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Abstract—With the increasing penetration of inverter based re-
sources (IBRs), inverter control methods, including grid-following
(GFL) and grid-forming (GFM) control, dominate the dynamic
characteristics of power systems. The difference in control meth-
ods creates a more complex interaction coupling between them
and significantly affects the dynamic stability and performance of
the system. This paper aims to reveal the interaction mechanisms
of the GFM and GFL inverters and develop control strategies
to suppress these interactions. A dynamic relative gain array-
based method is developed to quantify frequency-dependent
coupling between any specified control loops of GFL and GFM
inverters under varying grid conditions and control parameters.
Based on the identified interaction, a port-Hamiltonian-based
control method, which encodes the inverter controller structure,
is devised to suppress the interactions under varying operating
conditions without incurring new instability issues. Experimental
results verify both the interaction analysis and the effectiveness
of the designed suppression strategy.

Index Terms—Inverter interaction, grid following, grid form-
ing, dynamic relative gain array, port-controlled Hamiltonian

I. INTRODUCTION

Grid-forming (GFM) inverters are deployed to enhance
the stability of power systems with grid-following (GFL)
inverters [1], [2], leading to the evolution of a heterogeneous
system comprising both GFM and GFL units. In such systems,
there exists interaction within and between inverters, which
collectively determine their dynamic characteristics and stabil-
ity [3], [4]. Differences in GFM and GFL control create a more
complex interaction coupling between them under evolving
grid conditions, negatively impacting GFM inverters’ support
capabilities and aggravating instability [5], [6]. Therefore, it
is essential to elucidate the interaction mechanisms of GFM
and GFL inverters [7] and to develop suppression strategies to
suppress these interactions.

Existing studies on the stability of heterogeneous inverter
systems can generally be divided into two categories: state-
space model-based methods [8], [9] and impedance model-
based methods [6], [10]. In literature [9], a state-space model-
based approach is used to quantitatively investigate the impact
of parameters on hybrid system interactions using participation
factors; however, interactions among control loops are not con-
sidered. The impedance model-based method in [10] examines
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how the number of GFM and GFL inverters affects inter-
action but lacks quantitative analysis. Varying grid strength,
inappropriate control parameters and line parameters can also
impact interactions. A comprehensive and quantitative analysis
of interactions among inverters under different grid strengths is
yet to be conducted. Existing suppression approaches include
damping modification, virtual impedance adjustment, energy-
based method, or their combinations [8]. However, these
methods may fail under varying grid conditions. Thus, it is
still necessary to devise suppression methods that can maintain
stability across a range of operating conditions.

To bridge the gaps, this paper reveals the interaction
mechanism of GFM and GFL inverters and devises an ef-
fective interaction suppression method for hybrid systems
under varying grid conditions. Our contributions include: 1) A
dynamic relative gain array (DRGA)-based method is devised
to quantitatively evaluate the interaction between any specified
control loops of GFM and GFL inverters under varying control
parameters and grid conditions; 2) A port-Hamiltonian-based
control encoding inverter controller structure is devised to sup-
press these interactions. Theoretical analysis and the devised
suppression method are verified by experimental tests.

The remainder of this paper is organized as follows: Sec-
tion II presents the devised DRGA-based interaction analysis
method. Section III provides the port-Hamiltonian-based inter-
action suppression method. The experimental results validating
the theoretical analysis and the effectiveness of the interaction
suppression method are reported in Section IV. Section V
concludes the paper.

II. DYNAMIC RELATIVE GAIN ARRAY-BASED
FREQUENCY-DEPENDENT COUPLING ANALYSIS

Grid-connected inverters are mainly of two types, i.e., GFL
and GFM inverters. GFL inverters usually employ the PQ-
control to inject power to the grid by following the measured
voltage at its terminal [11]. GFM inverters regulate frequency
and voltage via droop control [12] or virtual synchronous
machine control [1] to enhance system stability under weak
grid conditions. Without loss of generality, a hybrid power
system comprising droop-controlled GFM inverters and PQ-
controlled GFL inverters can be modeled as a multiple-input-
multiple-output (MIMO) system using state-space equations
as follows 

dx

dt
= Ax+Bu

y = Cx+Du
(1)
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where x ∈ Rm, u ∈ Rn and y ∈ Rl are the state variables,
input variables and output variables, respectively. A ∈ Rm×m,
B ∈ Rm×n, C ∈ Rl×m and D ∈ Rl×n are the system,
input and output matrices respectively. m, n and l denote the
number of the state, input and output variables. The dynamic
characteristics of a multi-inverter system can be analyzed with
matrices A and B.

The transfer function of a hybrid system described by Eq.
(1) is calculated as

Hsys =
y(s)

u(s)
= C(sI −A)−1B +D (2)

The Hsys is a frequency-domain matrix, thus, it can be used
to quantitatively evaluate the coupling interaction between
control loops of different frequency ranges.

DRGA quantifies the interactions between specified control
loops of GFM and GFL inverters by analyzing the relation-
ships between the corresponding inputs u and outputs y at
selected frequency ω [13] with the following equation

λij =
Nij

Mij
=

[∆yi(jω)/∆uj(jω)]∆uk=0, k ̸=j

[∆yi(jω)/∆uj(jω)]∆yk=0, k ̸=i

(3)

where λij(jω) denotes the dynamic relative gain of the
selected control loop at ω, its value indicates the extent to
which one control loop is influenced by another. Nij and Mij

represent the gains when other loops are open and closed,
respectively. For an MIMO system with a transfer function
H(s), the DRGA of the system can be obtained by

Λ(s) = [λij(s)] = H(s)⊙H−T (s) (4)

where ⊙ is the Hadamard product and Λ(s) is the DRGA of
the system composed of λij(s).

Given the power grid’s model in Eqs. (1) and (2), the inter-
action between any specified loops of GFM and GFL inverters
can be quantitatively assessed. Moreover, the influence of
varying parameters, e.g., grid strength and control parameters,
on the interaction of specified control loops in the frequency
range [fmin, fmax] can also be effectively evaluated. The rule
for interaction analysis using the DRGA-based method is [13]:

• When λij > 1, strong coupling exists between the corre-
sponding loops, meaning that dynamics or disturbances in
other loops significantly influence the selected loop. The
larger the value of λij > 1, the stronger the interaction
between them.

• When 0 < λij < 1, the interaction between the cor-
responding loops is weak across the relevant frequency
range.

III. PORT-HAMILTONIAN BASED INTERACTION
SUPPRESSION METHOD

The DRGA-based method in Section II can be used to
identify the interaction between any specified control loops.
A suppression method taking into consideration of the in-
verter control structure can effectively mitigate the interactions
without tuning the system with trial and error and incurring

new instability issues under varying grid conditions. A port-
controlled Hamiltonian based method is devised to suppress
these interactions in this section.

A port-controlled Hamiltonian reflecting the dynamics of a
hybrid system is given as

ẋ = [J (x)−R(x)]
∂H(x)

∂x
+ g(x)u, y = gT (x)

∂H(x)

∂x
(5)

where H(x) is a function defining the system energy, J (x)
and R(x) are the interconnection and damping matrices, re-
spectively, R(x) = RT(x) ≥ 0 and J (x) = −J T(x), g(x) is
the input matrix. The port-controlled Hamiltonian framework
supports modular formulation, meaning it enables the synthesis
of a global control strategy for all systems based on a single
inverter indexed by i, i.e., ẋi = [Ji (xi)−Ri (xi)]∇Hi (xi)+
gi (xi)ui.

To suppress the identified interactions, the idea is to design
a feedback control law of the form u(x) = β(x) for the port-
controlled Hamiltonian system in Eq. (5), ensuring that the
closed-loop dynamics still preserve the port-controlled Hamil-
tonian form while achieving the desired dynamic performance,
which is given as

ẋi = [Jdi(x)−Rdi(x)]
∂Hdi(x)

∂x
(6)

where Jdi(x) = −J T
di(x) and Rdi(x) = RT

di(x) ≥ 0
denote the desired interconnection and damping matrices,
respectively; and Hdi(x) is the desired energy function having
a strict local minimum at the equilibrium point x∗.

Consider Ji (xi) ,Ri (xi) ,H(x), g(x) and the desired equi-
librium x∗ to be stabilized. Assume that there exists
Jdi(x),Rdi(x) and Hdi(x), then Eq. (7) holds [14]

[Ji (xi)−Ri (xi)]
∂Hi(x)

∂x
+ gi (xi)ui

= [Jdi(x)−Rdi(x)]
∂Hdi(x)

∂x
(7)

Given Eq. (7), the control law can then be obtained as [14]

u =
[
g⊤(x)g(x)

]−1
g⊤(x)︸ ︷︷ ︸

gain term

[(
Jd(x)−Rd(x)

)∂Hd(x)

∂x

−
(
J(x)−R(x)

)∂H(x)

∂x

]
β(x)

(8)

With u, the closed-loop system is passive and stable.
Note that if x∗ is the largest invariant subset in {x ∈
X |∂H

⊤
d

∂x (x)Rd(x)
∂Hd

∂x (x) == 0}, x∗ is asymptotically stable.
This conclusion holds globally if x∗ is a global minimum of
a radially unbounded Hd(x) [14].

The desired functions can be chosen as the sum of the func-
tions Ji (xi), Ri (xi), H(x), and auxiliary functions Jai (xi),
Rai (xi), Hai(x) such that[

(Ji(xi) + Jai(xi))− (Ri(xi) +Rai(xi))
∂Hai(x)

∂xi

]
= −[Jai(xi)−Rai(xi)]

∂Hi(x)

∂xi
+ gi(xi)ui(xi) (9)
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To ensure that the closed-loop system maintains the port-
controlled Hamiltonian form and achieves the desired dynam-
ics, these auxiliary terms used to assign the desired functions
should be properly selected, fulfilling the conditions implicitly
stated in [14].

For a GFM inverter connected to the grid through an LCL
filter and equipped with droop and virtual impedance control,
the candidate Hamiltonian function can be defined as

Hi (xi) =
1

2
(Lfii

2
di + Lfii

2
qi + Cfiv

2
Cdi + Cfiv

2
Cqi

+ ξpiω
2
i + ξqiE

2
i + Lvii

2
Ldi + Lvii

2
Lqi) (10)

with the vector of the state variable being
xi = Mi [idi iqi vCdi vCqi ωi Ei iLdi iLqi]

T,
Mi = diag {Lfi Lfi Cfi Cfi ξpi ξqi Lvi Lvi}
and Hi(x) = (1/2)xT

i M
−1
i xi. ξpi and ξqi denote the time

constant of the low-pass filter associated with the droop
control loop. Ji(xi) is expressed as

Ji(xi) =



0 Lfiωi −1 0 0 0 0 0
−Lfiωi 0 0 −1 0 0 0 0

1 0 0 Cfiωi 0 −1 0 0
0 1 0 −Cfiωi 0 0 −1 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0


(11)

Ri(xi) = diag {Rfi Rfi 0 0 1 1 Zvi Zvi}. Rfi

and Zvi are the filter resistance and virtual impedance respec-
tively.

Hdi(x) should have a strict local minimum at the equilib-
rium point x∗, which can be chosen as

Hdi(xi) =
1

2
[Lfi(idi − i∗di)

2 + Lfi(iqi − i∗qi)
2 + Cfi(vCdi

− v∗Cdi)
2 + Cfi(vCqi − v∗Cqi)

2 + ξpi(ωi − ω∗
i )

2 + ξqi(Ei

− E∗
i )

2 + Lvi(iLdi − i∗Ldi)
2 + Lvi(iLqi − i∗Lqi)

2] (12)

Considering the initial form of Ji (xi) and Ri (xi), the new
desired matrices Jdi(xi) and Rdi(xi) can be selected as

Jdi(xi) =



0 0 p13i 0 0 0 0 0
0 0 0 p24i 0 0 0 0

p31i 0 0 0 0 0 p37i 0
0 p42i 0 0 0 0 0 p48i
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 p73i 0 0 0 0 0
0 0 0 p84i 0 0 0 0


(13)

and Rdi(xi) = diag {r11i r22i r33i r44i r55i r66i r77i r88i},
where pij = −pji and pii ≥ 0, i, j ∈ {1, . . . , 8} for
i ̸= j. It can be noted obviously that Jdi(x) = −J T

di(x)
and Rdi(x) = RT

di(x) ≥ 0 and preserves the structure. With
the selected desired matrices, passivity of the desired port-
controlled Hamiltonian is assured since

−∇2
xi
Hd(x

∗
i ) = − 2

Lfi
− 2

Cfi
− 1

ξpi
− 1

ξqi
− 2

Lvi
< 0 (14)

Cf

LfRfRc Lc
Grid

Zg

Z1

Z2

GFM

GFL

Cf

LfRfRc Lc

Fig. 1. Diagram of the test system.
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Fig. 2. Quantified interaction between power loops of GFM and GFL inverters
under varying grid strength conditions.

The parameters in Jdi(x) and Rdi(x) correspond to the
controller parameters of droop control, virtual impedance loop,
voltage and current control loop, which can be tuned while
ensuring passivity to suppress interactions between the control
loops of GFM and GFL inverters identified by DRGA.

IV. EXPERIMENTAL STUDIES

A hybrid system with one GFM and one GFL inverter in
parallel is studied with the grid modeled as an ideal voltage
source in series with an impedance, as shown in Fig. 1. The
controller parameters and grid impedance in p.u. values can
be found in [1] and [15]. Considering the characteristics of
GFM and GFL inverters, this section examines two critical
scenarios, i.e., power coupling and [P Q]− [ω V ] interaction.

A. Quantitative Interaction Analysis

1) Power Loop Interaction: The power loop interaction
between the GFM and GFL inverters is examined first. The
results of quantified interaction under different grid strengths
are presented in Fig. 2. It can be observed from subfigures (a)
and (c) that under a strong grid, the relative gain is smaller than
1 for frequencies between 1 to 1000 Hz, meaning the active
and reactive power loops of the GFL inverter both exhibit
negligible coupling. This is because a strong grid stabilizes the
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Fig. 3. Quantified interaction between power loops of inverters under different
droop coefficients of the GFM inverter.

point of common coupling (PCC) voltage against disturbances
from the GFM inverter. As the grid strength decreases, as
shown in subfigures (b) and (d), the relative gain is larger than
1 over portions of the frequency range, with a coupling peak
at 35.1 Hz, which means the interaction between the GFL and
GFM inverters will occur. The output of one inverter will be
significantly affected when a disturbance or dynamic occurs
on another inverter due to the reduced PCC voltage stiffness.

2) Effects of Droop Coefficients on Interactions: The de-
vised DRGA-based method is used to study how the droop
coefficients of the GFM inverter affect the interaction. Fig. 3
demonstrates the impact of droop coefficients on power loop
coupling. The results of quantified interaction with different
droop coefficients are shown in Fig. 3. As can be seen from
subfigures (a) and (c), the coupling between the GFL and
GFM inverters is almost unaffected by the droop coefficients
over the considered frequency range, as the relative gain
remains below 1. Changing droop coefficients mainly affects
the coupling characteristics of the GFM inverter’s power loops,
as demonstrated in subfigures (b) and (d). Reducing the droop
coefficients can alleviate the interaction, but the relative gain
exceeds 1 over a specific range of frequencies. Changing the
droop coefficients can significantly affect the overall perfor-
mance of the system, e.g., power sharing; therefore, it still
requires a suppression method to stabilize the system.

3) [P Q] − [ω V ] Interaction: The interaction between the
[P Q]− [ω V ] loop directly reflects the grid support capability
of the GFM inverter to stabilize the system. The results of
quantified interaction analysis under different grid strengths
are shown in Fig. 4. As the grid strength decreases, the
coupling between the P −ω and Q−V intensifies because the
relative gain increases, as can be seen in subfigures (a) and
(c). Strong couplings exist over portions of the considered
frequency range as the relative gain value exceeds 1, with
a coupling peak at 318.2 Hz. But it can be observed from
subfigures (b) and (d) that the coupling between the P−V and
Q− ω loop is negligible under the considered grid strengths,
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Fig. 4. Quantified interaction between the [P Q] − [ω V ] loop of the GFM
and GFL inverters.
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Fig. 5. Results of controller parameter tuning for suppressing interactions
between GFM and GFL inverters.

since the relative gain remains below 1 under all considered
frequencies. This complies with the droop control strategy
applied by the GFM inverter.

B. Port-Hamiltonian based Interaction Suppression

1) Incompetence of Tuning Parameters for Suppressing
Interaction: First, we show that new interactions can be
introduced with only tuning controller parameters. As the
interaction between the [P Q]− [ω V ] loop in Fig. 4, the inner
loop and the virtual impedance loop are tuned to mitigate it.
The calculated relative gain of the P − δ and Q − V loops
is shown in Fig. 5. In comparison to the results in Fig. 4,
the relative gain at 318.2 Hz is below 1, which means the
interaction is suppressed. However, new interactions at higher
frequencies are introduced, as the relative gain exceeds 1 over
a range of increased frequency. In a work, there is a risk of
introducing new interactions with tuning parameters only, and
a suppression method is still necessary to stabilize the system.

2) Suppression with the Devised Method: To validate the
power loop interaction identified in Fig. 2, a disturbance is
added to the active power reference of the GFM inverter.
The experimental results without and with the devised sup-
pression method are shown in Fig. 6. It can be seen that
the disturbance at 35.1 Hz on the output power of GFM
inverter is clearly observed, which confirms the interaction
analysis. It means the system intensifies external disturbances
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Fig. 6. Results of suppression control for the GFM inverter power loop.

and lacks damping capability, resulting in instability to low-
frequency disturbances. The testing result with the devised
suppression method is shown in Fig. 6 (b). It can be seen that
the interaction is damped when applying the same disturbance
to the GFM inverter, which validates the effectiveness of the
devised method.

For the [P Q]− [ω V ] interaction, a disturbance on the GFM
inverter reactive power control loop is created, the output
voltage of the GFL inverter is shown in Fig. 7 (a). It can
be observed that the interaction between the Q − V loop is
excited due to the resulted oscillation of the GFL inverter’s
output voltage. GFM inverter regulates the voltage and can
thus significantly affect the GFL inverter. Therefore, there
exists a strong coupling between [P Q]−[ω V ] loop, validating
the correctness of the theoretical analysis. To suppress the
coupling between the GFM inverter and the GFL inverter,
voltage feedback control and damping control can easily be
implemented with the port-controlled Hamiltonian method to
encode the controller structure. The results of the suppression
control are shown in Fig. 7 (b). It can also be seen that the
interaction is effectively suppressed and the system is stable
after applying the same disturbance. The testing results verify
the effectiveness of the devised method.

V. CONCLUSION

To clarify the interaction mechanism of GFM and GFL
inverters and develop an effective interaction suppression
method, this paper devises a DRGA-based method to quantita-
tively analyze interactions in hybrid systems. The frequency-
dependent interactions between control loops are analyzed,
along with the influence of key parameters under varying
grid conditions. With the identified coupling control loops,
the devised port-Hamiltonian-based control can encode the
inverter controller structure directly to suppress these interac-
tions. Theoretical analysis and the devised suppression method
are validated by experimental tests. Future research will focus
on interaction analysis and practical suppression design for
large-scale IBR-dominated power systems under uncertainties.
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Fig. 7. Results of suppression control for the [P Q]− [ω V ] interaction.
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