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ABSTRACT  With more renewables integrated into power grids, the systems are being transformed into low
inertia power electronic dominated systems. In this situation, the virtual synchronous generator (VSG) control
strategy was proposed to deal with insufficient inertia challenge caused by the reduction of synchronous
generation. However, as the VSG control method emulates the dynamic behavior of traditional synchronous
machines, the interaction between multiple VSG controllers and synchronous generators (SGs) may cause
low-frequency oscillation similar to that caused by the interaction between multiple SGs. This paper reveals
that the system low-frequency oscillatory modes are affected by multiple VSGs. Then Prony analysis
is utilized to extract the system mode information which will be subsequently used for VSG controller
design, and a decentralized sequential coordinated method is proposed to design the supplementary damping
controller (SDC) for multiple VSGs. The system low-frequency oscillation is first analyzed based on a
modified two-area system with a linearized state-space model, and a further case study based on a revised
New England 10-machine 39-bus system is used to demonstrate the effectiveness of the proposed coordinated
method for multiple VSGs.

INDEX TERMS  Virtual synchronous generator (VSG), low-frequency oscillation, coordinated supplemen-
tary damping controller, decentralized control, sequential design method, Prony method, energy storage.

. INTRODUCTION

WING to the increasing penetration of power-

electronic interfaced renewable energy sources, the
current power system is transforming from synchronous gen-
erator (SG)-based structure to a power electronics-dominated
one. This transformation poses significant challenges on
system stability because of the reduced system inertia [1].
In order to address these challenges, the virtual synchronous
generator (VSG) control with different implementation
methodologies [2]-[6], [11], [16], [19], [20] was proposed
and currently a VSG pilot project has been implemented in
China [7]. The core of VSG is emulating the swing equation
of SGs to provide virtual inertia support for power systems.

The synchroverter concept was proposed in [2] which imi-
tates both electrical and mechanical characteristics of SGs
in stationary reference frame. It provides a clear and simple
control structure to improve system frequency and voltage
regulation capability. The power synchronization technique
which enables the voltage-sourced converter (VSC) stations
to behave like SGs was applied in [3]. Such control method
improves the system stability for VSC-HVDC when con-
necting weak grid and therefore increases the transferred
power. The inertia emulation control which utilizes the energy
stored in the DC link capacitor was implemented [4] and it is
equivalent to a virtual rotor. The emulated inertia enables the
power electronic system to have better dynamic performance.
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The virtual impedance [5] was introduced into VSG to
enhance system controller flexibility. Apart from these,
the VSG has also been enhanced from various aspects [8], [9]
and it is proved to be a promising method to improve system
stability.

Since VSG mimics the dynamic features of SGs, some
inherent disadvantages such as power oscillations are also
introduced by implementing such control strategy [6], [14].
The power oscillation is prone to occurring during load tran-
sients between VSG and SG devices due to inertia differ-
ence [12]. It was reported in [10] that the system suffers from
undamped low-frequency oscillation instability because of
the considerable grid resistance and the undesired coupling
between active power and reactive power. [13] explained the
resonance instability among parallel operated VSG and SG
in the vicinity of natural frequency and stated that it is caused
by the combination of governor and inertia characteristics.

However, most of the existing studies are mainly focused
on the micro-grid systems. On the other hand, low-frequency
oscillation is one of the major concerns for large power
systems [14] especially under bulk power transfer between
weakly connected power grids. Generally, there are several
proposed methods to suppress the system power oscilla-
tion. The adjustment of VSG internal control parameters
such as inertia and damping/droop coefficients are investi-
gated in [10], [15] to improve system damping performance.
However, it is also described that adjusting such parameters
have limited impacts on system oscillation damping [17] and
smaller inertia constant or larger damping coefficients can
even degrade system behavior [6], [18], [21]. The virtual
reactance was introduced to improve the system damping
characteristics [22] while it may lead to reactive power cal-
culation error [18].

In addition, some other methods were also proposed
by employing additional stabilizing signal into the active
power loop or reactive power/voltage loop to improve system
damping [21], [23]-[25]. An improved damping control by
modifying the voltage magnitude loop was introduced to
VSG [21]. [24] proposed a strategy which implements a
combination of power feedback signal and the derivative of
virtual frequency feedback signal into the active power loop
to enhance the damping of VSG. Similarly, the application
of identification-based hierarchical control was investigated
in [23] and this supplementary signal was also added into the
real power loop. However, considering the potential risk of
introducing torsional oscillation when injecting supplemen-
tary signal into the active power loop if the prime mover
power of VSG comes from wind turbines [26], the addi-
tional damping signal is applied to the reactive power loop
in this paper. Furthermore, as the virtual excitation control
is implemented, the proposed supplementary control in this
paper is added to the voltage droop loop rather than directly
regulating the internal voltage magnitude as discussed in [21].
The proposed supplementary control in this paper is similar
to the power system stabilizer (PSS)-based control, which can
provide one more degree of freedom to enhance the system

VOLUME 8, 2021

damping performance and it is easy to be implemented in
practice.

The coordinated damping control for multiple VSGs is
particularly useful to reduce the undesired coupling between
them and also increase the damping of multiple dominant
system oscillation modes. Generally, the coordinated control
can be categorized into a multi-input-multi-output (MIMO)
centralized control or a decentralized control [27] which usu-
ally decouples the system into multiple loops of single-input-
single-output (SISO) one. Re-organizing a MIMO control
problem into SISO control issue makes it more viable and
attractive for practical power system. Besides, the central-
ized control is highly dependent on communication, there-
fore, it increases the system investment, the system control
complexity and decreases the system reliability when there
is a loss of communication [28]. The communication-less
decentralized coordination control with a local structure is
therefore more preferable. The sequential approach is gen-
erally implemented to design the controllers for a group
of devices. A series of coordinated controllers for multiple
FACTS devices are designed and studied with sequential
strategy in [29]. Similarly, the sequential design method is
utilized to ensure the multiple damping controllers of VSGs
to work cooperatively.

In the past, Prony method [30] was utilized to extract
the system oscillatory modes information since it is com-
plex and unrealistic for practical large-scale power grid to
obtain required system oscillation behavior using conven-
tional modal analysis. Hence, in this paper, Prony method
will be applied along with the coordinated sequential design
approach for power systems with multiple VSGs. To the best
knowledge of the author, there was limited research work
on the coordinated control design of power systems with
multiple VSGs. The main contributions of the paper can be
summarized as below,

(1) The impact of multiple VSGs on system low-frequency
oscillation is investigated and it is revealed that the
VSGs are involved in the low-frequency oscillation
modes (both local and inter-area modes). The virtual
phase angle and angular frequency (6, and w,;,) par-
ticipate in related modes significantly;

(2) The Prony analysis is applied for multiple VSGs sup-
plementary damping controller (SDC) design. It is used
to extract the low frequency modes information. Such
measurement-based analysis provides more feasible
and flexible design approach for SDC;

(3) A coordinated supplementary controller is designed
for the virtual exciter loop to provide additional
damping. The decentralized sequential control tech-
nique is employed to coordinate the supplemen-
tary controller design for multiple VSGs. The
designed controller is easy to implement and
can suppress the system low-frequency oscillation
effectively.

The rest of the paper is organized as follows. The VSG

control strategy which emulates the SG’s characteristics is
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FIGURE 1. Diagram of VSG control.

briefly described in Section II. The commonly used two
system oscillation identification methods are reviewed in
Section III. Section IV describes the proposed decentralized
coordinated sequential control strategy. The analytical results
of the revised two-area system with multiple VSGs are pre-
sented and the time-domain simulation with the designed
controller is studied in Section V. A revised New England
39-bus system is also investigated in this Section. Section VI
draws the conclusion.

Il. VIRTUAL SYNCHRONOUS CONTROL STRATEGY

The operating principle of VSG control scheme, which typ-
ically has energy storage capability, is described briefly in
this section and the control structure is shown in Fig.1. (The
variables in this figure are based on per unit system if not
specified)

A. ACTIVE POWER CONTROL (P-PART)
The active power part (P-Part in Fig. 1) is the core of
VSG which emulates the virtual inertia, damping and droop
function.

The rotor equation and P — f droop equation can be
expressed as:

dwy;y
2H d;l =Py —P.+Ky (a)g - wvir)
Py = Pryr +Dp(wn_a)g) (1)
Ovir — wro
dt = WpWyir
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where Py, P, and Py, are the virtual prime mover power, the
converter output active power and reference; H, Ky and D),
are the virtual inertia constant, virtual damping coefficient
and virtual P — f droop coefficient; wp, wy, wg and wy;,
are the base frequency, nominal frequency, measured system
frequency and generated virtual angular frequency; and 6,;,
is the virtual phase angle.

B. REACTIVE POWER CONTROL (Q-PART)

For the reactive power part (Q- Part in Fig. 1), the virtual exci-
tation control can provide a better transient performance [31]
and therefore it is used to generate required voltage magni-
tude. The designed SDC is also introduced in this part.

Epn = Gex () (Vref -Vi+ usup) 2)

where V,.r, V; and E,, are voltage reference, measured volt-
age at point of common coupling (PCC) of system and gen-
erated virtual voltage magnitude, uy,, is the supplementary
signal and G, (s) is the virtual excitation transfer function.

If V; can track the reference value without static error, then
an integration block should be included in Gex (s). If the V —Q
droop is considered as well:

Vref =V, + (Qref - Qe)/Dq (3)

where Q. and Q,,s are the converter output reactive power
and reference, V), is the nominal voltage and D, is the droop
coefficient. Combining (2) and (3) together, the following can
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be developed:
Gex (5) (Dg (Vi — Vi + ttsup) + (Qrey — Qe))
E, — 4
D,
If Gg_is) = % (4) is expressed as:
dE,,
K? =Dy (Vn -Vi+ “sup) + (Qref o Qe) )

where K is the virtual excitation coefficient.

C. VIRTUAL IMPEDANCE
The virtual impedance is adopted to facilitate the implemen-
tation of inner current loop [32],

. Em,abe — Vi,ab
leC _ m,abc t,abc (6)
(Lys +R))
where i, ., Eyn abe and V; gp. are the generated current refer-

ence, virtual voltage and measured voltage in abc stationary
reference frame, L, and R, are the virtual inductance and vir-
tual resistance. The current limitation [33] is also considered
to guarantee the secure operation of converters.

lll. OSCILLATION MODE IDENTIFICATION METHODS
The commonly used two system oscillation identification
methodologies, i.e., the modal analysis and Prony method are
briefly reviewed in this section.

A. MODAL ANALYSIS

The modal analysis is dependent on the detailed system mod-
elling and system components are introduced respectively as
below.

1) SYNCHRONOUS GENERATOR
The six-order model of synchronous generator and the IEEE
type-1 excitation system are modelled [34].

2) VIRTUAL SYNCHRONOUS GENERATOR (VSG)

The mathematical modelling of VSG control is described
in Section II. It should be mentioned that the VSG equa-
tions are derived under local dg-reference frame, therefore,
it is necessary to transform physical quantities in the local
dg-reference frame to that in the unified system DQ-reference
frame.

3) OVERALL SYSTEM

Combining all the system differential equations above and
the power flow algebraic equations, the small-signal model
of overall system is obtained by linearizing the equations at
a specific operating point [35]. The system oscillation modes
can be determined via eigenvalue analysis.

B. PRONY METHOD

The aforementioned modal analysis is subjected to the sys-
tem modelling details and operating points, which may not
be suitable for practical large-scale power systems. On the
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other hand, a measurement-based methodology, i.e., Prony
analysis, which does not require detailed system information,
is used in this paper to estimate the system modal features.
Prony analysis constructs the signal with a set of complex
functions [36],

= Zle Ml g@iti2nfdTin — N7

_ Hie" (D)
i=1
where y, is an estimated signal of a data sequence
¥y =g, ¥1-..In—1], p is the order of the fitting model, M;
is the magnitude of i;; mode, 6; is the phase angle, «; is the
damping coefficient, f; is the frequency, T} is the time interval
of sampling and H; is the iy, output residue including the input
signal (rather than the transfer function residue).
Considering that the system is represented in Laplace
domain (Y(s) = G(s)U(s)), the transfer function can be
represented in residue form as:

R;
Go=Y" (8)

i=1 S—)\i

The residue H; contains the input signal information, which
is not specified in (7). If input U (s) is given and it is assumed
as a step signal, then the transfer function residue can be
calculated as [30]:

—sD; _ p—sDiy1

k e —
U=y, e

o Hj; -_
R; = Z j=1,2...p
Z‘ Ocie)»j(Dk—Di)
=

After applying a known input disturbance to the power
system and then performing the Prony analysis using the
corresponding output, the transfer function residue can be
obtained. The estimated system information from Prony
method can be used to guide the system controller design.

©))

IV. DECENTRALIZED COORDINATED SEQUENTIAL
DAMPING CONTROLLER DESIGN

In this part, a decentralized coordinated sequential design
approach for the system with multiple VSGs is presented.
The proposed scheme is based on identified system transfer
function with Prony method. A general description is demon-
strated in this Section.

In order to obtain the identified model, a probing signal
is injected to VSG (e.g., a step voltage reference with small
magnitude is applied to the VSG Q-part loop) as shown
in Fig. 2, the corresponding output related to the power
oscillation such as the active power and virtual angular fre-
quency, etc., is used to extract the system oscillatory modes
using Prony method. The obtained oscillatory pattern is then
utilized to develop a reduced-order model for the system.

The structure of SDC is depicted in Fig. 1 where y is
the selected feedback signal from the VSG. Kgpc is the
supplementary controller gain; T, is the time constant of the
wash-out block and its typical values are 1~20s [35] and it
is set to 3s in this paper; 77 and 7> are the time constants
of the lead-lag block. After obtaining the system oscillatory
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FIGURE 2. Data sampling process.

information, the residue method is utilized to calculate the
lead-lag block parameters. With the identified system transfer
function G (s) and the obtained SDC parameters, Kspc can be
determined with root-locus method.

Inputl Outputl

Input2 . | Output2

—pt *[*---- Original System

Input n
»
.

Output n

R

Damping
Controller for
VSG1

Damping
Controller for [«&
VSG2

Damping
Controller for |«&
VSGn

FIGURE 3. Sequential design approach.

To coordinate the damping controllers for multiple VSGs,
the sequential approach depicted in Fig. 3 is implemented.
The power grid is first treated as a SISO system and the damp-
ing controller for the first VSG is designed with preceding
steps. After obtaining the damping controller for first VSG,
the closed-loop system model including the designed con-
troller is formed (as highlighted in Fig. 3) and it is regarded as
anew open-loop system for the next VSG damping controller
design. With such method, undesired adverse interactions
among the different VSG units in damping controller design
can be reduced and the design process of multiple damping
controllers can be simplified as well.

The complete controller design process can be summarized
as following,

(1) Step 1: Injecting a specified control input disturbance

to the first VSG and extracting the system oscillatory
information with Prony method;
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(2) Step 2: Designing the damping controller with obtained
system information and testing the system perfor-
mance. More specifically, the parameters of lead-lag
block are obtained based on residue method and the
stabilizing gain is determined with root -locus method;

(3) Step 3: Repeating Step 1 and Step 2 to design damping
controller for next VSG;

(4) Step 4: Validating the effectiveness of designed con-
troller after finishing the decentralized sequential
damping controller for multiple VSGs.

V. STABILITY ANALYSIS AND SIMULATION RESULTS

In this section, a revised two-area system is first analyzed
with both modal analysis and Prony method, a decentralized
sequential control method is then proposed for the damp-
ing controller design of multiple VSGs. A more complex
power system is studied as well to confirm the effectiveness
of designed controller. The simulation results are based on
phasor-type model in MATLAB/Simulink.

1 5 6 7 8 9
110 km | 110 km
I

g " H %
\Vi I I \Vi

1

2 4 —

VSG 1 VSG2

Area 1 Area 2

FIGURE 4. Single-line diagram of modified two-area system.

A. MODAL ANALYSIS, CONTROLLER DESIGN AND
SIMULATION OF TWO-AREA SYSTEM

A modified case based on the two-area benchmark sys-
tem [35] is used to analyze the impact of VSGs on power
systems low-frequency oscillation. The system topology is
depicted in Fig. 4. Two VSGs are employed to replace the
SGs in bus 2 and bus 4 respectively. Both VSGs are producing
the same active power as the original SGs to maintain the
power balance. The PSSs of SGs are deactivated to facilitate a
clear demonstration about the impacts of VSGs. Most system
parameters can be found in [35] and the detailed parameters
of VSG controller are listed in Table 3.

1) ELECTRO-MECHANICAL STABILITY ANALYSIS

The low-frequency oscillation patterns of the two-area system
are obtained by applying modal analysis and the results are
shown in Table 1. As can be seen from Table 1, there are
three low-frequency oscillation modes of the modified two-
area system. Theoretically, there will be n — 1 low frequency
oscillatory modes if n swing equations are included in the
system. As there are two SGs and two VSGs, four rotor
dynamic equations lead to three low-frequency oscillation
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TABLE 1. Eigenvalue analysis results of revised two-area system.

Frequenc i
No. (qHz) y Darr;tlia(l)ng Dominant states
1 1.167 0.101 WsG2, Os62; Wyse2, Ovsce
2 1.137 0.116 wsc1, 05615 Wyse1, Ovser
3 0.588 0.056 wsG1, Os61; W62, Osg2;

Wyse, Oysei; Wysea Bvser

modes, one inter-area mode and two local modes which is
similar to that of the original two-area benchmark system.

Normalized participation factor

FIGURE 5. Normalized participation factor for low-frequency
modes.

The normalized participation factors [34] for three modes
are presented in Fig. 5. For the conjugate eigenvalues A and
A2, they are related to mode 1 and high participation factor
values of related states (052, wsG2, Ovsge and wysagr) reveal
that they are dominant in this local oscillation. Similarly, A3 to
Ae show that virtual swing equation states (Aysg, wysg) have
a considerable interaction with the SG rotor states (fsg, wsg)-

—SGl1 SG2 —VSGl —VSG2

1 1 1
120 %0 ‘60 120 %0 ‘g0 120 % ‘60
150 05 30 150 05 30 150 05 39

180 _~ 0 180 __——3>0 180 > —3 o0

210 330 210 330 210 330

240 270 300 240 270 300 240 270 300

@ (®) ©

FIGURE 6. Mode shapes. (a) mode1; (b) mode 2; (c) mode 3.

The calculated mode shapes related to the three low-
frequency modes are illustrated in Fig. 6. Fig. 6(a) and (b)
demonstrate the mode shapes of local modes where
SG2 oscillates against VSG2 in area 2 and SGI oscillates
against VSG1 in area 1. For mode 3, it is obvious that the
VSG and SG group in area 1 are oscillating against the other
group in area 2. Traditionally, the homogenous generators in
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the same area are determined based on geographical locations
and the different areas are usually linked with weak tie-
lines [35]. From these results, it can be observed that the
integration of VSGs into the power grid has similar effects
on system low-frequency oscillation modes like SGs.

2) SEQUENTIAL SUPPLEMENTARY DAMPING
CONTROLLER FOR MULTIPLE VSGs
Based on the previous analysis, the VSGs have strong inter-
actions with SGs in low-frequency range. In order to sup-
press such oscillation mode, the aforementioned coordinated
decentralized sequential damping control is implemented.
Normally, the variables related to the power oscillation
are considered as candidates for feedback signals. In this
paper, the VSG active power output is chosen as feedback
input signal for the auxiliary damping controller. The sup-
plementary signal is added in the virtual excitation loop
because additional modulation in active power loop may
introduce mechanical vibrations and will shorten the lifespan
of mechanical structures if they are applied to wind sys-
tem [37]. As the feedback signal is extracted from the local
signal, the time compensation caused by the communication
delay is not considered.

0.03 T T T T T T
[ Sampled signal

Reconstructed signal | 7

0.025

0.02 b

0.015

0.01

A Pvsgl

0.005

-0.005

-0.01

Time (sec)

FIGURE 7. Reconstructed signal.

Before implementing the Prony method, a step input is
injected to VSGI to obtain the transfer functions. The step
change of V,, is applied to the Q-part of VSG1 and the active
power of P, vsGi, is chosen as the output signal, which will
then be used for the Prony analysis. As can be observed in
Fig. 7, the reconstructed signal in red approximates the actual
signal well. The estimated low-frequency mode information
is listed in Table 2. The first two modes reveal that the
VSG1 has a high participation in such oscillation and this is
consistent with the eigenvalue analysis in Table 1. The mode
(1.167 Hz) is not identified as VSGI is not participated in it.

From the extracted results based on Prony analysis, a
reduced-order system transfer function can be obtained. The
bode plot as shown in Fig. 8 shows that it has a relatively good
fitness in the frequency range of interest.

The obtained residue information in Table 2 is utilized to
calculate the parameters of lead-lag block. Although mode 2
with large residue is chosen for the calculation, the damping
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TABLE 2. ldentified reduced-order system transfer function.

Frequency Damping . Residue
Mode (Hz) ratio Eigenvalue (Rzd)
1 0.593 0.058 -0.217 0.186£2.95°
+j3.726
2 1.148 0.112 -0.813 0.9912£—-24.03¢
+j7.213
3 0 -- —0.00123 —0.01332180°
4 0 - -0.325 —0.1192180°
5 0 -- -0.974 0.85420°
6 0 -- —1.551 0.3422180°
Bode Diagram
10 :
m O
=2
_ié 10 b
=20
30 =
45
Original
ol Estimated | |
£
90 - Sl
-135 :
107! 10° 10!

Frequency (Hz)

FIGURE 8. Bode plot.
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FIGURE 9. Active power response under Vj disturbance.

of other modes will be increased if possible. The supple-
mentary controller gain Kgpc for VSG1 is determined using
root-locus method with identified system transfer function.
The simulation shown in Fig. 9 verifies the effectiveness of
the designed controller for VSG1 with a step disturbance
inV,.

As there are multiple VSGs in the test system, the sup-
plementary controller for each VSG should be designed
in a coordinated manner. Using the sequential coordina-
tion method described in Section IV, the controller is
designed step by step, i.e., SDC1 for VSGI and then
SDC2 for VSG2. As the dynamics of SDCI1 are already
incorporated into the Prony analysis for SDC2 design, the
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FIGURE 11. Impact of different virtual inertia and damping with
designed controller.

coordination of the multiple supplementary controllers can
be achieved. It should be mentioned that different design
sequence may lead to different controllers, but it has small
effect on the overall system damping performance [29].
The damping with different design sequences is compared
in Fig. 10 where SDC1SDC?2 represents design of the VSG1
first and then VSG2, SDC2SDC1 represents the reversed
sequence. It shows that the overall system damping is almost
the same with different design sequences.

With the designed controller, the analysis of the impact
of different virtual inertia and damping coefficients on the
system eigenvalues is presented in Fig. 11. it can be seen that
higher H shifts the three modes towards left within the varied
range (5~15s) which indicates that the designed scheme can
achieve satisfactory performance with high virtual inertia of
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FIGURE 12. Two-area system response under generator
excitation disturbance.

VSG. When the virtual damping K; changes from 20 pu to
50 pu, it can be seen that there are limited impacts on the two
modes near the imaginary axis, while it makes the mode with
higher frequency to move towards left. Therefore, it can be
inferred that the designed scheme is robust to a varied range
of virtual inertia and damping coefficients of VSGs.

3) TIME-DOMAIN SIMULATION
In order to validate the effectiveness of the designed coor-
dinated damping controllers, simulation studies of a step
excitation disturbance and a three-phase-to-ground fault are
carried out on the 11-bus two-area system.

A step disturbance lasting 0.2s with 0.05 pu magnitude is
applied to the excitation control of SG1, the system responses
are illustrated in Fig.12. It can be found from Fig. 12(a) to (d)
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FIGURE 13. Two-area system response under fault disturbance.

that the designed controller can improve system damping.
The tie-line power oscillation as shown in Fig. 12(a) is
suppressed considerably with the proposed coordinated con-
troller. The active power oscillation of SG2 as shown in
Fig. 12(b) is damped quickly with the designed controller.
Besides, the rotor speed and active power of VSGI1 have
better damping performance.

In addition, the effectiveness of the coordinated damping
controller is verified by simulating a three-phase-to-ground
fault on one of the transmission lines between two areas at
5s with a duration of 0.1s. The simulation results are shown
in Fig. 13. It can be observed that the designed controllers are
very helpful to system oscillation suppression. It enhances the
system damping performance under fault disturbance.

Another four cases (case 3 to case 6) are also simulated
to validate the robustness of designed controller. The same
three-phase-to-ground fault is applied to these cases except
Case 4.

Case 3: The impact of heavily loaded tie-line. The 300MW
load in area 1 is transferred to area 2 which changes the power
flow through the tie-line from 413MW to 670MW.
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FIGURE 14. Two-area system simulation for heavily loaded
tie-line.
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FIGURE 15. Two-area system simulation for continuously
changing load.

Case 4: The impact of continuously changing load.
A 15MW load is added to bus 7 at 2s, following by 25MW
load increase at 10s, a decrease of 10MW load at 20s and a
further 20 MW decrease at 30s.

Case 5: The impact of electrical distance of tie-line. The
distance of the tie-line between two areas are set as 180km,
220km and 260km respectively.
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FIGURE 16. Two-area system simulation for different electrical
distance. (a) 180 km. (b) 220 km. (c) 260 km.

Case 6: The impact of penetration level of VSG. The
SG1 in the two-area system is replaced with a new VSG to
model 3VSGs system. An all-VSGs system is further devel-
oped by replacing SG2 with a VSG. Therefore, the system
studies with non-synchronous generation levels of 50%, 75%
and 100%, respectively, are carried out.

The simulation results of case 3 and case 4 are shown
in Fig. 14 and Fig. 15. It can be observed that the oscillation
of four sources (SGs and VSGs) with designed scheme is
suppressed quickly than that without the proposed control.
The active power from all devices is plotted in Fig. 16 and
Fig. 17 to show the simulation results of case 5 and case 6.
The effective damping of power oscillations demonstrates
the system damping improvement when using the proposed
method.

B. TEST RESULTS ON THE 39-BUS SYSTEM
To further validate the performance of the proposed method
in a more complex power system, a modified New England

VOLUME 8, 2021



Zhao et al.: Coordinated Damping Control Design for Power System With Multiple VSGs Based on Prony Method

0.2 ‘ Without coordinated control
ol With coordinated control
= 0
S 0.05
[
< -0.1r¢
0
021
-0.05
03 | 4 6 .8 10
0 5 10 15 20
Time (s)
(a)
0.2 T
0.1r
2 0 05
-9
< -0.1r
0
02 ¢
-0.05
03 ] 4 6 .8 10
0 5 10 15 20
Time (s)
(b
0.2
0.1+
s 0 0.05
Go1f s ]
. ol
02+ J
0.05
03 | 4 6 .8 10
0 5 10 15 20
Time (s)
(©)

FIGURE 17. Two-area system simulation for different penetration
level. (a) 50% km. (b) 75%. (c) 100%.
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FIGURE 18. Modified new England 39-bus system.

system depicted in Fig. 18 is developed. The detailed system
parameters can be found in [38]. In this system, SG2, SG5 and
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FIGURE 19. 39-bus system response under generator excitation
disturbance.

SG9 are replaced with three VSGs. PSSs are activated for the
remaining synchronous generators except SG1. The supple-
mentary controller is first designed for VSG2 and followed
by VSGS5 and VSG9. Three different disturbances are used to
validate the effectiveness of designed controller and the time-
domain simulation results are shown as below.

1) SYNCHRONOUS GENERATOR DISTURBANCE

A step disturbance with 0.05 pu amplitude is applied to the
excitation voltage reference of SG10 for 0.2s. The active
power of SG1, the power flow on Line 15-16, the rotor speed
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FIGURE 20. 39-bus system response under load disturbance.

and active power of VSG9 are selected to observe the system
response. The simulation results are shown in Fig. 19.

2) LOAD DISTURBANCE

In this case, an additional 200 MW load is suddenly added at
Bus 16. The same signals as part 1) are shown in Fig. 20 to
observe the effects of the designed controller.

3) THREE-PHASE-TO-GROUND-FAULT DISTURBANCE
A three-phase-to-ground fault is simulated for this case,
it occurs at Bus 3 with a duration of 0.1s. Similarly, the
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FIGURE 21. 39-bus system response under fault disturbance.

simulation results of the same selected signals in previous
parts are illustrated in Fig. 21.

From Fig. 19 to Fig. 21, it can be seen that the designed
controller can suppress the oscillation of VSG9 effectively.
Meanwhile, the oscillation amplitude of the power flow on
line 15-16 can be alleviated as well. It can also provide
damping support to the rotor speed of SG1.

VI. CONCLUSION

This paper has investigated the impact of multiple VSGs on
power system low frequency oscillations. From the modal
analysis, it has been found that the VSGs are participat-
ing in the low frequency oscillation modes and have strong
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interactions with traditional synchronous generators. Then
a coordinated decentralized sequential design approach for
supplementary damping controller for multiple VSGs has
been proposed using measurement-based Prony analysis
which aims to obtain the oscillation modes of the system, and
the advantages of such method is that it facilitates the mode
extraction where it is not possible to get the detailed structural
model of targeted system. This feature is particularly use-
ful for large scale power system applications and controller
designs. The proposed approach has been demonstrated on
the modified two-area 11-bus system and the 39-bus system,
which verify the effectiveness of the designed controllers.

APPENDIX

TABLE 3. VSG controller parameters [24], [31].

Dy 20 pu Dq 10 pu
Kq 35pu K 5pu
H 7s R, 0.1 pu
L, 0.3
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