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Hangzhou, China
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Abstract—The application of Grid-forming (GFM) inverter can
be an effective way to enhance the stability of the grid-connected
inverters in parallel, and it is necessary to evaluate the interaction
among hybrid inverters with Grid-following (GFL) and GFM
controls. This paper proposes a method to quantitatively analyze
the coupling among power loops of hybrid inverters with GFL
and GFM controls. By utilizing the dynamic relative gain array
(DRGA) theory on the power transfer function matrix, this
method analyzes the interactive impact among power loops of
multiple inverters. Firstly, the full-order state-space models of
the hybrid inverters with GFL and GFM controls are established.
Then, the influence of various control parameters and grid
strength on the coupling effect is explored with the proposed
method. It is demonstrated through the exploration that the line
impedance and the GFM inverter have a significant impact on the
power interaction in the low-frequency range, while the current-
feedforward control reduces the power coupling among GFL
and GFM inverters effectively. The effectiveness of the proposed
method and the accuracy of the discussions are verified through
simulation and experimental tests.

Index Terms—paralleled inverters; coupling analysis; relative
gain array; grid-following; grid-forming;

I. INTRODUCTION

With the worldwide application of inverter-based resources
(IBR) in the power system, the characteristics of the grid are
rapidly changing towards low inertia and insufficient damping,
where grid-following (GFL) inverters are commonly used [1].
The GFL inverter is controlled as a current source, and with
a large-scale adaptation of GFL inverters, the stability of the
entire system is challenged. Accordingly, grid-forming (GFM)
control emerges and is applied to improve the system stability
margin by providing frequency and voltage support at the point
of common coupling (PCC) [2]. Conventionally, the inverter
with GFM control is controlled as a voltage source to give the
power response to the grid event, e.g., frequency variation and
voltage drop. The virtual synchronous generator (VSG) control
is a widely-applied GFM technology, which makes the inverter
behave like a synchronous generator (SG) by applying the
swing equation in the active power control loop and automatic
voltage regulator (AVR) in the reactive power control loop,
respectively [3], [4].
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In a system with multiple grid-connected inverters, the
interaction paths include both interactions within the inverters
and interactions between the inverters and the grid, which
collectively determine the system’s dynamic characteristics
and performance [5]-[7]. The coupling effect occurs due
to the grid impedance, the overlapping control bandwidth
and the crossover of filter bandwidths, which results in a
more complex operating characteristic of the system [6] and
even hazards the stability and robustness of the system by
causing multiple resonant frequencies [8]-[10]. The power
interaction between the grid-connected inverters and the grid
also increases the total harmonic distortion (THD) of the
output current and decreases the power quality [11]. Thus, it
is important to understand the coupling effect among the grid-
connected inverters and the gird to address the stability issues
caused by power interaction [12], which can also provide a
perspective to understand the interaction characteristics of the
entire system.

The clustering-based model in [13] was proposed to analyze
the interaction mechanism among multiple GFL inverters
via the influence of common current and interactive current,
however, the model mainly considers the interaction of GFL
inverters in the medium frequency range. By analyzing the
participant pattern of the multiple GFL inverters, [14] intro-
duced an identifiable method to classify the system modes into
local and interaction modes based on the state-space model.
However, This method is based on the deviation of system
eigenvalues and cannot clearly and quantitatively analyze the
coupling between the system control loops. Dynamic relative
gain array (DRGA) is a commonly used method to investigate
the interaction of multiple control loops in a multiple-input-
multiple-output (MIMO) system [15]. Based on the DRGA
principle, [16] studied the interaction between the current
loops of the multiple inverters with the change of the grid
impedance and system parameters. [17] analyzed the harmonic
characteristic of the multiple grid-connected inverters by ap-
plying the DRGA to the impedance model of the system. The
DRGA was applied in [18] to accurately evaluate the power
and frequency coupling of the droop-based GFM inverters.
However, the above studies focused on the coupling among
inverters with the same control, e.g., GFL or GFM control. As
the installation of grid-connected IBRs continues increasing,



many inverters employing the GFL and GFM control in
parallel are further complicating the interactions and coupling,
which calls for effective solutions to analyze the complex
interaction among those units, especially the power coupling
effect with a quantitative approach [19], [20].

This paper thus proposes a DRGA-based method to quanti-
tatively evaluate the coupling effect of the power loops among
parallel inverters with distinct control. The effect of the GFM
inverter and line impedance on the power interaction is studied,
and voltage-forward control has proved to be an effective way
to reduce power coupling. It’s worth to mention this method is
also applicable to evaluate the coupling of other control loops
among hybrid inverters, e.g., the voltage-vector controller and
the current-vector controller. The analysis results are verified
by simulation and experimental tests. The reminders of the
papers are organized as follows: the principle of the DRGA
is introduced in Section II. A coupling quantitation method is
proposed to analyze the power transfer matrix of the hybrid
inverters in Section III while considering the variation of the
grid impedance and system parameters. The analysis results
are verified by simulation and experiment tests in Section IV
and Section V is the conclusion.

II. DRGA THEORY AND INTERACTIVE COEFFICIENT GAIN

The DRGA is commonly used to investigate the interac-
tion of variables in a multiple-input-multiple-output (MIMO)
system with input variables w and output variables y at the
selected frequency w [21]. In modern control theory, the
dynamic relative gain );; indicates one control loop (input:
u; — output: y;) being affected by other loops at w, which

can be expressed as:
39 am )
Aup=0,k#j

Nj = 5L = ()

Ayi (J'W)/Aug‘ (J'w)]

Ayp=0,k#i

where \;; (jw) is the dynamic relative gain of the selected
control loop (u; — y;) at w. IN;; is the complex gain of the
selected control loop when the other loops are open-loop, and
D;; is the complex gain of the selected control loop when the
other loops are controlled as closed-loop.

Then the DRGA of the entire system can be calculated in
the Laplace domain as,

A(s) =[Nij(s)] = G (s) G () 2

in which ® is the Hadamard product, G (s) is the transfer
function of the MIMO system with input « and output y, and
A(s) is the DRGA of the system composed of \;;(s).

At w, );; is a complex value as \;; = a + jb. According
to the DRGA criteria, the closer \;; is to (1,0), the less the
interaction between the loop (u; — y;) and other loops. As
such, the interactive coefficient gain can be defined as the
distance d;; between (a,b) and (1,0), as depicted in Fig. 1.

Im (%) A;=a+jb

by i,

arg (\;) 1,0)

Re(A\y)

0,0

Fig. 1: The relative gain \;; is located in the the complex plane at w

This distance d;; quantitatively reflects the coupling degree,
and it can be given by:

dij = |Nij|?+1-2|Nij] cos (arg (Ai;)) = b2+ (a — 1)* (3)

with a and b being the real and imaginary part of \;j,
respectively. Therefore, the DRGA A(s) can be converted
into a real matrix D(s), being the interactive coefficient array
(ICA) of G (s). All the elements in D(s) are non-negative, and
d;; has a positive coronation to the coupling degree between
the certain control loop (u; — ;) and other loops.

IIT. POWER INTERACTION ANALYSIS BASED ON THE
PROPOSED QUANTIZATION METHOD
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Fig. 2: Configuration of an exemplified system with m GFL inverters and
n GFM inverters.

An exemplified system consisting of m GFL inverters and
n GFM inverters is depicted in Fig. 2. The GFL inverters
employ the PQ-control to inject power (P, and @).) to the
grid according to the power command (PGF" and QE/F).
Similarly, the Virtual synchronous generator (VSG) is adopted
as the GFM control with the operating point (Pg? M and
QELM), and the details of the PQ and VSG control schemes
can be found in [1], [5].
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Fig. 3: Open loop MIMO model of an exemplified system with m GFL
inverters and n GFM inverters.

A. Modeling of the hybrid inverters

By linearizing the equations of the GFL and GFM control
schemes, the small-signal model of the hybrid inverters in
parallel can be obtained in a state-space format,

C:l—:: = Az + Bu; tiiinoo:c = x @
with € R being the state variables of the system, u € R!2
is the input variables. A € R1i>*l B € R are the system
and input matrix of the system respectively, being the functions
of the steady-state vector xy. The dynamic characteristic of the
multi-inverter system can be analyzed with matrices A and B,
while the detailed procedures for state-space modeling can be
found in [19], [22].

To analyze the power interaction among these inverters, it’s
needed to analyze the MIMO model of the parallel inverters as
shown in Fig. 3, where the power commands (P, ¢ and Qrey)
are the inputs u of the power transfer matrix Ggys (s). The
output power (P, and @).) are chosen as the output variables y
and the output matrix C € R2(m+m)xl2 and D € R2(m+n) %L
can be derived by y = Cx + Du. Then Ggys(s) can be
obtained,

y(s)
u(s)

Without loss of generality, a hybrid system with a GFL
inverter and a GFM inverter in parallel is studied. The circuit
parameters and the control parameters of the GFL and GFM
inverter are listed in TABLE I and II respectively, while the
reactance-resistance ratio (X/R) of all transmission lines is
set to 10.

Based on the definition of the ICA in § II, D(s) of the
hybrid inverters (with m = 1, n = 1) in parallel can be given
as,

Gyye (5) = =C(sI-A)'B+D (5)

PGFL QGFL PGFM GFM

ref ref ref ref
PEFL di di2 di3 dia
p— @7 Jdu dn dm du |
PEFM d d d d
e 31 32 33 34
QIrM da da2 du3 daa

where d;; implies the impact of other power loops on the
active power loop of the GFL inverter, similarly for other
loops, i.e., dao for the reactive power loop of the GFL inverter.
ds3 and dy4 represent the active and reactive power loops of
the GFM inverter respectively. Then, dy1, dos, ds3, and dyy
are selected for the following analysis to evaluate the coupling
degree among power loops.

( Quantization analysis starts )

Setting configuration of hybrid inverters (m,n) |

Set the parameters varying in range [Youin, Ymax)

Setting parameters (Y, = Yi,.)

I
State space modeling

Determining control loops to study
|
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|
Setting the frequency range [ fiin, fuax)

Setting parameters (f, = fi.)
I

—| Calculating D (s) at frequency f, |

[
| Y, = Y.+ 4Y, fi= f+ Af |
7

No @

?
L

| Quantization analysis results

Fig. 4: Flow chart of coupling quantization with the proposed method.

Notably, this method can also be applied to analyze the
coupling between any specified control loops (u — y)
quantitatively, and the detailed analysis process is illustrated
in Fig. 4, which can evaluate the coupling characteristics
of desired loops under certain varying parameters Y; in the
frequency range [ fiin, fmaz] effectively.

B. Quantitative analysis results of the power interaction
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Fig. 5: Quantified coupling effect among power loops with Ly varying in
[0, 15] mH. (a) d11, (b) d33, (¢) d22, and (d) d44.

For the GFM inverter, the application of VSG inevitably
introduces torsional oscillation characteristics of the rotor of
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2.5] kW. (a) d11, (b) d33, (C) d22, and (d) d44.
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Fig. 7: Quantified coupling among power loops with inertia coefficient J
varying in [le-3, 20e-3]. (a) d11, (b) d33, (¢) da2, and (d) da4.

SG, leading to resonant peaks of the power transfer function
of the system in low frequency and affecting the stability of
the system [23]. To improve the quality of the output power
and meet the specifications of the grid code, the bandwidth
of the power loops is required to be set below 10Hz [4] or
5Hz [24]. Thus, the disturbance on the output power is mainly
limited within the low frequency, and the power interaction
under various grid conditions and control parameters is studied
within [0, 20] Hz in this paper.

The impact of the grid impedance L, on the power inter-
action is studied with Ly varying in [0, 15] mH. As shown in
Fig. 5 (a) and (c), the GFM inverter has a negligible coupling

TABLE 1
CIRCUIT PARAMETERS OF THE GRID-CONNECTED INVERTER

Circuit Parameters Symbol  Value
DC-side voltage Vie 350 vV
AC-side voltage Vg 110V
Rated grid frequency fo 50 Hz
Switching frequency fs 20 kHz
Filter inductance Ly 4.4 mH
Inductance series resistance Ry 04 Q
Filter capacitance Cy 10 uF
Capacitance series resistance Ry 1Q
Transmission line impedance (for GFL) Lgff 2 mH
Transmission line impedance (for GFM) LgfﬁM 5 mH
Rated active power (for GFL) pPGFL 1.5 kW
Rated active power (for GFM) PﬁF M- 20 kW
Grid impedance Ly 15 mH

dy; ds3 Dp
0-817 orGrr [ // 4 P, of GFM] [ 2.0
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0 0 0.4
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Fig. 8: Quantified coupling among power loops with damping coefficient D),
varying in [0.4, 2]. (a) d11, (b) d33, (c) d22, and (d) d44.
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on the power control loops, when the grid is relatively strong.
The mechanism can be explained as a strong grid stabilizing
the PCC’s voltage, Vpcc, against the disturbances from the
GFM inverter. As shown in Fig. 5 (b) and (d), with the increase
of L, the coupling degree between the GFL inverter and the
GFM inverter gradually deepens, as the stiffness of Vpcco
decreases. Conversely, PS"™ interacting with other power
loops gradually decreases with the increase of L, which also
applies to the QYF™ similarly. Considering the relatively
weak Interrelation between the GFL inverters and the GFM
inverter with a strong grid, the power coupling occurs mainly
through the interaction within the GFM inverter (PS"™ and
QGFM), which results similar changing trend for ds3 and
dy4. It’s also worth noting the coupling peak occurs at 3.75
Hz for the GFM inverter with a strong grid, which indicates
PSFM and QEFM are more sensitive to the disturbance with a
frequency of 3.75 Hz. This quantified coupling peak is verified
by the subsequent experimental tests.

Fig. 6 quantitatively analyszes the power coupling under a
weak grid (Ly = 15 mH), while the power command of the
GFM inverter Pri? M changes from 0 kW to 2.5 kW. The
stiffness of Vpoc is weakened under a weak grid condition,
and Vpoe is more prone to the output power of the GFM
inverter. Therefore, with the increase in the output power
from the GFM inverter, the interaction of PSFE, PGFM and
QSTM with other loops gradually becomes stronger in the
low-frequency range, as shown in Fig. 6 (a), (b) and (d). It’s
interesting to note that the coupling of Q¢F'X with other loops
can be reduced effectively with a proper P, as depicted
in Fig. 6 (c).

As shown in Fig. 7 (a) and (c), the power coupling between
the GFL and the GFM inverter is nearly unaffected by the



TABLE II
CONTROL PARAMETERS OF THE GRID-CONNECTED INVERTER

Circuit Parameters Symbol  Value
GFL control parameters
Proportional coefficient of the current controller  k;_y 3
Integral coefficient of the current controller ki 800
Voltage-feedforward coefficient FGFL 0
Proportional coefficient of the PLL kpli_p 0.3029
Integral coefficient of the PLL kpli_c 0.1345
GFM control parameters
Inertia coefficient J 0.01
P-f droop coefficient Dy, 0.944
Q-V droop coefficient Dy 48.2
Integral coefficient of the Q-V loop Kg 0.8
Proportional coefficient of the voltage controller  ky_p 0.085
Integral coefficient of the voltage controller ky_; 0.15
Voltage-feedforward coefficient FGFM
Proportional coefficient of the current controller  k;_, 25
Integral coefficient of the current controller ki 800
Current-feedforward coefficient FiGF M-

inertia coefficient J varying in [le-3, 20e-3] in the low-
frequency range. The change of J mainly influences the
coupling characteristics of the active and reactive power of
the GFM inverter, by affecting the frequency and magnitude
of the coupling peak around 3.75 Hz. Similarly, the coupling
analysis results with the damping coefficient D,, varying in
[0.4, 2.0] is illustrated in Fig. 8. The insufficient damping of
the GFM inverter introduces the coupling peak of PSF'M and
QSFM | which hazards the robustness of the system. With the
increase of D,,, the interaction between PE'L with other loops
also intensifies, while it has the opposite effect on QSF L

To improve the GFL inverter disturbance resilience under a
weak grid (Ly = 15 mH), a voltage-feedforward term is added
with the feedforward gain being FZ.;, which introduces
Vpcoco to the current-vector controller of the GFL inverter.
F¢ pp can significantly reduce the coupling between the GFL
inverter and the GFM inverter, as shown in Fig. 9. With
F¢ - changing from O to 1, the power interaction of the GFL
inverter and the GFM inverter can be suppressed effectively.
While Fg ., is equal to 1, the PSFL and Q'L are hardly
influenced by other power loops, and the remaining ds3 and
dy4 indicates the power coupling of the active and reactive
power of the GFM inverter.

Based on the above analysis, the power coupling among the
hybrid inverters can be concluded as:

1) For the GFM inverter, the power interaction is mainly
influenced by the coupling of its own active and reactive
power, especially under the strong grid. J and D), have
a significant influence on the interaction of PS*™ and
QYFM | but they have little effect on the output power of
the GFL inverter.

2) For the GFL inverter, system configuration including L,

v

0.1 s-oen  y usoer e R
1. . 10. 15.
0 5.0 0.0 1 (s) 5.0
(b)
Fig. 10: The output power of the hybrid inverters under disturbance on

PGIM with J =2e-3, le-2, and 2e-2 respectively, and fy = SHz. (a) PETL
and PEFM (b)) QFFL and QEFM.

P,y and Q,.y have a strong effect on its coupling
characteristics, and it is relatively less influenced by the
control parameters of the GFM inverter.

3) Therefore, enhancing the stability of the GFL inverter
against the disturbance from the GFM inverter can be
achieved by proper system configurations. Stability can
also be improved by modifying the control schemes of the
inverters, e.g., implementing P — ) decoupling control
for the GFM inverter and voltage-feedforward control for
the GFL inverter.

IV. SIMULATION AND EXPERIMENT VERIFICATION
A. Simulation Results

To verify the validity of the proposed method, a sinusoidal
disturbance with the amplitude of 100 W (5% of Pf;jlfw My and
frequency of 5 Hz is added on the active power command of
the GFM inverter, and the circuit and control parameters are
set as same as the TABLE I and II

As shown in Fig. 10, with the increase of inertia coefficient
J from 2e-3 to le-2 to 2e-2, the active and reactive power of
the GFM inverter is less affected by external disturbances. The
amplitudes of the SHz responses generated by disturbances
for PeGF M decrease, from 100 W to 80 W and further to
40 W. Similarly, the response of Q¢ also decrease, which
indicates the power interaction between PSFM and QSFM
attenuates with the increase of the inertia of the GFM inverter,
and it is consistent with the analysis in Fig. 7 (a) and (c).
The simulation results also indicate that changes in J don’t
affect the coupling relationship between the GFL and the GFM
inverter, and the response amplitude of PS¥% and QSFL to
external disturbances remains nearly unchanged.
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Prcé?M with Dp, = 0.4, 1.0, and 2.0 respectively, and fz = 5SHz. (a) PeGFL

PEGFJV[’ (b) QEGFL QE’FM

and and

Underdamped characteristics of the GFM inverter signifi-
cantly affect the coupling degree between PE¥M and QSFM
as shown in Fig. 12. When D, is equal to 0.4, the response
amplitudes of PSFM and QSFM to external disturbances
can reach 480 W and 260 Var, respectively. It indicates that
the system exhibits positive gain for external disturbances,
resulting in low robustness to low-frequency disturbances.
With the increase of D, from 0.4 to 1.0 to 2.0, the power
response of the GFL inverter and the GFM inverter are both
suppressed. Compared with the output power of the GFL
inverter, the variation of D, has a more significant impact
on the output power of the GFM inverter, which is in line
with the analysis results from the previous section.

For the GFL inverter, the application of the voltage-
feedforward control can suppress the disturbance generated
by the GFM inverter by reducing the power coupling between
the GFL inverter and the GFM inverter. To verify the effect
of voltage-feedforward control, an unsatisfactory damping
parameter value is selected, i.e., D, = 0.4. Fig. 12 (a) and (b)
show the power response of the hybrid inverters to external 5
Hz disturbance without the voltage-feedforward control for the
GFL inverter, the ripple of PS¥M and Q"M has impact on
PEFL and QGFE, especially for QSF'L. However, the effect
of the GFM inverter can be reduced significantly with F&FE
=1, as depicted in Fig. 12 (c) and (d). The response amplitude
of PSFL decreases from 70 W to 30 W, and 80 Var to 8 Var
for QEF L1t can be explained as the application of voltage-
feedforward control makes the GFM inverter is less sensitive
to the variation of Vpc o, which achieves the decoupling of the
GFM and the GFL inverter to a certain extent. Therefore, the
voltage-feedforward control can be an easy way to enhance

PGZM with F, = 0 and 1.0 respectively, and f; = 5Hz. (a) PEGFL and
M

with F, =0, (b) QF7E and QCFM with F, = 0, (¢) PEF" and
PeGFM with F, = 1, (d) QSFL and QGFM with F,, = 1.

the stability of the GFL inverter in hybrid inverters.

B. Experimental Results

To verify the effectiveness of the proposed quantitation
method, experimental tests were performed on a 2-kW GFM
inverter and a 1.5 kW GFL inverter with the experimental
platform in Fig. 13, and the circuit and control parameters are
the same with TABLE I and II.

To validate the coupling characteristics of the hybrid invert-
ers at different frequencies in the low-frequency range, a power
disturbance of AXy is added to the power command, being
with AX; = 0.05P, - sin (27 fqt) (X = P or @ for active

Data
Impeix Cockp
—
O+
o DC Source #1
O+
O- DC Source #2

E b
Grid Impedance

Grid Simulator

Fig. 13: Setup experimental of the hybrid inverters with a GFL inverter and
a GFM inverter.
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Fig. 15: Experimental results of the system in response to power disturbance, (a) disturbance in PT(’;? M and Pf{i‘; L (b) disturbance in Q?EI;M and Qfel;L,

where s.s stands for steady state of the system.

power or reactive power respectively). As shown in Fig. 14,
the GFM inverter is more sensitive to the disturbance with
fa = 3.75 Hz than other disturbance frequencies (fy = 1 Hz
and f; = 10 Hz) under a strong grid (L, = 1 mH), which
agrees well with the quantitative analysis in Fig. 5. Under the
same disturbance, the GFL inverter is hardly affected by the
GFM inverter, as shown in Fig. 14.

Under a weak grid (L, = 11 mH), the coupling between
the GFL inverter and the GFM inverter is strong, as shown in
Fig. 15, which shows the fluctuation of one of the output power
(PGFLE QGFL pGFM and QGFL) of the hybrid inverters can
affect others significantly. Comparing the experimental results
of Fig. 15 (a) and (b), it can be seen that the disturbance with
fa = 3.75 Hz on the GFM inverter is more significant than
other disturbances, while the influence of disturbances with
different frequencies on the GFL inverter is almost the same. It
indicates that the grid impedance increases the power coupling
among the hybrid inverters, and the coupling characteristics of
the GFL and GFM inverter are different in the low-frequency
range.

V. CONCLUSION

This paper proposed a method to quantitatively analyze the
coupling effect in a hybrid system with parallel GFL and GFM
inverters. This paper also provides a detailed analysis process
to apply this method to analyze the coupling between any
specified control loops (u — y) quantitatively. The coupling
among power loops under different grid impedances, power

commands, and control strategies is explored. It is indicated
system configuration including the grid strength and the oper-
ating points significantly affect the power interaction between
the GFL inverter and the GFM inverter, while the voltage-
feedforward can improve the robustness of the GFL inverter
against disturbances. The influence of control parameters, e.g.,
inertia coefficient J, damping coefficient D,,, and the voltage-
feedforward control F¢¥'% are discussed. The analysis results
are verified by the simulation and experimental tests.
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