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for Virtual-Admittance Based Grid-Forming
Modular Multilevel Converters

Kavian Kamalinejad
Dept. of Electrical Engineering
Chalmers University of Technology
Goteborg, Sweden
kavian.kamalinejad @chalmers.se

Abstract—This paper aims to develop an accurate small-signal
model of a Grid-Forming Modular Multilevel Converter (GFM-
MMC) using a virtual-admittance-based control strategy to estab-
lish a general foundation for stability analysis and control design.
Yet, the presence of fundamental and second-order harmonics,
along with the DC component in the GFM-MMC, complicates
the small-signal model derivation. This paper presents a compre-
hensive framework for modeling and deriving the small-signal
model of a GFM-MMC, incorporating fundamental, second-
order, and DC components. To achieve this, a time-invariant
representation of the converter dynamics is developed using dq-
frames synchronized with both the fundamental and second-
order harmonic components. The analytically derived input
admittance model is then validated through simulation results.

Index Terms—grid-forming control, input-admittance deriva-
tion, modular multilevel converter, small-signal modeling.

I. INTRODUCTION

The Modular Multilevel Converter (MMC) is the leading
choice for high-power systems, particularly in high voltage
direct current transmission [1]. Extensive research has focused
on MMC control, with a predominant emphasis on grid-
following strategies at the high-level control stage [2]. How-
ever, as grid-forming (GFM) control schemes gain attention for
providing ancillary services such as inertia support in power
systems, their adaptation to MMCs is expected [3].

Due to the significant role of GFM-MMCs in modern power
systems, the derivation of their small-signal model becomes
essential for analyzing system stability, dynamic performance,
and control design. This analysis is critical for assessing
stability margins, eigenvalue sensitivity, and the interaction
between MMCs and other grid components.

Obtaining the small-signal model of a GFM-MMC, how-
ever, could be challenging due to the presence of funda-
mental and second-order harmonics along with the DC com-
ponent. Unlike conventional converters, where small-signal
modeling only needs to consider the fundamental frequency,
MMCs require careful consideration of additional harmonics
to accurately capture their dynamic behavior. This introduces
additional state variables and coupling effects, making the
modeling and linearization process more complex. Therefore,
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to the best of the authors’ knowledge, there is limited literature
specifically dedicated to deriving the small-signal model of
GFM-MMCs, and more precisely, the derivation of the input
admittance of GFM-MMCs. This is important since input
admittance serves as a valuable frequency-domain tool for
stability assessment [4]. It enables the isolation of a specific
part of an overall system contributions to overall system
stability [5], which is particularly beneficial in high-order
systems. In contrast, other small-signal analysis methods,
such as eigenvalues-based stability assessment, do not offer
this capability. While some works address related aspects of
modeling or analysis of grid-connected MMCs, they often
lack a detailed approach to these specific areas. For instance,
[6] derives the AC-side input admittance of a grid-connected
MMC; however, it does not clearly address the modeling of
harmonics of different frequencies. Additionally, the paper
considers a grid-following controller for the MMC. In [7], an
MMC model in the dg-frame is presented, but its small-signal
modeling lacks sufficient detail. Meanwhile, [8] examines
a GFM-MMC with power synchronization control but does
not incorporate virtual admittance and primarily focuses on
eigenvalue analysis rather than frequency-domain analysis.
Finally, none of these works clearly address the active power
synchronization loop dynamics in small-signal modeling.

This paper aims to provide a comprehensive model of
the GFM-MMC, with a focus on the fundamental, second-
order, and DC components. By highlighting their roles and
interactions, the study offers a clear understanding of how
to accurately derive the converter’s small-signal model, and
consequently, the input admittance of the converter. To achieve
this, the converter time-invariant model is represented using dg
reference frames synchronized with both the fundamental and
second harmonic frequencies.

The rest of the paper is organized as follows: Section II
describes the system under study and controllers. Section III
presents the time-invariant model of the GFM-MMC, which
serves as the foundation for deriving the small-signal model
in the following section. The input-admittance of the GFM-
MMC is derived in Section IV; moreover, the analytical and



simulation results are compared.

II. SYSTEM AND CONTROLLERS DESCRIPTION

This section presents the MMC topology, the averaged
model used to derive the equations governing its dynamics,
and the GFM control strategy based on virtual admittance for
the converter.

A. Modular Multilevel Converter

The grid-connected MMC under study consists of three
phase-legs, each containing an upper and a lower arm. Each
arm includes NN series-connected full-bridge (FB) submodules
(SMs) along with a filter reactor characterized by inductance
L, and resistance Ry [9]. A DC power source with voltage
of Epc models the pole-to-pole DC voltage of the MMC. The
voltages and currents of the upper and lower arms for a single
phase-leg are represented as vy, vy, 4y, and %), respectively.
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Fig. 1. The averaged model of the MMC for a single phase-leg

As studying the voltage, currents, and switching events of
each SM is not of interest in this work, an averaged model
of the MMC has been investigated to derive the equations
governing its dynamics. To preserve the dynamics of the
capacitor voltage while simplifying the analysis, the arm-level
averaged model explained in [10] is used in this study. In this
model, as depicted for one phase-leg of the MMC in Fig. 1, the
series-connected SMs in each arm of the MMC are represented
by a controllable voltage source. Moreover, to incorporate the
dynamics of the SM capacitor into the MMC'’s output voltage,
a series connection of a controllable current source and the
equivalent arm capacitance, given by Cym = C'/N, where C
is the capacitance of each SM, has been considered. The upper
and lower arm currents in Fig. 1 are found to be:

iy =2+ ()

where i, is the current injected into the grid, assumed to
contain only the fundamental harmonic component during

steady-state operation. This current is regulated by the current
controller, with the controller’s output voltage being es. The
other component of the arm current is the circulating current
1. and is assumed to be composed of a pure DC current from
the DC source (Ipc) and a second-order negative-sequence
current which is due to the phase mismatch of the capacitor
voltage ripple between the upper and lower arms [11]. As this
component of the current increases both the losses and the
semiconductor rating, it is typically suppressed by a second-
order circulating current controller (CCC), with the controller’s
output being e... From (1), the circulating current is found to
be i = (i +41)/2.

To determine the arm voltages, the upper and lower arm
insertion indices of the MMC needs to be defined as following:
E2DC F € — €cc

EE

Ny = 2)
where EZ represents the DC value of the sum of the capacitor
voltages in the arm. For an MMC with FB SMs, the insertion
indices range from -1 to 1 indicating the average number of
SMs inserted into the arm of the MMC. The current of the
current sources in Fig. 1 is thus defined as:

Z’c ul — nu,liu,l (3)

Therefore, the arm capacitor voltage is found to be:

1 .
€cul = a/zcu,l dt (4)

The voltage of the arm voltage source in Fig. 1 is determined
as:

€yl = Ny,1€cu,l )

The remaining equations of the MMC, which describe the
relationships between the grid current (i¢) and the circulating
current (¢..) with their respective driving voltages, are derived
by applying KVL to the circuit in Fig. 1 and are presented as
follows [10]:
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B. Grid-Forming Controller

Among the various proposed GFM control strategies, the
Virtual-Admittance-based Grid-Forming control (VA-GFM),
where the converter appears like a virtual machine with a vir-
tual back electromotive force (EMF) and a virtual impedance,
is chosen in this paper. This is due to its advantages in reducing
dependence on grid strength. This is achieved by increasing
the electrical distance between the point-of-common-coupling
(PCC) and the controlled voltage. Additionally, the introduc-
tion of virtual inductance and resistance as control parameters,
provides more degrees of freedom in controlling the system’s
performance [12].
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Fig. 2. (a) VA-GFM block diagram. (b) CCC block diagram. (c) Time-invariant model of GFM-MMC.

The synchronization angle 6,/ in VA-GFM is obtained
from the active-power controller as:

Ki,pc
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g
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where wy is rated angular frequency (in rad/s) of the AC grid.
Moreover, Py and P, are the injected active power and its
reference, respectively. K. and Kjp. denote the proportional
and integral gains of the PI regulator, while R, denotes a
transient damping term which is included to improve the
dynamic performance of the controller. The parameters of the
controller are selected in order to obtain a first order closed
loop response from Py to F,.

The AC-voltage controller is based on an integrator with
the gain of Kj,., which is used to regulate the magnitude
of the voltage at the PCC (E,) to its reference value (E;).
Moreover, in the block diagram shown in Fig. 2 (a), Ey is the
rated system voltage. The AC-voltage controller relation can
be written as:

1
OEmr = ;[(Kp Py) — R.P; +wn]  (8)

Ki,vc

Egmr = En + (

where capital letters signify the amplitude of the vectors.

E; - Ey)

€))

In VA-GFM strategy, in addition to active-power controller
and AC-voltage controller, the virtual impedance should be
implemented in the control system as shown in Fig. 2 (a). Ly
and R, are the virtual inductance and resistance, respectively.
In addition, X, is the term coming from abc to dq transforma-
tion and is equal to wnLy. The virtual admittance calculates
the reference current in converter dg-frame g”g“, which is the
input of the current controller, as:

c ¢
ve EEMF — &g
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- Ry +sLy + j Xy (10

where the variables with the underline represents vectors and
superscript ¢ represents the vector in converter dq-frame.

The implemented current controller has a classical structure
and is based on a PI regulator with cross-coupling cancellation
and voltage feed-forward, which is low-pass filtered with the
cut-off frequency of ag. The current controller calculates the
output voltage of the VA-GFM as:

Qg
S + agr

i,cc
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where Ly is the physical filter inductance and is equal to %
Moreover, K. and Kj . denote the proportional and integral
gains of the PI regulator for the current controller, respectively.



III. TIME-INVARIANT MODELING OF GFM-MMC

To derive the small-signal model of the system, the time-
invariant model is first established. It is worth noting that the
modeling approach used in this work can be easily adapted
to different GFM control strategies or a half-bridge MMC
topology.

Examining the equations of the MMC, it is observed that
in steady-state mode of operation, 4,; in (1) and n,; in (2)
consist of zero-sequence DC, first-order positive-sequence,
and second-order negative-sequence harmonic components
which will be referred to concisely as zero-sequence, first-
order, and second-order components, respectively. When the
CCC is activated, the second-order component in (1) is fully
suppressed, leaving only the zero-sequence and first-order
components. Consequently, (3) contains zero-sequence, first,
second, and third-order harmonic components. However, the
third-order harmonic can be neglected due to the relatively
low ec.. A similar analysis reveals that e,; in (5) consists
of zero-sequence, first-order, and second-order components.
Moreover, it can be observed that (6) contains only the first-
order component, as it serves as the driving voltage for the
grid current. In contrast, (7) includes both the zero-sequence
and the second-order component, as it governs the circulating
current. Finally, all VA-GFM equations are based on first-order
component.

As discussed above, the equations governing the GFM-
MMC dynamics include zero-sequence, first-order, and
second-order components. Based on the harmonic components
present in the GFM-MMC equations, the corresponding dg
(locked at wy) dq2 (locked at —2wy), and DC components are
obtained using the abc — dg transformation. These components
are illustrated in Fig. 2 (c), which presents the block diagram
of the time-invariant GFM-MMC model. In this figure, differ-
ent parts of the block diagram are color-coded to indicate their
harmonic components. Green represents sections associated
with the fundamental frequency (dg), blue corresponds to
parts involving zero-sequence and second-order harmonics
(dg2), and red highlights sections that include zero-sequence,
fundamental, and second-order components.

It should be noted that in Fig. 2 (¢), Yam and Z¢ 4m represent
the arm filter admittance and the impedance of the arm’s
equivalent capacitor, respectively. In the Laplace domain, these

are defined as:
1

Yam(s) = Toms + R (12)
1
ZCarm(S) = C s (13)

In (12) and (13), s is replaced by s 4 jwn in dgq frame,
s — 2jwy in dg2 frame, and remains unchanged for the zero-
sequence component.

Furthermore, the multiplications in (3) and (5), in dgq, dq2,
and zero-sequence reference frames are carried out using the
approach introduced in [7]. The time-domain representations
of two generic signals, X(t) and Y(t), each composed of a zero-

sequence component, a fundamental frequency component,
and a second-order harmonic, are given as follows:

X(t) =Xo + Xqcos(wt) + X, sin(wt) (14)
+ X2 cos(2wt) + X g0 sin(2wt)
Y (t) =Yy + Yy cos(wt) + Y, sin(wt) 15)

+ Y2 cos(2wt) + Yo sin(2wt)

The multiplication result Z(t) = X(¢) x Y (t), which incor-
porates the zero-sequence component, fundamental frequency,
and second harmonic while disregarding the third and fourth
harmonic components, is expressed as follows:
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IV. SMALL SIGNAL MODELING OF GFM-MMC

In this section, the input admittance of the GFM-MMC is
derived using the previously presented time-invariant model.
The accuracy of the derived input-admittance is then validated
through comparison with the simulation model.

A. Input-admittance derivation

This section highlights the challenging aspects of obtaining
the small-signal model.

Firstly, it is worth mentioning that whenever two signals,
which can be the d or ¢ terms in the time-invariant form, are
multiplied, their small-signal representation can be expressed
as follows:

zy = XAy+ YAz 17)

where the capital letters signify the steady-state value of the
component while A represents the small-signal perturbation
of the component around the steady-state value.

Due to the active-power controller, the converter system
operates with two distinct dg reference frames: the system
dgq frame and the controller dg frame [13]. The system dg
frame is defined by an ideal phase angle, calculated using the
nominal angular frequency and a given initial phase angle, and
is designed to match the phase angle produced by the active-
power control loop, gy, under steady-state, unperturbed
conditions. The controller dg frame is directly defined by
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Fig. 3. Validation of GFM-MMC input admittance using analytical and
simulation models

Ormr. Thus, in steady state without perturbations, both frames
are aligned. However, small-signal disturbances and transients
introduce dynamics in the active-power controller, leading to a
misalignment between the frames, defined by the phase angle
difference A6.

To transform a representative vector, x, between the con-
verter dg frame (with superscript ©) and the system dg frame
(without superscript), equations (18) and (19) are applied as
follows [14]:

AxS|  [Azg+ XgnAb (18)
Axg | |Azg — XgnAb

Az, [Az§ — XnAb 19
Ax,| = | Az + XgnAo (19)

where the value of n is 1 for the signal with the fundamen-
tal frequency and -2 for the negative-sequence second-order
harmonics.

Furthermore, the small-signal derivation of the voltage con-
troller is as follows:

c c
enggd + enggq Kivc

Eegmp = — s - .
\/ Egd + qu

The remaining parts can be easily linearized, enabling the
derivation of the small-signal model of the GFM-MMC using
the time-invariant model illustrated in Fig. 2 (c). Then, the
input admittance of the converter can be obtained as follows:

-fe
Aigq Yoo Yoq| [Aegq

B. Verification

(20)

2y

To validate the analytical model presented in this paper, the
derived input admittance is compared with that of the simu-
lation model, with the specifications indicated in Table 1. As
shown in Fig. 3, the analytical and simulation results exhibit a
perfect match, confirming the accuracy of the proposed model.

TABLE I
MMC AND CONTROL PARAMETERS
Parameter Symbol Unit
Nominal apparent power SN 112 MVA (1 pu)
Nominal active power Px 50 MW
Nominal reactive power QN 100 MVAR
Nominal RMS voltage EN 33 kV (1 pu)
Nominal frequency N 50 Hz
Arm filter impedance Zarm 0.15 pu
Arm filter ratio Xarm/ Rarm 20
SM capacitor C 20 mF
Active power controller bandwidth Qpe 5 Hz
Voltage controller bandwidth Qlye 3 Hz
Active damping term R, 0.05 pu
Virtual inductance Ly 0.5 pu
Virtual resistance Ry 0.25 pu




V. CONCLUSION

This paper has presented a detailed modeling approach for
deriving the small-signal model of a GFM-MMC. By consider-
ing fundamental, second-order, and DC components, a time-
invariant representation was developed to accurately capture

the

converter’s dynamic behavior. The model facilitates a

deeper understanding of the input admittance characteristics
of the GFM-MMC, enabling improved stability analysis and
control design. Finally, the derived input admittance was
confirmed thorough simulation results.
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