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Modeling, Analysis, and Mitigation of Active Power
Oscillation in Parallel VSGs System

Jiadong Sun ", Xiangyang Xing

Abstract—Recent years, the virtual synchronous generator
(VSG) is widely used in practice, owing to its ability to emulate
the behavior of traditional synchronous generators. However, a
challenge issue emerges during load changes, namely, the active
power oscillation tends to cause overload and frequency stability
deterioration, especially in the parallel VSGs system. Although
some studies have tried to address this issue, the effectiveness of
conventional methods based on small signal model (model lin-
earization) are influenced by the change of equilibrium point. And
the linear method of parallel VSGs system is lack of a stable design
framework. As the number of VSGs increases, the order of model
will increase rapidly, then the stability of parallel system is difficult
to be proven by the root locus or other linear stability criteria.
Therefore, in this article, the port-controlled Hamiltonian model
is first built, which provides a stable framework for control law
designing. Then, this model is employed to investigate the impact
of coupling effect between parallel VSGs, which induces the oscilla-
tion. Furthermore, to mitigate the active power oscillation and en-
hance the frequency stability, the coupling effect is regarded as the
disturbance, and a control law is proposed to constrain the impact
of disturbance based on the L.-disturbance attenuation. Finally,
effectiveness of the proposed strategy is validated by simulations
and experiments.

Index Terms—Active power oscillation, frequency stability,
L2-disturbance attenuation, parallel system, port-controlled
Hamiltonian (PCH) system, virtual synchronous generator (VSG).

1. INTRODUCTION

S the penetration rate of distributed generators (DGs) in-
A creases, inertia of the power system is declined, inevitably,
which threatens the safe and stable operation of this system. To
address this problem, virtual synchronous generator (VSG) is
employed to play the role of conventional synchronous gener-
ators (SGs) in the power system, especially, in the microgrid
[1], [2], where the load is widely powered by the distributed
generators (DGs) rather than the public power grid. Impacts of
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VSGs on the power system are studied in many literatures. In
[3] and [4], it is pointed out that the frequency stability of the
DGs-feed system is improved by VSG. In [5] and [6], in order
to analyze the stability of grid-connected system with VSGs,
sequence impedance modeling is constructed. In [7], based on
the small signal model of VSG, the control parameters of the
VSG are designed.

However, due to the mimic of conventional SGs, the output
active power oscillation of the VSG will be found when the load
fluctuation occurs. Particularly, the load will abruptly change
when powered devices are connected into or cut OFF from
the ac source composed of the VSGs. Differentiating from
the conventional SGs [8], the employment of semiconductor
devices makes the VSGs is liable to the overload, which is
induced by the active power oscillation when the load abrupt
changes. In [9], [10], and [11], the power coupling between
the active power loop and the reactive power loop is studied,
which conclude that the power coupling can be neglected when
the line reactance is much larger than the line resistance. In
addition, the dynamic properties of the single VSG system are
fully studied. In [12], the VSG control changes to the generalized
droop control when the disturbance occurs to achieve a rapid
power tracking performance and suppress the active power
oscillation. In [13] and [14], the VSG with adaptive inertia and
damping is proposed to improve the dynamic performance. In
[15], a novel control method is proposed, which enhances the
frequency stability by a switched active power control to make
the state variables converge to their equilibrium point (EP) along
designed phase trajectories. In [16], the passivity-based control
(PBC) is employed, which extracts the disturbance active power
and the angular frequency of VSG to be state variables of the
linear PBC model by employing a washout filter.

In order to improve the reliability and capacity of the system
fed by DGs, the parallel VSGs system is widely applied in
practice. Due to the virtual inertia, the parallel VSGs attract
much attention in supporting the microgrid, which can upgrade
the frequency stability and share the load power according to
the capacity of each VSG, which are studied by the [17], [18].
However, active power oscillation is also found in the parallel
VSGs system when the load changes. In the parallel system,
the ac bus frequency is supported by VSGs, the active power
oscillation will cause the frequency fluctuation of the ac bus
and may induce more severe cascading issues. Additionally,
due to the dynamical interactions between parallel VSGs, the
mechanism of active power oscillation in parallel VSGs system
is much more complex than that in single VSG system. Thus,
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the methods mentioned above as [13], [14], [15], [16] are not
effective in the parallel VSGs system. In [13] and [14], even the
communication is employed, the parameter adjustment is hard
to coordinate with the other VSGs, which may induce new oscil-
lations, then the proper coordination method is needed. In [15],
the power sharing is not considered when the method is applied
in a parallel system. In [16], the estimation or observation of the
ac bus frequency and the line impedance is difficult to achieve in
the parallel VSGs system. In addition to the mentioned above,
the modeling and stability analysis is also much more complex
than that of single VSG system, which makes the active power
oscillation in the parallel VSGs system to be a new issue.

To address this issue, the active power oscillation in the
parallel VSGs system is researched in some literatures as below.
In [19], the reason of active power oscillation is analyzed,
and the state space equation based on the two parallel VSGs
is obtained. In [20], the active power oscillation between two
parallel VSGs is mitigated by introducing the virtual reactance.
In [21], an adaptive adjustment method of the virtual inertia and
the damping is proposed to improve the frequency response. In
[22], the self-damping and the mutual damping are designed by
an optimization method to mitigate the active power oscillation.
In [23], the active power oscillation in the parallel VSGs system
composed of N VSGs is analyzed based on the aggravated mod-
eling. In [24], a phase feedforward damping control is proposed
to mitigate the active power oscillation. In [25], a transient active
power sharing strategy based on the small signal modeling is
proposed, which enhances the frequency stability by regulating
the inertia parameter. In [26], a decentralized mutual damping
control is proposed, which employs the output reactive power.
In [27], both the damping and the feedback of disturbance in
output active power are employed to mitigate the active power
oscillation. In [28], the active power oscillation is analyzed in
terms of a single VSG by regarding all the influence caused by
the load fluctuation as a disturbance to the active power loop.

Nevertheless, the existing methods are supposed to have some
drawbacks. In [19] and [20], only two parallel VSGs system is
analyzed, and the real time information of line impedance is
needed to design the virtual impedance, which is difficult to
obtain in practice. In [21], the feasibility in parallel N VSGs
system is not fully discussed. In [22], the optimization is some
complex and multiple iterations required, which may not have
enough robustness when the EP of system fluctuations. In [23],
the line impedance is also needed and the assumption that no
power flow between the similar VSGs is overly ideal. In [24],
due to the feedforward of phase angle, it is noted that the
proposed method will eliminate the inertia property of VSG.
In [26], the proposed strategy is only suitable for the cascaded
type connected VSGs. In [27] and [28], the high pass filter in
power feedback link for eliminating dominant poles reduces the
frequency stability and the ac bus voltage required by [27] is
difficult to obtain in practice.

Moreover, the main studies and methods mentioned above are
based on the small signal model, where the state space matrix is
influenced by the position of EP, which will be affected by the
change of load and line impedance. As a result, the robustness
of methods that relies on regulating the location of eigenvalues
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is decreased. Considering this, the parallel N VSGs is realized
as a port-controlled Hamiltonian (PCH) system to prevent the
model from being affected by the EP changing and elaborate the
coupling effect between parallel VSGs. Based on this model,
the active power oscillation can be represented by the increase
of Hamiltonian function and then mitigated by the proposed
nonlinear strategy. Furthermore, while the conventional methods
above demonstrate stability for two parallel VSGs system, their
scalability remains unverified as the number of VSG increases,
where system order and complexity grow substantially. The
contributions of this article are as follows:

1) To prevent the model from being affected by EP changing
(caused by the variation of line impedance and load) and
provide a stable framework for control law designing, the
PCH model of parallel N VSGs system is first built. Based
on the PCH model, the issue caused by EP changing in the
linearized model is avoided and the stability of parallel
system can be guaranteed if only the system structure
with the proposed control law satisfies the requirement
of interconnection and dissipation.

2) The coupling effect between parallel VSGsis investigated,
revealing that it induces oscillations in both active power
and angular frequency.

3) Based on the Ly-disturbance attenuation, the impact of
coupling effect between parallel VSGs is constrained
by the proposed strategy, which simultaneously achieves
mitigation on active power oscillation and enhance-
ment on angular frequency while preserving the iner-
tia property. Since the proposed strategy is independent
of EP changing, it exhibits superior robustness as the
line impedance changes. Moreover, the proposed strat-
egy is communication-free and without the need for line
impedance and ac bus information, which reduces the
complexity of the parallel system in practice.

The rest of this article is organized as follows. In Section II,
the parallel VSGs system is overviewed. In Section III, the PCH
model of parallel VSGs system is constructed and the impact
of coupling effect between VSGs is analyzed. The proposed
strategy is shown in the Section I'V. In Section V, the proposed
strategy is validated by simulations and experiments. Finally,
Section VI concludes this article.

II. OVERVIEW OF THE ACTIVE POWER OSCILLATION
A. Overview of the Parallel N VSGs System

The VSG control algorithm is shown in Fig. 1, where the
output phase angle ,,, and the output angular frequency w,, are
controlled by the active power loop (APL) and the amplitude of
output voltage is controlled by the reactive power loop (RPL).
The APL includes the parameters J, D, which are used to
mimic the rotation equation of the traditional SGs. And the
RPL contains the parameters K, K ;, which introduces the droop
control of reactive power.

Besides, the reference active power, the reference reactive
power, and the reference output voltage amplitude are repre-
sented as Prof, Ores, and Uy, respectively. Noting that the
reference angular frequency, i.e., wy is determined by the power
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Fig. 1. VSG control algorithm.
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Fig. 2. Overview of the parallel N VSGs system.

system, which is 1007 in this article, and Aw,, is the difference
between w,, and wy. Main circuit of the single VSG system
consists of a dc-source Uy, a LC filter contains inductor Ly and
capacitor Cy, and the line reactance, line resistance denoted as
X1, Ry, respectively. The three phase inductor current is ij4p., and
Tabes Uoabe Tepresent the three phase output current, the three
phase output voltage, respectively. Since the dynamic response
of the voltage-current dual loop is much faster than that of power
loop, the output voltage u y4p is assumed to be the output voltage
of the power loop, i.e., € 4, then the amplitude of output voltage
U oape can be regarded as E.

The parallel N VSGs system is depicted in Fig. 2, where the
variables of the ith VSG is represented by a subscript /. In
order to simplify the analysis of active power oscillation, by
employing the virtual impedance, the line reactance can always
be assumed to be much larger than the line resistance [25], then
the coupling between APL and RPL can be neglected [10], [11],
[25]. Thus, analyzing the active power oscillation can only take
the interactions between the APL of parallel VSGs into account.
From Fig. 1, the APL of the ith VSG can be expressed as

L5B, Upye o
refi — bus sin d; — Diwo + Awm;

{51 = Wmi — Whus
Xui
(D

Jiwg - Ay =
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where the wy,s and the Uy, s are the angular frequency and the
amplitude of the ac bus voltage, respectively, which are difficult
to obtain in practice.

B. Active Power Oscillation Between Parallel VSGs

As depicted in Fig. 2, when the load abruptly changes, the
output active power of each VSG will change according to the
steady state equation of (1), i.e.,

€ + Diwkofm (2)

outsg

Prefi =
where the EP of the parallel N VSGs system is expressed as
N N
Aw’ . = Yic1 Preyi = 20521 Pous
m N
> im1 Diwo
Pyui = Pregi = Diwo - Ay 3)

outs

)

where Aw¢, ; is the equilibrium value of the difference between
Wi and wo, which is identical for parallel VSGs, and P¢,; is
the equilibrium value of the output active power of the ith VSG.

In fact, when the load suddenly changes, the instantaneous
active power allocation is determined by the line impedance of

VSGs, which can be expressed as

APy : APy :---: APy
1/X, 1/X, 1/Xn
= _—= L= iy —— @
Y VX DL /X, >t 1/Xi
where AP; (i =1,2,...,N) represents the instantaneous

change on the output active power of the ith VSG caused by
the load fluctuation. Based on the analysis above, when the load
changes, the EP will be driven to a new point according to (3). If
the instantaneous P, after the load change is not equal to the

ti» then the dynamic response of the Pgy; will be induced,
which may lead to the active power oscillation. To eliminate
the active power oscillation caused by the difference between
the instantaneous P,,¢; and the Pg ., which is needed to be
proportional to the capacity of parallel VSGs, the instantaneous

change on the active power should satisfy

APy : APy i -+ : APy = Siatel © Srate2 1 =+t Sraen (5)

which can enable the instantaneous Py, ; to be the Py ..

In addition, caused by the change of EP, the w,,; also needs
converge to the new equilibrium value Awy,;, then the asyn-
chronous response of w,,; will induce interactions between
the APL of parallel VSGs. According to [28], induced by the
interactions effect above, active power oscillation will not occur

only when (5) is satisfied and the parameters J; and D satisfy

S B I
D, D, '~ Dn

which enables synchronization of VSGs when (5) is satisfied.

However, both (5) and (6) are difficult to achieve since the
line impedance is uncertain and the free degree of parameter
design will be additionally limited, respectively. Therefore, the
active power oscillation is further analyzed and addressed in this
article.

(6)
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Fig.3. Active power flow between the parallel VSGs when the load fluctuates.

As depicted in Fig. 3, the active power flow between the
parallel VSGs is denoted as P; ((j = 1,2,..., N;j > i), which
satisfies

Pj; = —Py. )

From (7), it is found that the P;; will not impact the sum of
Pout i, namely

N
> Powi =Pious- ®)
i=1

In view of the analysis above, P,y ; will converge to the Py, ;
as (3) after the load change, i.e., achieving the active power
sharing. During this process, the active power flow P;; plays a
role in regulating the Poy¢; to its EP Py .. From (1), the P;; can

outi*
be calculated as
1.5F; F;

ij

sin 51']' = Gij sin 5ij (9)
where the X;; is equal to X; + X, and the §;; denotes the angle
difference between the 6,,; and the 6, ;.

From (9), the output active power is composed of

N N
Powi = Pinsi + E Pij = Pinsi + E Gjsin d;;
j=1,j#i Jj=1,5#i

(10)

which indicates the output active power of the ith VSG is
composed of the instantaneous power determined by the line
impedance, and the active power flow between the parallel
VSGs.

And the equilibrium value of the P, ; can be expressed as

N N
Powi = Pinis + Z Pj; = Pipsi + Z Gijsind5;
Jj=1,j#i J=1,j#i
(11

where P;,s; is the instantaneous active power of the ith VSG
after load fluctuation, which is an unknown constant value, P{“}
is the equilibrium value of active power flow between the ith
VSG and the jth VSG, and 5fj is the equilibrium value of the
difference between 0,,; and 0,,;.
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From the analysis abovementioned, impacted by the asyn-
chronous response of w,y,; and w,,;, the d;; will be generated,
then it can be found from (10) and (11) that the active power
oscillation actually occurs in the active power flow P;;. Dif-
ferentiating from the single machine grid-connected system,
where the power oscillation can be simply analyzed by its
transfer function of active power loop, the active power oscilla-
tion in parallel VSGs system reflected in P;; (which is related
with the coupling effect between parallel VSGs) is much more
complex. Thus, in the next section, a parallel VSGs system
model is developed to elucidate that the coupling effect is the
cause of active power oscillation, and the power oscillation
is directly expressed by the time derivative of a Hamiltonian
function.

III. MODELING OF THE PARALLEL VSGS SYSTEM

The existing literatures mainly analyze the active power os-
cillation in terms of transfer function based on small signal
modeling, which is sensitive to EP changing induced by the
load step and the variation of line impedance. Therefore, in this
section, a PCH model of parallel N VSGs system is proposed
to prevent the model from being affected by EP changing and
investigate coupling effect between parallel VSGs. Moreover,
PCH model provides a stable framework for designing control
law.

A. Modeling of the Two Parallel VSGs System

As proposed in [31], the PCH theory is widely used in
modeling a very large class of physical nonlinear systems in
terms of energy dissipation and interconnection. It provides a
comprehensive approach to describing the dynamic behavior of
these systems based on energy flow. Especially, this theory can
be used to describe the energy interconnection between different
ports in system network.

To reflect the influence of the active power flow P;; and take
the simplicity of the model into account, the two parallel VSGs
system is considered as an example and modeled as

512 = AWmi — Awma
J1woAWm1 = Prer1 — (Pia + Pins1) — DiwoAwp,y (12)
JowoAWma = Prefa — (Pa1 + Pins2) — DowoAwpa

where the active power flow between them is denoted as the Py,
(-P21), and the instantaneous active power of the 1-th and the
2-th VSG after the load fluctuation are represented as the P;;,51,
and the P ;,52, respectively.

To analyze the active power oscillation in terms of the PCH
system, the (12) needs to be realized as a PCH system as follows:

512 0 1 -1 G12 sin 512
levo'Jml = -1 —DloJ() 0 Awml
Jowo Awma 1 0 —Dawp Awpma

& J(x)—R(x) OH(x)/0x
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0
+ P’r‘efl - Pins,l
Pref2 - Pins,2

13)

uo(x)

where x denotes the state variables of the PCH system, i.e., [§12,
J1woAw 1, JowgAwma]", H(x) is the open loop Hamiltonian
function of the PCH system, which represents the energy stored
in the PCH system without the impact of input ug(x), and the
J(x), R(x) are the interconnection matrix, dissipation matrix,
respectively, which are

0 1 -1
Jx)=1|-1 0 0 ,R(w):[DB‘”O DOW} (14)
1 0 0 20

From (14), the J(x) and the R(x) satisfy J(x) = —J" (x) and
R(x) = R"(x), which is required by the definition of the PCH
system. Additionally, the u(x) is the original input of the system,
which is composed of the reference active power [Pef1, Pref2] T
and the disturbance [Pins1, Pins2] " .

Combining (2) and (11), the [P, P7-ef2]T can be divided

into
Preg1 Pins1 Py, DiwoAwg,
= +pe | T I 15
|:P7“€f2:| |:Pins2 Pgl DQUJOA(JJmQ (15)
Substituting (15) into (13), the instantaneous active power is

eliminated, and the PCH system can be modified as

512
J1wo A1
JQWQAd}mQ
—_————
]
0 1 -1 G12(sin 019 — sin 6¢,)
= (-1 —Dle 0 Awml — Aw,‘;l (16)
1 0 —DQ(.UO Awmg — Awan
J(x)—R(x) OHy(x)/0x

€ 1, Awe ,] " is the EP that enables the
OH 4(x)/0x to be 0, and according to (2) and (11), the x° is the
desired EP of the PCH system.

Then, it is found from (16) that the closed loop Hamiltonian
function H 4(x), which considers the impact of the original input
uo(x), can be obtained as

where the z¢ = [0¢,, Aw?

2 2
W
Hd(:l?) = 70 E JkAwgnk — Wo E JkAwfnk . Awmk
k=1 k=1

kinetic energy

—G12 COSs 512 - G12 sin 5162 . (512 (17)

potential energy

where the Hamiltonian function can be decomposed to the
kinetic energy and potential energy.

The core of the PCH-based control theory is driving the state
variables x to the desired EP rapidly and stably. To represent
the location of the state variables x, the Hamiltonian function
H 4(x) is constructed to represent the energy of the PCH system,
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which should have the minimum value only in the desired EP.
The potential energy can be regarded as the difference between
the P12 and Py, which is related with the active power flow
between the parallel VSGs, and the kinetic energy represents
the difference between JywoAw i, and JpwoAws,, (K = 1,2).
Furthermore, the dissipation matrix R(x) decays the Hamiltonian
function H4(x) to make x reach the desired EP as the time
increases. Thus, the H4(x) is demanded to be strict minimum
in the desired EP, i.e., the [0, AwS, , Aw,,]", where the
sufficient condition is

BHd(a:)| g O
ox |T=% .
{Hess(Hd(w))|m_me >0

(18)

From (16), the 0H 4(x¢)/0x = 0 is satisfied, and the Hessian
matrix of H;(x) in x¢ is calculated as

G12cos df,y
Hess(Hg(x))|p=ae = 0
0

0 0
10 (19)
01

Since the 07, is within the range of (—7/2, 7/2) in practice,

then it can be concluded from (19) that the Hess(H 4(x¢)) > 0,
which indicates the H 4(x) has a strict minimum in the x¢.

B. Modeling of the Parallel N VSGs System

From the last section, the PCH model is built for a two parallel
VSGs system. Moreover, the PCH model of the parallel system
proposed in this article is promotable and easy to be partitioned.
Thus, considering the parallel N VSGs system, as shown in
Fig. 2, the PCH model of the parallel N VSGs system is provided
as

(;N(N—l) «1
2 .
(Jiwo) yx NAWN <1

[0 N(1\27—1)><N(Jg—1) (JlQ)N(]gfl) XN‘| [ 6Had,6(m) ‘|
= _ OH4(x)
(J21)NXW (R22)N><N O(Jiwo) Ny Aw

(20)

The matrices in (20), the Hess(H ;(x¢)) are provided in the
Appendix A, and the Hamiltonian function is obtained as

Hd(a:) = F + Ep
N
JIA(UZM — W Z JlAwf;“ . Awmi

M=z

— @
Ey =% . ‘
i=1 i=1
N-1 N N-1 N
Ep=— 3 > Gjicosdji — 35 > Gjisindf - dji
=1 i>g4 =1 i>4

21

where Ej, and E,, denote the kinetic energy component and the
potential energy component, respectively.

It can be found from (21) that the total kinetic energy is
composed of the kinetic energy of each VSG, and the total
potential energy is related with the active power flow between
the parallel VSGs, which implies that the potential energy cannot
be exclusively allocated to individual VSGs.

Additionally, the derivative of kinetic energy and potential
energy can be used to reflect the direction of energy flows, which
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are expressed as

dEy _ [0Ha(z) TJ OHq(z) [0Hq(x) TR OHy(x)
dt | 9Aw ST AW 279 Aw
N
:—Z (Awpi — A mz)'Z(Pij_Piej)
Jj#i
N
— > Diwo(Awmi — Aws,,)? (22)
=1
dE, _[0Hy=)]" 0Hd al
e {aa v ; [(Awmi = Acr)
N
> (P — Pj) (23)
JF#i

where the energy flow between the kinetic energy and potential
energy is determined by the interconnection matrixes J12 and
Ja21, which also represents the coupling effect and the dissipative
of energy is determined by the damping matrix Ras.

C. Stability of the Parallel N VSGs System

From (21), the derivative of the H4(x) is calculated as

dHy(z)

Awt
at v

mi

)* <.

N
- Z Djwy (Awmi - (24)
=1

According to the Laselle invariant principle [29], since the
H ;(x) is a continuous function, the dH ;(x)/dz is negative def-
inite (ND), and the desired EP is the only point satisfies that
OH 4(x)/0x = 0, there must exist a constant C such that every
state variable starts from the region Q = {x| Ha(x) < C} will
converge to the EP as +— co. Thus, the asymptotic stability of the
parallel N VSGs system is proved. Moreover, it should be noted
that if only the interconnection matrix and the dissipation matrix
satisfy the definition of PCH system, the asymptotic stability
of the system can always be proven. Compared to the stability
analysis of the existing methods, which employs the root locus,
or the pole-zero diagram, the stability analysis based on the PCH
system is much easier and can be directly generalized to parallel
N VSGs system.

D. Impact of the EP Changing

Since the line impedance (which is an equivalent value) of
VSG is difficult to obtain in practice and varies with power
system network topology changes, the EP of power angle will
be impacted by the variation of line impedance. According to
the widely used state space matrix of two parallel VSGs system
in [28], the dominated poles when the J parameter and the line
impedance change are shown in the Fig. 4. It can be found that
the poles are not only influenced by control parameters, but also
affected by the line impedance, since the line impedance changes
the state space matrix of the linearization model.

From Section III-B, the Hamiltonian function has the mini-
mum value in EP, then the state point will converge to its EP
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Fig. 4. Dominated poles of the two parallel VSGs system. (Jo = 2J1, Ji

changes from 0.3 to 20, and L; changes from 1 mH to 10 mH while Lg is always
5 mH.).

as t increases. According to (3), the EP of parallel N VSGs
system is dependent on the internal control parameters and the
external conditions, i.e., the line impedance and load. Since the
EP of power angle in the state space matrix is unavailable even
if employs the communication, the parameters in the state space
matrix cannot be real time corrected, then the location of eigen-
values is surely influenced by the load changing and different
line impedance. The analysis above indicates the robustness
of the state space model-based linearization methods will be
decreased by EP changing since the eigenvalues are affected. As
a comparison, the PCH model and the nonlinear control strategy
based on it not rely on regulating locations of eigenvalues and
then will not be affected by the EP changing.

E. Mechanism Analysis of the Active Power Oscillation

Equations (20), (22), and (23) demonstrate that the coupling
effect (i.e., the J12 and Jo) determines the energy flow between
kinetic energy component and potential energy component of the
Hamiltonian function. It can be also found that the Hamiltonian
function components are not surely ND owing to the J12 and Jo1,
which indicates the coupling effect may causes the oscillation
in potential and kinetic energy. However, the impact of coupling
effect on the state variables related to each VSG is not inves-
tigated. Therefore, this section aims to analyze the mechanism
of active power oscillation by quantitatively characterizing the
coupling effect between parallel VSGs via its influence on the
convergence rate of Hamiltonian function.

From (24), it is found that the dH ;(x)/d¢ of the parallel
VSGs system is ND, which indicates the total energy of the
parallel system will monotonically converge to the EP as r—o0.
However, due to the coupling effect, the convergence rate of the
Hamiltonian function related to each state variable cannot be
guaranteed to be ND, which are shown as below

de(Jq;wkom,;)

n = —Diwo(Awpi — Aws,;)”
damping effect
N
- Z (Pij = P5) - (Awmi — Awy,;)
J#i
coupling effect
(25)
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Fig. 5. State variables of the two parallel VSGs system. (a) Trajectories in the
state space. (b) Time domain waveforms of the state variables.

dHq(05)

dt = (Plj — PZ) . (Awmi — Awmj) . (26)

coupling effect

Since the Hamiltonian function of each state variable quan-
tifies its deviation from EP, a positive definite convergence rate
implies the oscillatory behavior in that state variable. Impacted
by the coupling effect between VSGs, (25) shows that the time
derivative of the kinetic energy is difficult to be maintained as
ND. Namely, when the coupling effect is larger than the damping
effect, the oscillation will occur in angular frequency. And (26)
reveals that lack of damping term is likely to induce oscillatory
in the active power flow between parallel VSGs, and results in
active power oscillation.

Taking the two parallel VSGs system as an example, conver-
gence rate of the Hamiltonian function for each variable are not
always ND, which are expressed as

dHa(sndeomt) — Do (Awy — Awt, )’
—(P12 — P1e2) : (Awmk - Awfnk)
dHalhrz) — (P — PE) - (Awmi — Awpms)

dt

where the dH y(JxwoAw,i)/dt (k = 12) and the dH y(12)/dt
denote the rate of convergence for the state variables JwoAw i
and § 12-

During the convergence process, only if the convergence rate
of state variable remains ND before state variable reaches the EP,
the oscillation can be eliminated. However, caused by the cou-
pling effect between the 1-th and 2-th VSG, it is found from (27)
that the ND of convergence rate for each state variable cannot be
proven. When the §12-075 has the same symbol as Aw 1 -Aw 2,
the dH 4(612)/dt is positive definite, which means the 15 will
diverge from the EP, namely, the active power oscillation occurs.
Fig. 5 describes the oscillation process comprehensively. As
depicted in Fig. 5(a), the d15 exhibits significant oscillation,
which indicates the oscillation in active power flow will occur.
In addition, the oscillation of the Aw,,; also occurs, which

27
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decreases the frequency stability. And it is found in Fig. 5(b)
that the oscillation of §12 lasts for seconds, which indicates poor
dynamic performance.

From the mechanism analysis above, the active power oscil-
lation is caused by the coupling effect between parallel VSGs,
which directly impacts each VSG through the active power flow.
Moreover, the impact of coupling effect can be reflected by the
energy flow between the kinetic energy and the potential energy.
Therefore, in order to mitigate the active power oscillation and
enhance the frequency stability, this article proposes a nonlinear
strategy based on the Lo-disturbance attenuation control of the
PCH model in the following section.

IV. DESIGN OF THE PROPOSED STRATEGY

In this section, based on constraining the impact of coupling
effect above, both the mitigation of active power oscillation
and the enhancement of frequency stability are achieved by a
communication-free control strategy without the need of line
impedance and ac bus information.

A. Theoretical Foundations of the Proposed Method

As analyzed in the last section, the coupling effect between
parallel VSGs influences each VSG through the active power
flow P;j;, and the oscillation in both active power and output
angular frequency is induced by the coupling effect.

It naturally follows that the mitigation of active power oscilla-
tion can be achieved through damping injection in the differential
equation of J;;, namely

0ij = —di(Pyj — Pfj) + Awpi — Awpyj (28)

where the d; denotes the damping parameter, and then the (26)
is modified to be
dHq(d;5)

—a 4Py - P5)*HPij = P§) - (Bwmi — Dwpy).
—

damping effect

(29)

From (29), it can be found the damping effect (which is a ND
term) is benefit to the convergence of ¢;;, which indicates active
power oscillation can be mitigated by this damping injection.

However, to support the power system effectively, it is signif-
icantly important to remain the inertia of VSG, which implies
the general location variable (i.e., §;) can only be driven by
the general speed variable (i.e., Aw p,i-Aw,y;). If 655 is directly
driven by the active power flow between the VSGs as (28), then
the VSG control will be changed to the conventional droop con-
trol, which cannot provide inertia support. Therefore, the active
power oscillation cannot be suppressed by injecting damping to
the differential equation of d;; as above.

Fortunately, based on the PCH model above, the impact of
coupling effect between parallel VSGs can be reflected by the
energy flow between the kinetic energy and the potential energy.
Therefore, this article aims to mitigate the oscillation in active
power and angular frequency by attenuating the impact of that
energy flow. When the energy flow (i.e., the coupling effect) is
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constrained, the system achieves both mitigation of active power
oscillations and improvement in frequency stability.

As studied in [32], [33], and [34], for the signal belonging
to the Lo space, constraining the impact of this signal can
be achieved by the Lo-disturbance attenuation. With a chosen
disturbance attenuation level ~, a disturbance signal w, and a
penalty signal z, the achievement of Ly-disturbance attenuation
guarantees that

I2[l5 < 2 [Jwlf3- (30)

where the ||| denotes the two-norm, the penalty signal z is
constructed to reflect the deviation of state variables from their
desired EPs.

In [32], the PCH system with disturbance is expressed as

{9'3 = [J(x) - R(2)| 55 + g1(@)u(z) + ga()w
z = h(z)[g(2)] G

where g1(x) and go(x) are port structure matrixes, and A(x) is
the diagonal gain matrix of penalty signal.
Under the condition that

R@) = 53 {m@nE] - n@nE]} >0 6

3D

Inequality (30) can be equivalently expressed as

H(z) +Q(x) < %(72 lwll = 12]3), Q) >0 (33)
which indicates that the change rate of Hamiltonian function is
constrained by the penalty signal, and the impact of disturbance
on the dynamic response can be constrained. It should be noted
that the penalty signal z needs to be designed as a gradient of
Hamiltonian function, which can be used to reflect the distance
between state variables and their EPs. And a smaller disturbance
attenuation level v indicates better suppression performance
against disturbance signals.

Additionally, as studied in [33], the (33) can be achieved by
the control law as below

u(z) = - {Hh(w)m(x) n 121} or ()2

2y oz OV

B. Proposed Nonlinear Control Strategy

From (3) and (20), it can be found that the gradient field of par-
allel VSGs is fundamentally indeterminable without communi-
cation since the EP requires global information for computation,
which will increase system complexity and maintenance costs.
Therefore, the penalty signal of this system cannot be directly
constructed from the gradient of Hamiltonian function.

To form an obtainable gradient and construct the penalty
signal, new state variables are introduced. The control equation
of the ith VSG with the introduced state variables is shown as

Omi = Wi + G

JiwoAwmi = Prefi — Pows — DiwoAwpi + Diwo(;

i =G (35)
aiéi = Prefi — Powi — DiwoAwp; — 1

2 =G
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Fig. 6. Control block diagram of the ith VSG with the introduced state
variables.
where ¢;, (; (i = 1,2, ..., N) denote the introduced state vari-

ables, «; represents the control parameters. Furthermore, the
parallel VSGs system with introduced state variables are ob-
tained as

SN(];—l)Xl 0 J12 0 J14
(Jiwo) yxnAdotwn.a | _ |Jar —R2 0 Jay
1[, 0 0 0 Jsu
(i) o n€ Ju  Jio Jz O
9H,(x)
oM )
X | 0(Jiwo) ynAw (36)
¢

where the J12, Jo1, Roo are identical to that in (20), and the rest
matrixes are detailed in Appendix B. Then, it is also proven in
Appendix B that the EP of ¢; and (; are both 0, which indicates
the introduced state variables will not affect the EP of output
frequency and active power. And the (; will only remain at 0
when the state point of parallel system reaches 0, implying that
the 2-norm of (; will be non-negative and equal O if and only
if reaches the EP. Furthermore, due to both the EP and state
variables are obtainable, partial derivatives of the Hamiltonian
with respect to the introduced state variables (i.e., v;, (;) are
known. Thus, to constrain the impact of disturbance, penalty
signal z; of the ith VSG is rational to be chosen as (.

For more intuitive understanding, the control block diagram
of parallel VSGs system with the introduced state variables
is depicted in Fig. 6. As shown in Fig. 6, the ith VSG con-
tains the original variables and the introduced state variables.
Since the derivative of output phase angle 6,,; is equal to
Ci+Awq,,, the actual output angular frequency of the ith VSG
needs to be defined as (;+w,,; rather than w,;.

Since this article focuses on mitigating the oscillation by
constraining the impact of coupling effect, the coupling effect
between VSGs is treated as the disturbance, and the PCH model
with disturbance can be rewritten, as the same form of (31),
which has a Hamiltonian function identical to the kinetic energy
of (36), and the corresponding matrixes are

(Jiwo) v Bw OH.,
T Oz

Nx1
(O‘i)NxNCle
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(Awmi — Awsi) N
= "ple

CN><1

(37

R(z) = diag [(DiWO)NxN OnxN ONXN] ;

OnxnN Onxn (DiWO)NxN
J(x) = Onxn OnxN Inxn ;
_(DiWO)NxN —InxN OnxnN

gi(x) = diag [Onwn  Inun  Inxn] g2()
=diag [Inxn Onuxn  Inun]

w=diag [(Powi — Pai) nx1 Onx1 (Poui = Poui) v »

z=(.

Then, according to (34), control law of the PCH system above
can be calculated as

(@) = [(On)” (~(E ) (—(EE N |
(39

(38)

where y is a constant, which is employed to denote disturbance
attenuation level of the PCH system.

C. Design of Control Parameters

New state variables and the L,-disturbance attenuation in-
troduce some control parameters without tuning. Fortunately,
due to the requirement of stability and the interconnection
matrix is skew-symmetric, the complexity of parameters de-
sign is significantly simplified. Moreover, control parame-
ters of the parallel VSGs system are also constrained by the
rate of change of frequency (RoCoF), which is required by
the [35].

First, considering the condition as (32), v needs satisfy that

diag [(DiWO)NxN Onxn ONxN}

< diag [Inxny —Inxn Onxn |

40
which leads to
1
min = —),t=1,2,...,N. 41

Since the parameter -y denotes the disturbance attenuation
level, a smaller value of ~y indicates superior disturbance atten-
uation effect, the v should be designed as a smallest achievable
value constrained by (41).

Then, control parameters of the introduced state variables are
shown as below. In [35], the transient RoCoF is required to be
smaller than 3 Hz/s. Assuming the peak transient power output
reaches 2 times the rated capacity (i.e., 3Pf), thus, according
to (36) and the initial value theorem, «; of the ith VSG is
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Control equation of the i-th VSG with the proposed strategy

éml = a)llll + g’
J A, = Py~ P

mi re; outi

: - DyoyAw,,; + D,y

v =¢ -7 +/27%,

0;¢; = By = P — DA, —y; = (7" +1)/ 277G
# i
Introduced state variables T
_ v Al IE A
i X1/ s )
EP 72+l E
Wrefi £5 2 ilinner|
H %‘ —ZL loop PWM
T ] ,
i : (% 1/Js Ay, B-S6X 1/s

0,

#N
ay mi f
D; VSG algorithm #i _]ﬁ} e

—h

Proi Di Ji & parameters design i a7 Proposed control ﬂ]
as (41)and (43) law as (39) :
Fig.7. Schematic diagram of parallel VSGs system with the proposed strategy.

constrained by

1 1 3m
(Jiwo - 041') = Prepi “42)
Furthermore, based on the time-scale decoupling theory, the
a; cannot be much larger than the J,wp, which makes the ¢; a
“slow variable” and then slows down the dynamic process. Thus,
considering the constraint of (42) and a rapid dynamic response,
the «; is designed to be

PrcypiJiwo

> _orefidi¥o £
i = 3rJiwo — Preyi )

Compared with the parameters design of conventional meth-
ods through bode diagram and root locus, which are susceptible
to EP changes, parameters of proposed strategy are only related
with the rated capacity, damping, and inertia parameters. There-
fore, the proposed strategy demonstrates superior robustness,
which is verified in Section V-A.

To make the implementation of the proposed control strategy
intuitive, the schematic diagram of the proposed strategy in the
parallel N VSGs system are depicted as Fig. 7, where the control
block diagram of the ith VSG is taken as an example for detailed
illustration.

In Fig. 7, the disturbance attenuation level v can be designed
in advance, and the «; can be designed according to P,z and J;
of the ith VSG. Moreover, the control law of the ith VSG is only
related with v);, (;, which can be obtained locally. Therefore,
the proposed strategy is communication-free, which reduces the
system complexity.

D. Stability of the Parallel VSGs System With the Proposed
Strategy
The proof is provided in Appendix C.

V. SIMULATIONS AND EXPERIMENTS

To demonstrate the proposed strategy, a system made up
of two parallel VSGs is established, the simulations based on
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TABLE I
PARAMETERS OF EXPERIMENTS AND SIMULATIONS
symbol value symbol value
Uger (k=1,2) 700 V Ji, ) 25,5
Uei 220 V (RMS) Ly, L, 5 mH, 10 mH

Sateh 5kVA (1 p.u) Ry 0.5Q

wo 1007 rad/s Ly 5 mH

Dy 4 (sim.)/6 (exp.) Cp 9.4 uF
0.025 (sim.)
a, 0 1500, 800 y 0.02(exp.)

the MATLAB/Simulink and the experiments that employ the
hardware platform are carried out. Main parameters are shown
in Table I. The inductance is chosen as a large value to maintain
the transmission line to be an inductive line.

A. Simulation Results

This section aims at validating the effectiveness of the pro-
posed strategy on mitigating active power oscillation and en-
hancing the frequency stability. It should be noted that output
angular frequency of the VSG with the proposed strategy is
replaced by (;+w,,; (which is represented by w,) since phase
angle of VSGiis actually determined by (;+w,,, rather than w ;.

In Fig. 8, the output active power and the angular frequency
waveforms of the two parallel VSGs system are provided.

As shown in Fig. 8(a), VSGs without the proposed method are
employed. When the load step occurs, the instantaneous change
on active power is determined by the line impedance as (4),
which cannot be regulated by control methods. Then, the active
power of VSG will converge to the desired EP, it can be found the
active power oscillation is severe, and oscillation in frequency
indicates the frequency stability of parallel system is damaged
by active power oscillation.

As shown in Fig. 8(b), VSGs with the proposed strategy are
employed, where the disturbance attenuation level v is much
larger than the minimum value of + constrained by (41), which
indicates the capability on mitigating oscillation is not fully
utilized. As a result, although the active power oscillation is
mitigated, and the frequency stability is also enhanced, since the
disturbance attenuation level is relatively higher (lower distur-
bance attenuation level means better performance), oscillation
in active power and angular frequency cannot be mitigated
effectively.

As shown in Fig. 8(c), VSGs with the proposed strategy are
employed in parallel system and the v is 0.025, which is the
smallest value constrained by (41). When the load step occurs,
the instantaneous active power of VSG is determined by the line
impedance as (4). Then, the active power flow between the VSGs
is generated by the asynchronous frequency and achieves the
active power sharing. During this process, benefitting from the
proposed strategy, it is found that the active power oscillation
is eliminated and the frequency stability is improved, which
exhibits better control performance than the proposed strategy
with v = 0.5. Although transient RoCoF as the load changes is
larger than that of traditional VSGs parallel system, constrained
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Fig. 8. Simulation results of the two parallel VSGs system when the load

changes from 1.0 p.u. to 2.0 p.u. (a) Traditional VSGs. (b) VSGs with the
proposed strategy when the vy is 0.5. (¢) VSGs with the proposed strategy when
the v is 0.025. (d) VSGs with the proposed strategy when the ~ is 0.025, and
the Ly =4 mH, Ly = 12 mH.

by the (43), RoCoF satisfies the requirement of [35]. Moreover,
differentiating from the methods proposed in [24], [26], [27],
[28], and [30], where the inertia is eliminated or the RoCoF is
lack of constraint, the RoCoF of VSG with the proposed strategy
satisfies the requirement of [35].

Furthermore, to demonstrate the robustness of the proposed
strategy as the line impedance changes (i.e., the EP changing),
the Ly, Ly are changed to be 4 mH, 12 mH, respectively. Then,
instantaneous difference between active power and its EP is
increased as (4), and the EP of power angle is changed, which
will impact the share of instantaneous active power and the
location of eigenvalues for linear model. However, as shown
in Fig. 8(d), it can be observed that the effectiveness of the
proposed strategy is not influenced, which proves the robustness
of the proposed strategy when the EP changes.
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Fig. 10. Experiment results of the two parallel VSGs system without any
strategy when the load changes from 1.0 p.u. to 2.0 p.u.

B. Experiment Results

To verify the effectiveness of the proposed strategy, the
comparative experiment was conducted, and the corresponding
experiment platform is shown in Fig. 9, which was composed of
two parallel inverters and an adjustable load. Moreover, the main
circuit of experiment platform is shown as the Figs. 1 and 2. The
proposed strategy was implemented by dSPACE platform, and a
4-channel oscilloscope was used to capture the output waveform,
where the output frequency and active power were obtained
by a digital-analog converter (DAC) module. Parameters of
experiment are shown in the Table 1. To avoid all the results
being generated by the DAC module of dSPACE platform, the
output current of VSGs, which were directly measured by the
current clamp were used to replace the active power in simulation
results. Moreover, since the change on w,,; is much smaller
than the nominal value of w,,;, which is easy to be impacted
by the noise signal of hardware, Aw,,; is employed to show the
dynamic response of output frequency.

In Fig. 10, when the load change occurs, the instantaneous
active power is shared as (4), which is only determined by the
line impedance. Then, during the convergence process of active
powers to their EP values, it can be found that even if the damping
D, is larger than that of simulation, the active power oscillation

Load change

o,:[3.5rad/div] )i AT ,
;Wm
o, :[3.5rad/div] \\“*m

= . i,
Time : iy
[500ms/div] s
Fig. 11.  Experiment results of the two parallel VSGs system with the proposed

strategy when the v = 0.5.

= —>
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o, :[3.5rad/div] |
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Time :
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Fig. 12.  Experiment results of the two parallel VSGs system with the proposed
strategy when the v = 0.02.

> Load change

, :[3.5rad/div] it ittt

transient RoCoF
:[3.5rad/di D
[\ it 4 R¥rems
Time - 4?g:mw"
[500ms/div] 1.201H2/8
Fig. 13.  Experimentresults of the two parallel VSGs system with the proposed

strategy when the v = 0.02 and the line impedance L;, Lo are changed to be
4 mH, 6 mH, repectively.

occurs when the load changes, and the frequency stability is also
not guaranteed.

InFig. 11, the proposed strategy with the v = 0.5 is employed,
which means the disturbance attenuation level is much larger
than the limitation value constrained by (41). When the load
change occurs, it can be found that the active power oscillation
is partly mitigated. However, the effectiveness of this method is
limited, the improvement on active power and angular frequency
is nonremarkable.
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In Fig. 12, the proposed strategy with the v = 0.02 is em-
ployed, which is a minimally achievable value constrained by
(41). When the load abruptly changes, the instantaneous active
power of parallel VSGs will be shared as (4). Then, during
the process of active power sharing, it can be found that the
active power oscillation is mitigated effectively, and the angular
frequency converges to its EP smoothly, which indicates that the
frequency stability is enhanced. Although the transient RoCoF of
the parallel VSGs system with the proposed strategy as the load
changes is larger than that of the parallel VSGs system without
control, the RoCoF can still satisfies the requirement of [35] by
designing the «; as (43). Compared to the result of Fig. 11, the
proposed with the v = 0.02 more effectively mitigates the active
power oscillation, which agrees with the theoretical analysis that
the smaller disturbance level implies the better constraint on the
impact of disturbance, i.e., the coupling effect between parallel
VSGs.

InFig. 13, the proposed strategy with the v = 0.02 is employed
and the line impedance are changed to L; =4 mH, Ly, = 6 mH,
respectively. According to (4), the reduced impedance mismatch
between parallel VSGs makes the instantaneous active power
deviation diminished when the load abruptly changes. It can be
found from Fig. 13 that the active power oscillation is mitigated
effectively and the frequency stability is enhanced, which fur-
thermore verifies the robustness of the proposed strategy as the
line impedance varies.

From the analysis above, it can be found that the experimental
results are consistent with the simulation results. Moreover, both
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the simulation results and the experiment results agree with the
theoretical analysis that the effective mitigation of active power
and the frequency stability can be guaranteed by the proposed
strategy at the same time.

VI. CONCLUSION

This article addresses the active power oscillation and en-
hances the frequency stability in the parallel VSGs system.
The PCH model of this system is first built in terms of the
active power flow between the parallel VSGs, which provides
a stable framework for designing control law and improves the
robustness of the proposed strategy based on it. Then, based
on the PCH model, impact of the coupling effect between
parallel VSGs are researched. Furthermore, the coupling effect is
regarded as the disturbance, and its impact is constrained by the
proposed communication-free nonlinear control strategy based
on the Lo -disturbance attenuation, which is employed to mitigate
the active power oscillation and enhance the frequency stability.
Finally, effectiveness of the proposed strategy is verified by the
simulation and experiment.

APPENDIX
Appendix A

The matrices in (20) are

0= 1[012- 01Ny 023 -0on---ON_ s Aw = [J1woAwm1 JowoAwims - - - INwWo A, 44
12+ 01N 023+ 02N - - ON—1,N] [J1wo 1Jawo 2 JJnwo NJ (44)
N1 N2 N
—1 -1 0 0 T
1 0 0 -1 —1
0 0 1 0 0
Ry; = diag(—D1woAwpmi  —DawoAwpms —DnwoAwmn ), J21 = ;
N 0 1 0 0
0 0 0 -1
0 0 0 0 0 0 1]
N x N(J\Zlfl)
Jip = —Jg, (45)
OH,(x)

96 = [Glz(sin (512 — sin (5?2)

. . T
GN_1,N(sindn_1 N — sindfy_ | n)]

8Hd($)
O0Aw

Giacoséfy O 0

Hess(Hy(x))|p=ae = 0 0

GlN(SiH (51]\] — sin (STN) G23 (sin 523 — sin (553)

. GQN(Sin 52]\[ — sin 6§N)

= [Awmi — Aw’, Awma — Aw s - - Awpmn — AwS, ] (46)

(47)

0 0 GNn-1,nCO80% 1 N
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Appendix B

The rest matrixes in (36) are

Jia=Inun,J2a = (Diwo) yun> J34 = Inxn

48
Juu=—(Jn)  Joa = —(Ja2) , Jaa = —(J3) . (“48)
And the Hamiltonian function is
wa N N
0 e
H.(z) = 5 Zl JiAwfm —wo ; JiAw; - Awpy;
N-1 N N-1 N
— Z Z sz' COSs 6]’1’ — Z Z Gji sinéji . 6ji
j=1 i>j j=1 i>j
1 1
2 2
+5;wi +§§aig (49)

where the H.(x) is equal to the sum of H4(x) and the quadratic
form of v; and (.

Appendix C

With the proposed control law, the closed loop form of (36)
can be obtained as

SN(Nfl) 0 J12 0 J14
> x1
(Jiwo) yu yADNx1 | _ |J21 —Raz 0 Joy
ij 0 0 0 Jxu
(O‘i)NxNé Ju  Jio Juz O
OH.(x)
96
OH.(x)
« |%5580 |+ gu(@pula)
¢
0 IN><N 0 IN><N
_ —Inxn  —(Diwo) nyn ) 0 (Diwo) ny v
- 0 0 o Inxn
2
—Inxn  —(Diwo) yun —INxN —WQthINxN
OH.(x)
o)
X 0Aw (50)
¢

and the closed loop Hamiltonian function is same as that in (49).

Furthermore, from (18) and (50), it can be found the EP of
04 and Aw; are identical to that of (20), and the EP of v;, (;
are 0. Since the closed loop system still satisfies the requirement
of interconnection matrix and dissipative matrix, stability of the
closed loop system can be proven as that in Section III-C and
the state point will converge to the desired EP as t— oo.
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