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Abstract

To enable distributed PV to adapt to variations in power grid strength and achieve stable grid connection while enhancing operational
flexibility, it is essential to configure grid-connected inverters with an integrated grid-following control mode, allowing smooth switching
between GFL and GFM modes. First, impedance models of GFL and GFM PV energy storage VSG systems were established, and grid
stability was analyzed. Second, an online impedance identification method based on voltage fluctuation data screening was proposed to
enhance the accuracy of impedance identification. Additionally, a PV energy storage GFM/GFL VSG smooth switching method based
on current inner loop compensation was introduced to achieve stable grid-connected operation of distributed photovoltaics under
changes in strong and weak power grids. Finally, a grid stability analysis was conducted on the multi-machine parallel PV ESS, and
a simulation model of a multi-machine parallel PV ESS based on current inner loop compensation was established for testing. Results
showed that, compared to using a single GFM or single GFL control for the PV VSG system, the smooth switching method of multi-
machine parallel PV ESS effectively suppresses system resonance under variations in power grid strength, enabling adaptive and stable
grid-connected operations of distributed PV.

Keywords: PV; GFM VSG; GFL VSG; Resonance; Smooth switching
0 Introduction

To achieve dual carbon goals, new energy technologies
have been rapidly developed and widely applied. As a
result, the high penetration of renewable energy into the
power grid has become an inevitable trend. However, this
high penetration leads to fluctuations in the strength of the
power grid. As the primary interface for grid source inter-
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action, the instability of the output impedance of the con-
verter can cause broadband resonance stability issues [1,2].
Most grid-connected converters currently adopt the grid-
following (GFL) control, which can lead to unstable inter-
actions between grid sources, particularly in weak power
grids. To mitigate resonance, various methods such as
impedance reshaping, symmetric phase-locked loop
(PLL) method, grid-forming control, and linear active dis-
turbance rejection controller (LADRC) have been pro-
posed to improve adaptability in weak power grids [3].
The characteristics of grid-forming (GFM) inverters com-
plement GFL converters. A single control mode cannot
meet the requirements for distributed photovoltaic (PV)
to adapt to changes in grid strength and achieve stable grid
services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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connection. To enable distributed generation (DG) to
adapt to changes between weak and strong power grids
without disconnecting from the grid, it is crucial to study
the grid-connected stability and resonance suppression of
distributed PV under changes in grid strength.

To enable GFL inverters to operate effectively in weak
power grids[4], proposed a grid voltage feedforward impe-
dance reshaping control strategy and PLL compensation
to improve the system impedance phase angle and enhance
adaptability to weak power grids. Reference [5] proposed a
power grid voltage feedforward control based on multi-
objective function optimization, which reshaped the phase
characteristics of the system output impedance and signif-
icantly expanded the system’s adaptability to grid impe-
dance. References [6,7] used a symmetrical PLL to
reshape impedance. Reference [8] proposed a new PLL
to reshape impedance and phase, thereby expanding the
adaptability range of grid impedance changes under high
penetration rates. Reference [9] proposed a symmetrical
controller structure to suppress resonance caused by fre-
quency coupling. Reference [10] reshaped the impedance
of GFL converters by paralleling new energy synchronous
generators to suppress broadband oscillations in weak
grids. Reference [11] introduced a first-order differential
reference loop based on the conventional second-order
LADRC, which compensated for the phase angle in the
mid-frequency band and expanded the bandwidth of the
LADRC. Compared to LADRC, it had stronger robust-
ness and harmonic suppression capability. References [4–
11] reshaped the impedance of grid-following converters
to adapt to weak power grids. However, the above litera-
ture directly equates distributed power sources to DC
power sources without considering DC side impedance
modeling. To address the impact of the DC side [12],
established an impedance model of a voltage vector-
controlled grid-connected system with a photovoltaic
source and conducted a stability analysis on the changes
in DC-side parameters. Reference [13] also established an
impedance model for a voltage vector-controlled grid-
connected system containing a photovoltaic source and
conducted a stability analysis on changes in DC-side
parameters, ultimately verifying the correctness of the sta-
bility analysis theory. References [14,15] conducted grid
stability analysis on isomorphic multi-machine parallel
connections. Reference [16] used parallel notch filters to
suppress resonance in multi-machine parallel inverters.
Reference [17] proposed an adaptive harmonic impedance
reshaping method to suppress harmonics in multi-machine
parallel GFM VSG systems. References [18–20] estab-
lished impedance models for grid-following (current vector
control) and grid-forming (droop control) inverters and
conducted system stability analysis using the D-division
method. Simultaneously, soft switching was used for phase
synchronization to achieve smooth dual-mode switching.
When the system switched between the two modes, it
was necessary to perform online identification of the grid
impedance using the harmonic injection impact-
identification method. By injecting high-frequency signals
to improve the signal-to-noise ratio, the accuracy of online
grid impedance identification can be improved to a certain
extent. However, injecting high-frequency disturbance sig-
nals increases the risk of system instability. Reference [21]
established PQ-VSG and voltage-type VSG state-space
models and used the root locus for stability analysis. Soft
switching was also used for phase synchronization to
achieve smooth dual-mode switching. When the system
switched between the two modes, it was necessary to per-
form online power grid impedance identification. The least
squares method was used for grid impedance identifica-
tion. However, the least squares recursive estimation
method has a large computational load and is rarely used
in practical embedded development. In addition, the accu-
racy of impedance identification is relatively low. Refer-
ence [22] adopted soft switching for phase-synchronous
dual-mode smooth switching between current vector con-
trol and droop control, and used the monotonicity of
active power to determine the critical short-circuit ratio
for online impedance identification. However, points with
significant fluctuations in active power and voltage affect
the accuracy of impedance identification and are detrimen-
tal to system stability. Although different control methods
and impedance identification methods were used in [18–22]
to achieve smooth switching between GFL and GFM for
resonance suppression, the distributed power sources were
treated as equivalent to DC sources, without considering
the impact of the distributed power sources themselves.

This study proposes a multi-machine parallel dis-
tributed PV smooth switching resonance suppression
method to address the problem of resonance in a multi-
machine parallel heterogeneous system. The main contri-
butions of this study are as follows: 1) Analyzing the
grid-connected stability of single-machine distributed
GFM and GFL PV systems, demonstrating that their
characteristics are complementary under varying condi-
tions in strong and weak power grids. To suppress reso-
nance in distributed PV using a single GFL/GFM
converter, a smooth switching resonance method for
strong and weak power grids based on current inner-
loop compensation is proposed. This smooth switching
method enables distributed PV to adapt to all changes in
grid strength and maintain a stable grid connection. 2)
To improve the accuracy of online impedance identifica-
tion in the power grid, a method for online identification
of Thevenin’s equivalent impedance based on voltage fluc-
tuation data screening is proposed. Compared to the least
squares method, it provides better impedance identifica-
tion accuracy. 3) A stability analysis of multi-machine par-
allel distributed photovoltaic systems is conducted. Under
changes in grid strength, if a multi-machine parallel dis-
tributed photovoltaic system adopts a single GFM or
791



Fig. 1. Basic structure diagram of VSG dual-mode adaptive switching for
PV energy storage microgrid.

Fig. 2. Basic principle block diagram of GFM VSG control.
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GFL control, resonance will occur. Therefore, a smooth
switching resonance suppression control strategy for
multi-machine parallel distributed photovoltaic systems
is necessary. 4) A simulation model platform for the
smooth switching resonance suppression method of a
multi-machine parallel distributed PV system is built for
simulation verification.

Table 1 shows the abbreviations used in this article.

1 Basic structure and impedance model of photovoltaic
energy storage GFL/GFM VSG system

Fig. 1 shows the basic structural diagram of the PV
smooth switching system. In Fig. 1, ipv represents the out-
put current; vpv is the output voltage of the PV; P set is the
active power reference value; and Qset is the reactive power
reference value.

1.1 Backend GFM and GFL VSG impedance model

1) Impedance model of GFM VSG

Fig. 2 presents a block diagram that shows the basic
principle of GFM VSG control. In Fig. 2, Pref and Qref

are the reference values for active and reactive power; xr

is the rated angular velocity; x is the angular velocity; ku
is the reactive power droop coefficient; Dp is the damping
coefficient; J is the moment of inertia; Vr is the rated volt-
age; Pe and Qe are the electromagnetic power; K is the inte-
gral coefficient; s is Laplacian.

GFM VSG impedance model is given by [23]

ZVSG GpwmGPVGPI G1 GPQG
v
PQ M I I

1

G1GPI GPVG1GPQG
i
PQ I ZL

1

where Gpwm is the matrix of switching modulation gain
coefficients; Gpv denotes the voltage loop PI controller;
GPQ and M are transformation matrices (transforming
[DPe, DQe] to [DE, Dh]); G1 is the transformation matrix
(transforming [DE, Dh] to [DEd, DEq]); GPI is the current
inner-loop PI controller; I is the unit matrix; ZL is the
Table 1
Abbreviations used in this article.

Definition Abbreviation

Photovoltaic PV
Linear disturbance rejection controller LADRC
Grid following GFL
Grid forming GFM
Distributed generation DG
Phase-locked loop PLL
Virtual synchronous generator VSG
Energy storage system ESS
Short circuit ratio SCR
Maximum power point tracking MPPT
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open-loop impedance of the inverter; and Gv
PQ and Gi

PQ

are the matrices representing the effects of voltage distur-
bance and current disturbance on power variation,
respectively.

The specific expressions of Gpwm, GPV, GPQ, G1, GPI,

Gv
PQ, G

i
PQ, and ZL are as follows:

Gi
PQ

V dV q

V q V d

Gv
PQ

IdIq
IqId

G1

01

00

Gpwm

V dc 20

0 V dc 2
ZL

sL xrL

xrLsL
M

00

kuKs0

2

GPQ

1 Js2 Dps xr 0

0 Ks

GPV

kpv kiv s 0

0 kpv kiv s
GPI

kpi kii s 0

0 kpi kii s

3

where Vd and Vq represent the steady-state values of the
GFM VSG output voltage (dq axis components); Id and
Iq denote the steady-state values of GFM VSG output cur-
rent (dq axis components); Vdc represents the DC bus volt-
age value; L denotes the filtering inductor; kpv and kiv
represent the proportional integral coefficients of the volt-
age loop PI controller; and kpv and kiv represent the pro-
portional integral coefficients of the current loop PI
controller, respectively.

2) Impedance model of GFL VSG inverter

Fig. 3 presents a block diagram that shows the basic
principle of GFL VSG control.

The GFL VSG impedance model is given by [24,25]
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ZVSG Z 1
L GidGdelG1

1
G2

G1 GPI Gdec Gi
pll Gd

pll Gv
pll GPIG

t
PQG

v
pll

G2 1 GPIGdelGid GdecGdelGid

4

where Gv
pll,G

i
pll and Gd

pll represent the effects of PLL dynam-

ics on the output current, port voltage, and duty cycle,
respectively; Gid denotes the transfer function between
the inverter output duty cycle and output current iL; ZL

is the open-loop impedance of the inverter; Gdec is the
decoupling matrix of the current inner loop; Gdel is the
delay matrix; GPI is the current inner loop PI con-
troller;Gt

PQ represents the transformation matrix ([DPe,

DQe] changes to [Didref, Diqref]).
The specific expressions of Gv

pll, G
i
pll, G

d
pll, Gid, ZL, Gdec,

Gdel, and GPI are given by

Gi
pll

0I stqGpll

0 I std Gpll

Gd
pll

0 Dst
q Gpll

0Dst
d Gpll

Gv
pll

1V st
qGpll

0 1 V st
dGpll

Gid

Ls xL

xLsL
Gdec

0 xL

xL 0
GPI

kpi kii s 0

0 kpi kii s

5

Gt
PQ

Js D xr 1 5V 2
r 0

V r sK ku 1 5V 2
r 0

Gpll
GPpi

s GPpiuq

Gdel

1 0 75T dels 1 0 75T dels 0

0 1 0 75T dels 1 0 75T dels

6

where V st
d and V st

q represent the steady-state values of the

GFL VSG output voltage (dq axis components); I std and

I stq represent the steady-state values of the GFL VSG out-

put current (dq axis components); Dst
d and Dst

q denote the

steady-state values of the GFL VSG output duty cycle
(dq axis component); Gpll represents the transfer function
of the PLL; GPpi denotes the PLL PI controller; uq is the
q-axis voltage of the power grid. Tdel = e-Ts, where T is
the switching period.

1.2 PV DC side impedance model

1) DC/DC boost circuit

Fig. 4 illustrates the control principle diagram of the PV
DC/DC boost circuit. In this figure, L1 denotes the induc-
tance, and idc denotes the output current of the DC/DC
Fig. 3. Basic principle block diagram of GFL VSG control.
boost circuit. vmp is the maximum power point tracking
(MPPT) output voltage, andGpv is the PI controller (kpb +-
kpi/s).

PV array output current is given by [13]

Ipv npI scr npIo exp evpv nmkT 1 7

where e denotes the electronic charge constant
(1.60217 10 19 C); k denotes the Boltzmann constant;
Io represents the saturation current; Iscr represents the
short-circuit current; np denotes the parallel PV modules
number; nm represents the number of parallel PV modules;
and T is the actual temperature.

Linearizing (7) gives,

DIpv npIo e
nmkT

exp eV pv0 nmkT Dvpv

npIo e
nskT

1 eV pv0 nmkT Dvpv kpvDvpv
8

where kpv enpIo 1 eV pv0 nmkT nmkT , V pv0 is the

steady-state value of the PV output voltage.
The maximum power point, characterized by ipv, and

vmp satisfy the condition given in (9):

dipv
dvmp

ipv vmp 0 9

Substituting (8) into (9) and linearizing it yields

Dvmp kmpDipv

kmp
nmkT e 2

npI0V mp0 exp
eV pv0
nmkT

Ipv0
Vmp0

nmkT e

10

where Ipv0 represents the PV output steady-state current
value, and Vmp0 represents the steady-state value of the
PV maximum power tracking output voltage.

According to Fig. 4, the linearized model of the DC/DC
boost circuit can be expressed as

CpvdDvpv dt Dipv DiL1
L1dDiL1

dt Dvpv 1 D Dvdc V dc0Dd

CdcdDvdc dt Didc 1 D DiL
IL0Dd Di

11

where Cpv represents the filtering capacitor on the PV side;
D represents the duty cycle of DC/DC boost circuit switch
driver; Cdc represents the filtering capacitor on DC bus
side; Vdc0 denotes the DC bus output steady-state voltage;
IL0 represents the flow through L1 steady-state current; Di
Fig. 4. Control principle block diagram of the PV DC/DC boost circuit.
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is the small disturbance current flowing into the ESS; and
Didc is the small disturbance current flowing into the DC
bus.

By simplifying (11), we obtain (12)

A3Dvdc Didc Di 12

where

A2 1 D kpv Cpvs IL0Gpv 1 kmpkpv

A1 1 V dcrefGpv kmpkpvV dcrefGpv Lskpv Ls2Gpv

A3 Cdcs A2 1 D A1

2) Buck boost circuit of energy storage system

Fig. 5 illustrates the control principle block diagram of
the energy storage system (ESS). In Fig. 5, Lb denotes the
system inductance;Ub is the battery voltage; ib represents
the battery current; i represents the ESS output current;
vdc represents the DC bus voltage; Gbpv denotes the voltage
PI controller; and Gbpi is the current PI controller.

The ESS output current is given as,

i d12ib 13

where d12 is the duty cycle of the ESS switch driver.
By linearizing (13), the following expression is obtained:

Di Dd12Ib0 d12Dib 14

where Ib0 denotes the steady-state output current of the
battery.

According to Fig. 5, the expression for Dd12 is:

Dd12 DvdcGbpv Dib Gbpi 15

The DC bus energy expression is

1

2
C Dvdc

2
t

0

DP pv - DP soc - DP invdt 16

where C is the capacitance of the DC bus capacitor; DPpv

is the small disturbance of the active power output from
the PV; DPsoc is the small disturbance amount of active
Fig. 5. Battery ESS charging and discharging circuit.
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power during ESS charging and discharging; and DPinv

represents the small disturbance of the active power flow-
ing into the inverter.

Equation (17) is derived from (16):

Dvdc DP pv DP soc DP in sCV dcref 17

Subsequently, (18) is obtained from (17)

DP soc DP pv sCV dcrefDvdc DP in 18

The power expression for both ends of the DC bus can
be expressed as

P in vdcidc 19

where idc represents the current flowing into the DC bus.
The expression for DP in can be obtained from (19) as

follows:

DP in DvdcIdc DidcV dcref

DvdcV dcref ZVSG DidcV dcref

20

where Idc represents the steady-state current flowing into
the DC bus; and Vdcref represents the steady-state voltage
value of the DC bus.

Battery current ib small signal expression is

Dib DP soc Ub 21

According to (14), (15), and (21), the expression for Dib
is

Dib
DvpvIpv0 DipvV pv0 sCV dcrefDvdc

DvdcV dcref ZVSG DidcV dcref

Ub

DvpvA4 A5Dvdc A6Didc

22

where

A4 Ipv0 kpvV pv0 Ub A6 V dcref Ub

A5 SCV dcref V dcref ZVSG Ub

Substituting (15) and (22) into (14) yields

Di DvdcB1 DvpvB2 DidcB3 23

where

B1 GbpvGbpiIb0 A4GbpiIb0 m12A4

B2 A3GbpiIb0 m12A3B3 A5GbpiIb0 m12A5

From (12) and (23), the equivalent impedance expres-
sion of the PV VSG system is derived as:

Zeq Dvdc Didc B3 1 A3 B1 1 D B2 A1 24

Finally, the equivalent impedance model expressions
for the GFM VSG and GFL VSG systems, considering
PV and energy storage, can be obtained from (1), (4),
and (24), respectively:

Zeq Dvdc Didc B3 1 A3 B1 1 D B2 A1

ZVSG GpwmGPVGPI G1 GPQG
v
PQ M I I

1

G1GPI GPVG1GPQG
i
PQ I ZL

25
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Zeq Dvdc Didc B3 1 A3 B1 1 D B2 A1

ZVSG Z 1
L GidGdelG1

1
G2

G1 GPI Gdec Gi
pll Gd

pll Gv
pll GPIG

t
PQG

v
pll

G2 1 GPIGdelGid GdecGdelGid

26
2 Grid-connected stability analysis of PV VSG system

2.1 Grid-connected stability analysis of PV GFM VSG

Fig. 6 presents the J, D, SCR, light intensity, and DC
bus capacitance variation Bode diagrams.

Fig. 6a shows that insufficient system inertia leads to
negative resistance behavior near 50 Hz. As J increases,
the amplitude of the system impedance moves away from
the negative resistance region, whereas the overall impe-
dance profile remains relatively stable. Fig. 6b shows that
with an increase in D, the amplitude and phase angle of the
system impedance remain almost unchanged, and have lit-
tle impact on the system impedance. Fig. 6c shows that
under a weak power grid with SCR = 8, the phase angle
of the equivalent PV GFM VSG system remains outside
the negative resistance region, indicating that the system
remains stable. When SCR changes from 6 to 12 (strong
grid), the equivalent impedance phase angle of the PV
Fig. 6. GFM PV impedance Bode diagram.
GFM VSG system begins to enter the negative resistance
region, leading to resonance. When the SCR further
increases to 18, representing an even stronger power grid,
the system equivalent impedance phase angle begins to
enter the negative resistance region more deeply, leading
to a more pronounced and severe system resonance. As
the SCR increases (SCR enters into a strong power grid),
the system gradually becomes unstable. This suggests that
a strong power grid is not necessarily beneficial for the
stable operation of the PV GFM VSG system. Fig. 6d
demonstrates that variations in light intensity, impedance
amplitude, and phase angle result in slight changes in the
low-frequency range, yet the system can still maintain sta-
bility. Changes in light intensity have a relatively minor
impact on system stability. Fig. 6e shows that as C

increases, the system bandwidth at the resonance peak
intersection decreases from approximately 80–25 Hz. This
indicates that a smaller ripple will be allowed to pass
through the front-end circuit with larger capacitors, and
a smaller ripple will appear at the DC bus voltage.
2.2 Grid-connected stability analysis of PV GFL VSG system

Fig. 7 presents the Bode diagrams of variations in J, D,
PLL bandwidth fpll, SCR, light intensity, and DC bus
capacitance.

Fig. 7a shows that when the J value of GFL VSG is too
small, a significant negative resistance component appears
near 50 Hz. As J increases, the amplitude of the system
impedance shifts away from the negative resistance region
and remains largely unchanged. Fig. 7b demonstrates that
with an increase in D, both the amplitude and phase angle
of system impedance exhibit minimal variation and have
little impact on system impedance. Fig. 7c shows that with
an increase in fpll, the phase angle of the impedance grad-
ually approaches the negative resistance region, making
the system more susceptible to resonance. The PLL band-
width employed in this study is fpll = 30 Hz. Fig. 7d indi-
cates that when SCR (SCR = 6) is a weak power grid, the
equivalent impedance phase angle of the PV GFL VSG
system enters the negative resistance region, and the sys-
tem will resonate. As the SCR increases from 6 to 12
(strong grid), the equivalent impedance phase angle of
the system remains outside the negative resistance region,
and the system remains stable. With a further increase in
SCR to 20, the impedance phase angle shifts even farther
from the negative resistance region, thereby enhancing sys-
tem stability. These observations indicate that increasing
grid strength has a stabilizing effect on the PV GFL
VSG system. Fig. 7e shows that variations in light intensity
cause only slight changes in the output impedance, and the
system remains stable. Changes in light intensity have a
relatively small impact on system stability. Fig. 7f demon-
strates that as C increases, the system bandwidth at the
resonance peak intersection decreases from approximately
795
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Fig. 7. GFL PV impedance bode diagram.

Fig. 8. Voltage–current phasor diagram at the grid connection point.
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75–50 Hz. This suggests that a smaller ripple will be
allowed to pass through the front-end circuit with larger
capacitors, giving rise to a smaller ripple at the DC bus
voltage.

3 Online impedance identification and smooth switching

method

3.1 Online impedance identification method

A commonly used technique for online impedance iden-
tification is the harmonic injection method [18–20,26,27],
in which a harmonic voltage or current is injected and
the voltage and current of a certain frequency band are
then extracted to obtain the online impedance value of
the power grid. By injecting high-frequency signals, the
signal-to-noise ratio is improved, thereby enhancing the
accuracy of impedance identification of the power grid.
However, the injection of high-frequency disturbance sig-
nals will exacerbate the risk of system instability. To
address this, [28,29] proposed an online impedance identi-
fication method based on power angle measurement using
Kalman filtering. Although this approach is affected by the
degree of system noise interference, the larger the covari-
796
ance of system measurement noise, the better the Kalman
filtering effect. References [30,31] introduced an online
impedance identification method for power grids using
the least squares estimation method. The least squares
recursive estimation method involves a high computa-
tional load and is therefore less suitable for practical
implementation in embedded systems. To improve the
accuracy of impedance identification, this study proposes
an online identification method based on the screening of
voltage fluctuation data for the Thevenin equivalent
impedance.

Fig. 8 illustrates the grid connection point voltage cur-
rent phasor diagram. In Fig. 8, Ug represents the equiva-
lent voltage of the Thevenin; Us and Is represent the
voltage and current at grid connection point, respectively;
Zg represents the equivalent impedance of Thevenin; Rg

and Xg represent the equivalent impedance resistance
and inductance of the Thevenin, respectively; h denotes
the phase angle between voltage and current at the grid
connection point; and u denotes the angle between grid
connection point current and IsZg.

Based on Fig. 8, the expression for grid voltage is given
as,

U 2
g U st I stZg cos h u

2
I stZg sin h u

2

U 2
st I2stZ

2
g 2P eRg 2QeX g

27

where

P e U stI st cos h u Qe U stI st sin h u

By selecting three different sets of measurement values
and substituting them into (27), we obtain:

U 2
st1 I2st1Z

2
g 2P e1Rg 2Qe1X g

U 2
st2 I2st2Z

2
g 2P e2Rg 2Qe2X g

U 2
st3 I2st3Z

2
g 2P e3Rg 2Qe3X g

28

Equation (28) can be expressed in matrix form as:

A 2BR 2CX 0 29

where

A
1 11

U 2
st1U

2
st2U

2
st3

I2st1I
2
st2I

2
st3

, B
1 11

P e1P e2P e3

I2st1I
2
st2I

2
st3

, C

1 11
Qe1Qe2Qe3

I2st1I
2
st2I

2
st3
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According to 29, a linear relationship between the
unknown parameters R and X can be established by mea-
suring any three distinct operating points. For any set {A,
B, C}i, substituting {A, B, C} into (29) yields:

X g
AiCj AjCi

2 BiCj BjCi
Rg

AjBi AiBj

2 BiCj BjCi
30

According to 30, the accuracy of grid impedance identi-
fication is influenced by fluctuations in power and voltage.
In general, power output exhibits relatively minor varia-
tions under given active and reactive power settings.
Therefore, voltage fluctuations are the primary factor
affecting the accuracy of impedance identification. Thus,
it is necessary to remove those with larger voltage fluctua-
tions from the sampled data. An outlier clustering detec-
tion algorithm was applied for sample data screening
based on the voltage standard deviation coefficient.

We define sample mean E, variance D, and standard
deviation coefficient qv as follows:

E 1
n

n

j 1

Uj D
n

j 1

Ej E
2

n 1

1 2

qv
D
E

31

Then, we set the voltage fluctuation threshold k

(0 k qv). The data used for identifying the equivalent
parameters of Thevenin must satisfy (32).

E kDE Uj E kDE 32

The voltage fluctuation rate is expressed as

V bdl
Uj Ui

Ui
33

Fig. 9 presents the probability plot of voltage fluctua-
tion at a distributed photovoltaic grid connection point.

Fig. 9 shows that the grid-connected voltage has a high
probability of fluctuating around 0.3%, whereas the power
fluctuation rate is mostly distributed within 0.9%. The cor-
relation coefficient of voltage fluctuation rate is approxi-
mately 0.0105, and the correlation coefficient of power
fluctuation rate is approximately 0.0095. These values
indicate no significant correlation between voltage and
active power, allowing the selection of data with smaller
voltage and active power fluctuations.
Fig. 9. Probability diagram of voltage fluctuation at the grid connection
point.
Then, we set the k values to 0 7qv and 0 5qv and filtered
the voltage fluctuation data according to (26). Fig. 10 illus-
trates the data point graphs before and after filtering.

Fig. 10 shows that the measurement data points gener-
ally follow a linear trend. Leveraging this linearity, abnor-
mal data caused by measurement errors and noise can be
effectively identified and removed. As the voltage fluctua-
tion at the measurement point is not directly observable,
a voltage fluctuation threshold is set based on (27). The
outlier clustering detection algorithm is then applied to
select data with low voltage fluctuation, using the standard
deviation coefficient, and to remove abnormal numerical
data based on the linear distribution of measurement data
points. The filtered data is employed for grid-side Theve-
nin equivalent impedance identification, thereby enhanc-
ing the identification accuracy.

Fig. 11 presents the impedance parameters identifica-
tion results using filtered data (N = 40). The average val-
ues of grid reactance and resistance are approximately
14.41 X and 1.72 X, respectively, with the errors of 0.6%
and 14.67% compared to the actual values (14.5 X and
1.5 X). According to (30), the resistance value is influenced
not only by voltage fluctuations but also by active power
fluctuations. Compared to the inductance value, its value
fluctuation range is larger, resulting in a higher relative
error in impedance identification. Because the resistance
value is considerably smaller than the reactance, the result-
ing error has a limited impact on the overall impedance
modulus identification accuracy.

Fig. 12 compares the results of screening voltage fluctu-
ation data for online identification of Thevenin impedance
and identification based on the least squares method.
Fig. 12 also demonstrates that the online identification
method of Thevenin impedance based on voltage fluctua-
tion data yields higher identification accuracy than the
least squares method.

Power grid strength is characterized by the short circuit
ratio (SCR), which is commonly used to classify power
grids as strong, weak, or extremely weak. SCR range val-
ues of strong and weak power grids differ according to var-
ious reference definitions. In this study, a weak power grid
is defined as having 2 SCR < 10, whereas a strong power
grid corresponds to SCR 10 [32]. An adaptive switching
Fig. 10. Distribution of data before and after filtering.
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Fig. 11. Impedance identification results after filtering voltage fluctuation
data.

Fig. 12. Impedance online identification results.

Fig. 13. Block diagram of the resonance suppression control principle for
the smooth switching of distributed photovoltaic.
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SCR critical value between dual-mode VSG is SCR = 10.
When SCR is greater than or equal to 10, PV operates in
grid-following mode. When SCR is less than 10, PV
switches to grid-forming mode.

3.2 GFM-GFL smooth switching method based on current inner

loop compensation

To ensure the stable operation of distributed photo-
voltaic systems without resonance during transitions
between strong and weak power grids, smooth switching
between GFL and GFM VSG control is necessary.
Fig. 13 shows the smooth switching control principal
block diagram for a distributed photovoltaic system.
When the power grid operates as a strong grid, the photo-
voltaic energy storage system adopts GFL VSG control
for grid-connected operation and utilizes a PLL to main-
tain synchronization with the grid. When power grid
strength shifts from strong to weak, the system switches
from GFL VSG control to GFM VSG control. To elimi-
nate switching disturbances, the error between the output
voltage Ed of the GFM VSG and the grid voltage d-axis
component of the grid voltage is processed by a PI con-
troller to generate a d-axis disturbance error current. This
current is compensated into the d-axis reference current to
798
support system regulation and eliminate disturbance
errors, thereby achieving voltage amplitude synchroniza-
tion. For the q-axis component where Eq = 0, the error
between zero and angular velocity change (the deviation
between GFM VSG angular velocity xgfl and GFL VSG
angular velocity xg) is processed through a PI controller
to generate a q-axis disturbance current, which is compen-
sated into the q-axis reference current to support system
regulation and eliminate disturbance errors, thereby
achieving consistency in voltage phase angle. When the
power grid intensity changes from weak to strong, the
PV energy storage system must switch from GFM VSG
control to GFL VSG control. Because the GFM VSG sys-
tem remains synchronized with GFL VSG through the
current inner loop compensation, it can be smoothly tran-
sitioned to GFL VSG control, ultimately achieving
smooth switching control of distributed photovoltaic
under variations in grid strength and effectively suppress-
ing system resonance.

1) Strong power grid changes to weak power grid

When the system detects a change in grid impedance
from strong to weak, the GFL VSG distributed photo-
voltaic system switches from GFL to GFM operation.
Fig. 14 shows the system simulation waveform.

Fig. 14 shows that at t = 0.4 s, the power grid transi-
tions from strong to weak. If the distributed photovoltaic
system operates under grid-following control, system reso-
nance occurs. In contrast, applying the smooth switching
method results in a smooth output current waveform,
effectively suppressing resonance.

2) Weak power grid changes to a strong power grid

When the system detects a change in grid impedance
from weak to strong, the GFM VSG distributed photo-
voltaic system switches from GFM to GFL operation.
Fig. 15 presents the system simulation waveform.

Fig. 15 shows that when SCR transitions from weak to
strong, a distributed photovoltaic system using only GFM
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Fig. 14. Simulation waveform of smooth switching resonance suppres-
sion for a single VSG.

Fig. 15. Simulation waveform of single VSG smooth switching resonance
suppression.

Fig. 16. Equivalent circuit schematic of PV hybrid system.

Fig. 17. Real and imaginary parts of the summed equivalent impedance
for varying GFM numbers.
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control experiences resonance. If the photovoltaic system
is equipped with dual-mode control and capable of smooth
switching, the output current waveform remains smooth,
effectively suppressing resonance under strong power grid
conditions.

4 Stability analysis and simulation testing of multi-machine
parallel PV VSG grid connection

4.1 Stability analysis of multi-machine parallel distributed

photovoltaic grid connection

A hybrid system consists of m current sources and n
voltage sources, with voltage and current values of Vref

and Iref, respectively, and Zc1 = Zc2 = Zcm = Zgfl, Zv1 =-
Zv2 = Zvn = Zgfm. Fig. 16 presents the equivalent cir-
cuit schematic of a hybrid system integrating GFM and
GFL sources.
Based on Fig. 16, the expression of Vpcc is expressed as

V pcc I mY gfl nY gfm Zg
- 1

mI ref nY gfmV refZg V g

34

The stability of the heterogeneous hybrid system is
determined by the characteristic equation expressed in
(35).

det I mY gfl nY gfm Zg det I YallZg

det Zall Zg 0
35

Using the single input single output (SISO) equivalent
impedance transformation method proposed in [33], the
system impedance is converted into a SISO equivalent
form, as presented in (36).

Zalleq Zt1
Zt2Zt2

Zgeq Z
t1

Zgeq rg s jxn Lg

36

where

Zt1

Zdd
all Zqq

all

2
j
Zqd

all Zdq
all

2
Zt2

Zdd
all Zqq

all

2
j
Zqd

all Zdq
all

2

According to the positive network damping criterion, if
the real part at the zero-crossing point of the imaginary
part of the sum of the equivalent impedance and the equiv-
alent impedance of the power grid is greater than 0, the
system has a positive damping and is stable; otherwise, it
is unstable.

When SCR = 20, ① m = 1 (increasing the number of
n); ② n = 1 (increasing the number of m). Fig. 17 presents
the imaginary and real part curves of the sum of the equiv-
alent impedance.
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Table 2
System parameters.

Parameter Value Parameter Value

Isc 53.1 A Umpp 305 V
Uoc 377 V Impp 49.2 A
C1 4.7*10 6 F L 2*10 3 H
SOCb 50 Lb 5*10 3 H
Vdcref 650 V Cin 400*10 6 F
Rated capacity of battery 50 Ah Battery

Rated voltage
400 V

Filter inductance L 8 mH filter
capacitorC

15 uF

J 0.5 Dp 20
ku 1*10 5 K 6.5

Fig. 19. Simulation waveform of a heterogeneous parallel system.
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Fig. 17a illustrates that under a strong power grid,
increasing the number of GFM inverters introduces nega-
tive damping in the system, with larger numbers worsening
the effect, which is detrimental to system stability. Fig. 17b
indicates that increasing m in strong power grid conditions
maintains positive damping characteristics, supporting
system stability.

When SCR = 8, ① m = 1 (increasing the number of n);
② n = 1 (increasing the number of m). Fig. 18 presents the
imaginary and real part curves of the summed equivalent
impedance.

Fig. 18a shows that increasing the number of GFM
inverters in weak power grids still results in positive system
damping characteristics, which enhances system stability.
Fig. 18b demonstrates that, in weak current grids, increas-
ing the number of GFL inverters introduces negative
damping, and as m increases, the negative damping effect
intensifies, which is detrimental to system stability.

4.2 Simulation verification

A simulation model of the smooth switching resonance
suppression method for a distributed photovoltaic multi-
machine parallel VSG system is established for testing.
Table 2 presents the system parameters.

A. Weak power grid changes to a strong power grid

1) Heterogeneous parallel system

Multiple heterogeneous parallel systems: two dis-
tributed generations (DG), i.e., DG1 and DG2, operate
in the GFM model, and one DG (DG3) operates in the
GFL model. When SCR changes from weak to strong grid
at t = 0.4 s, DG1 and DG2 adaptively switch from GFM
to GFL operation. Fig. 19 presents the system simulation
waveform.

Fig. 19 illustrates that in a parallel system consisting of
two GFM DGs and one GFL DG, when the SCR transi-
tions from weak to strong, the system output always main-
tains resonance. If the two GFM DGs are adaptively
switched to GFL operation at 0.4 s, the heterogeneous
three-DG system outputs stable current, effectively sup-
pressing system resonance.
Fig. 18. Real and imaginary parts of the summed equivalent impedance
for different numbers of GFM.
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2) Isomorphic parallel system

Multi-machine parallel isomorphic system: three DGs
operate in the GFM mode. When the SCR increases from
weak to strong at t = 0.4 s, all three DGs adaptively switch
from GFM to GFL operation. Fig. 20 presents the system
simulation waveform.

Fig. 20 demonstrates that in a homogeneous parallel
system composed of three GFM DGs, when the grid
strength increases from weak to strong at t = 0.4 s, the sys-
tem output transitions from stable to resonant. If the three
GFM DGs adaptively switch to GFL operation at
t = 0.4 s, the isomorphic parallel system outputs a stable
current, and system resonance is effectively suppressed.
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Fig. 20. Simulation waveform of an isomorphic parallel system.

Fig. 21. Simulation waveform of a heterogeneous parallel system.

Fig. 22. Simulation waveform of an isomorphic parallel system.
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B. Strong power grid changes to weak power grid

1) Heterogeneous parallel system

Multi-machine heterogeneous parallel system: two DGs
(DG1, DG2) operate in GFL mode, and one DG (DG3)
operates in GFM mode. When the SCR changes from
strong to weak grid, DG1 and DG2 adaptively switch
from GFL to GFM mode. Fig. 21 shows the system sim-
ulation waveform.

Fig. 21 shows that in a parallel system with two GFL
DGs and one GFM DG, the system output exhibits reso-
nance when the grid strength transitions from strong to
weak at t = 0.4 s. If two GFL DGs are adaptively switched
to GFM mode, three DGs in a heterogeneous parallel sys-
tem produce stable current and suppress resonance.

2) Isomorphic parallel system

Multi-machine parallel isomorphic system: three DGs
(DG1, DG2, DG3) operate in the GFL mode. When
SCR changes from strong to weak grid at t = 0.4 s, the
three DGs adaptively switch from GFL to GFM opera-
tion. Fig. 22 presents the system simulation waveform.

Fig. 22 demonstrates that in a homogeneous parallel
system of three GFL DGs, when SCR decreases from
strong to weak grid at 0.4 s, the system output transitions
from stable to resonant. If all three GFL DGs adaptively
switch to GFM at 0.4 s, the isomorphic parallel system of
the three DGs will output a stable current, and system res-
onance will be suppressed.
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Fig. 23. Simulation waveform of adaptive smooth switching grid-
connected control for distributed photovoltaic under strong and weak
power grids.

Z. Zhu et al. / Global Energy Interconnection 8 (2025) 790–803
Distributed photovoltaic adopts a smooth switching
and grid connection control strategy that integrates with
the grid and constructs the grid. The simulation waveform
demonstrating adaptive switching and grid connection
under varying grid strength is shown in Fig. 23. The refer-
ence active power ratio between GFM and GFL is set to
1:2.

Fig. 23 shows that when the system detects changes in
grid strength between strong and weak conditions, the
GFL-GFM fusion control strategy enables smooth switch-
ing and adaptive grid connection regulation, effectively
suppressing system resonance.

5 Conclusion

To ensure the stable operation of a multi-machine par-
allel PV energy storage microgrid under varying grid
strength without inducing resonance, this study proposed
a distributed PV parallel smooth switching resonance sup-
pression control strategy. The main conclusions are:
802
1) PV energy storage, GFM VSG, and GFL VSG have
complementary characteristics. GFL VSG performs
well in strong power grids, whereas GFM VSG is
better suited for weak power grids.

2) The online identification method of Thevenin equiv-
alent impedance based on voltage fluctuation data
achieves higher impedance identification accuracy
than the least squares method.

3) The smooth switching resonance suppression meth-
od for distributed photovoltaic VSG systems pro-
vides stronger resonance suppression than a single
GFL/GFM control method, enabling distributed
photovoltaic systems to adapt to grid strength varia-
tions and maintain stable, resonance-free operation.
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