simulation results from hundreds of simulations for all the
values of the damping ratios.

Fig. 12 shows the local and interarea modes for two cases:
(i) base case in which the power converter is controlled as a
grid-following power converter (GFLC), and (ii) when the
conventional SPC-GFMC is employed. It is clear from this
figure that the system is unstable due to the fact that the real
part of the interarea mode is positive. As soon as the SPC is
employed, the interarea mode moves further to the left-hand-
side plane with around 8% damping. This increase indicates
that the SPC provides significant damping to the interarea
mode. On the other hand, the local mode is almost not affected
by the conventional SPC-GFMC. This is consistent with the
analysis carried out in the previous section that the SPC is able
to provide damping to oscillatory modes whose frequency is
lower than 1 Hz. In fact, the SPC can only increase the
damping of local mode to just above 3% which is
unsatisfactory according to grid codes where at least 5%
damping is required [37].

For tuning the parameters of the MRVM, the feasible
regions in the previous section can be used when the details of
the grid model are unavailable. In contrast, when the grid
model is known, the settings of damping ratios for the MRVM
can be further specified using eigenvalue locus. Specifically,
Fig. 13 shows the mode trajectories when the damping ratio
¢, is varied from 0.4 to 1. It can be seen that by increasing
;. the damping of interarea mode is increased from around
3% to approximately 11%. As the ¢, approach 0.9, the system
damping starts to decreases due to the increase in phase
displacement discussed in the previous section. Thus, the
damping ratio can be conservatively chosen as ¢, =0.8.
Comparing to the SPC-GFMC, the damping of interarea mode
is increased from 8% to 11%. This result reveals that MRVM
does not only improve system stability but also it allows
specifying the desired damping. Interestingly, the local mode
is almost unaffected by ¢ .
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Considering ¢, =0.8, Fig. 14 shows the eigenvalue locus
of the 3MIB system for different values of ¢, . It can be seen
that £, can significantly improve the damping of the local
mode. Indeed, as ¢, decreases, the damping of local mode is
increased from 2% to around 6.5% at ¢, =0.31. Such

improvement of the damping ratio clearly confirms that
MRVM is more effective than the SPC which can only bring
this damping ratio to just above 3%. Moreover, slight coupling
between the damping ratio £, and the interarea mode can be

observed. This coupling is, however, beneficial because it
brings the interarea mode further to the left-hand side of the
complex plane, increasing the damping ratio of the interarea
mode to 12%.

Fig. 13 and Fig. 14 clearly confirm that (i) the feasible
regions defined with the single converter infinite bus system
in Fig. 6 encompass the optimal settings of the MRVM for an
actual grid; (ii) the tuning of the control parameters is nearly
decoupled meaning that the virtual rotors can be separately
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Fig. 15. Active power injected by the generators and the GFMC for
different control strategies; (a) Active power of G1 and G2; (b) Active
power of G3; (c) Active power of the converter.

tuned; (iii) MRVM is more effective than conventional GFMC
in damping LFO.

To further illustrate the performance of the MRVM,
comparative simulations of the modified 3MIB system have
been conducted. Fig. 15 shows the time domain simulation
results of the 3MIB system for different control schemes of the
grid-connected converter. The considered test cases are: (i)
GFLM, (ii) SPC-GFMC, (iii) MRVM with a virtual rotor
tuned for interarea mode, and (iv) MRVM with two virtual
rotors tuned for interarea mode and local mode. To generate
an event, a reactive load is connected at BS at t = 1 s and then
disconnected att=1.1s.
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Fig. 15 (a) and Fig. 15 (b) shows the active power delivered
by the generator G1, G2, and G3, and Fig. 15 (c) shows the
power injected by the power converter. As can be clearly seen
in the base case, the system experiences sustained oscillations
with increasing amplitude, which is due to the unstable pole
associated with the interarea interactions. On the other hand,
the SPC-GFMC is able to attenuate the interarea oscillations
moving the system into a more stable state. Nevertheless, as
the SPC-GFMC is unable to improve the damping of the local
mode, the local oscillation is sustained for an extended period.
Such oscillations can be observed more clearly in the output
power of G1 and G2. A slight improvement to damping of
interarea mode can be observed when the MRVM is tuned for
.

When MRVM tuned at «, and w, is employed, both local

and interarea interactions are improved. In fact, power
oscillations completely vanish after 8 seconds instead of 15
seconds as in the case of the SPC-GFMC. Fig. 15 (c) also
indicates that MRVM reduces the oscillations of the injected
power by the power converter. Consequently, these results
further confirm that the MRVM can provide superior
performance over conventional GFMC in terms of attenuating
power oscillations.

In addition to the higher damping at critical modes
provided, Fig. 16 reveals that the MRVM also improves the
transient performance of the GFMC. That is the peak current
at the moment of the event is lower when MRVM is employed.
Moreover, the power oscillations at the output of the GFMC
also decay faster. It is evident that the MRVM enhance the
transient response of both the grid and the converter.

VII. CONCLUSION

This paper proposes a multi-rotor virtual machine (MRVM)
controller for improving the attenuation to SSR in power
systems. As a proof of concept, the MRVM s proposed
assuming the inner control loop of the power converter is well
designed and able to handle adverse operating conditions of
the grid such as voltage sag or distortion. The MRVM
leverages the flexibility offered by the digital implementation
of GFMC’s control system to emulate a VSM with multiple
rotors. Each of the virtual rotors can be tuned separately to
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achieve  desired  performance such as  overall
electromechanical response or LFO damping. Additionally, a
decoupling network for enhancing signal filtering is employed
to eliminate the coupling between the virtual rotors, which not
only improves the overall performance but also facilitates the
tuning of the control parameters. In addition to formalizing the
concept, this paper also proposes tuning strategies for the
MRVM by using frequency-domain and modal analyses.
Simulation results of MRVM with the IEEE 3MIB system
confirms that the MRVM is an effective and flexible solution
in dealing with power resonances. Future work would focus
on the validation of the proposed MRVM in experimental
settings.
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