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Nonlinear Controller for MMC-HVDC
Operating in Grid-Forming Mode

Luis F. Normandia Lourenco, Member, IEEE, Alessio lovine, Member, IEEE, Gilney Damm, Member, IEEE, and
Alfeu J. Sguarezi Filho, Senior Member, IEEE

Abstract—The development of the Modular Multilevel Con-
verter (MMC) enabled the efficient creation of high-power High
Voltage Direct Current (HVDC) transmission systems. As a
result, MMC-HVDC transmission systems became the main
alternative to integrate remote renewable energy sources being
deployed in accelerating rates to fight climate change. As the
number of online classical synchronous generators decreases
while the one of converter-based power sources increases, power
systems are suffering from lower inertia levels and from fewer
providers of ancillary services. Therefore, new control strategies,
such as the Grid-Forming (GFM) converter operation, were
developed to address the ongoing power system transformation.
The main contribution of the present paper is to propose a
nonlinear control strategy compatible with GFM operation for
an MMC-HVDC transmission system controlled as a Virtual
Synchronous Machine (VSM). The control strategy is developed
using nonlinear control tools such as feedback linearization, dy-
namic feedback linearization and backstepping. In addition, the
present paper provides a rigorous mathematical stability analysis
applying Lyapunov theory. The proposed control strategy is then
validated by simulations using the Matlab/Simscape Electrical
package in three situations: active power tracking, converter
energy tracking and a frequency support scenario. Results show
the good performance of the proposed nonlinear controller for
all situations considered, presenting a fast response and a faster
disturbance rejection compared to classical PI controller.

Index Terms—Modular Multilevel Converter, HVDC, Nonlin-
ear control, Lyapunov stability, Grid-forming Converter.

NOMENCLATURE
Vy,j,V1,; ~ MMC upper and lower arm voltages of phase
j ={a,b,c} or component j = {d, q,0} in per
unit values (p.u.).
(RN MMC upper and lower arm voltages of phase

j = {a,b,c} or component j = {d,q,0} in
p.u..

This work was supported by the Sdo Paulo Research Foundation FAPESP
(grant#2021/10421-0 and #2023/00682-6), the National Council for Scientific
and Technological Development CNPq (grant#407867/2022-8) and by the
Agence Nationale de la Recherche (ANR) via grant ESTHER ANR-22-CE05-
0016

Luis F. Normandia Lourengo is with the Institue of Energy and Environ-
ment, University of S@o Paulo (IEE-USP), 1289 Avenida Professor Luciano
Gualberto, 05508-010, Sdo Paulo, Brazil (e-mail: lourenco@iee.usp.br)

Alessio Iovine is with the CNRS and with the Laboratoire des Signaux
et Systemes (L2S), CentraleSupélec, Université Paris-Saclay, 91192 Gif-sur-
Yvette, France (e-mail: alessio.iovine @centralesupelec.fr)

Gilney Damm is with COSYS-LISIS, Univ Gustave FEiffel, IFSTTAR, F-
77447 Marne-la-Vallée, France (e-mail: gilney.damm @univ-eiffel.fr)

Alfeu J. Sguarezi Filho is with the Center for Engineering, Modeling and
Applied Social Sciences (CECS), UFABC, 5001 Avenida do Estado, 09210-
580, Santo André, Brazil (e-mail: alfeu.sguarezi@ufabc.edu.br)

relfcr

Teq» leq
Uf,j

€dif,j
€sum,j

Vde

MMC output current of phase j = {a, b, c} or
component j = {d, ¢} in p.u..

Grid voltage of phase j = {a,b,c} or compo-
nent j = {d, ¢} in p.u..

Grid current of phase j = {a, b, c} or compo-
nent j = {d, ¢} in p.u..

MMC circulating current of phase j = {a, b, ¢}
or component {j = d, ¢, 0} in p.u..

MMC arm resistance and inductance in p.u..
Grid equivalent resistance and inductance in
p.u..

Resistance, inductance and capacitance of the
PoC filter in p.u..

Equivalent resistance and inductance.

PoC voltage of phase j = {a,b,c} or compo-
nent j = {d, ¢} in p.u..

Differential voltage of phase {j = a,b,c} or
component j = {d, ¢} in p.u..

Average voltage of phase j = {a,b,c} or
component j = {d, ¢} in p.u..

DC link voltage in p.u..

System base value for frequency.

Frequency of PoC voltage.

Converter energy in p.u..

Energy imbalance in p.u..

Grid equivalent phase angle.

Grid equivalent frequency deviation from a
synchronous reference.

Grid equivalent inertia coefficient.

Grid equivalent mechanic and electric power.
Load power consumption.

Grid-forming converter phase angle.
Grid-forming converter frequency deviation
from a synchronous reference.

Grid-forming virtual inertia coefficient.
Grid-forming active power reference and elec-
tric power.

Grid-forming virtual damping coefficient.
Phase difference between the grid and the grid-
forming converter.

Frequency difference between the grid and the
grid-forming converter.

Base value for power.

Controller proportional and integral gains.
Auxiliary state variable for the controller.
Auxiliary controller input.

State variable.



Set-point value of a state variable.
Trajectory of a state variable.
Lyapunov function.
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I. INTRODUCTION

O tackle climate change, and allow increased energy

independence, the power sector is moving towards envi-
ronmental friendly renewable energy sources. The integration
of these resources into the power grid poses a major challenge
for system operators since they are often located far from
the load centers, in remote locations, or even offshore. High
Voltage Direct Current (HVDC) transmission based on Voltage
Source Converters (VSC) emerged as a mature technology
that would enable the interconnection of remote or offshore
sites to the main grid [1], [2]. The transfer of power using
VSC-HVDC has some advantages over its Line Commutated
Converter counterpart that are crucial to the power system
transformation such as the fast and independent control of
active and reactive power and its ability to feed passive loads
[3].

The Modular Multilevel Converter (MMC) proposed by [4],
[5] became the favored VSC topology for HVDC systems [6],
[7]. The modularity and scalability of this converter topology
allowed for MMC-HVDC to reach high power and high
voltage levels such as the 1 GW/400 kV DC Spain-France
interconnection [8]. Moreover, they are more efficient than
traditional 2-level VSC, a desired characteristic for high power
applications [9] and, if a high enough number of submodules
is adopted, their filters have a reduced size or could be even
eliminated [10].

The urge to achieve a more sustainable power system
through the proliferation of converter connected power sources
such as large wind and solar farms and HVDC links creates a
change within the very foundations of the power system. The
power generation is displaced from conventional fossil fuel-
based synchronous generators to non-synchronous generation
resulting in power systems with reduced levels of inertia that
put security and stability of supply at risk [11]. Addition-
ally to this reduction in stability, fossil-fueled synchronous
generators, which are the traditional providers of ancillary
services to stabilize the grid, are being phased out to achieve
the sustainable energy transition goals, thus reducing the
capability of the power system to recover in the event of a
disturbance without further grid support.

In the past decade, large low-inertia power systems were
only seen as a theoretical possibility [12], however, system
operators around the globe are currently expressing their con-
cerns on the subject [13]-[15]. Nevertheless, the investigation
of the August 9th, 2019, blackout event that occurred in
England pointed the low level of inertia of the system and
poorly tuned controllers as two of the major causes of the
event [16]. Hence, to enable a sustainable energy transition
with a stable and secure supply, it is necessary to develop
control strategies that enable power converters that interface
HVDC links to provide ancillary services to the grid tailored
to the new challenges of power system operation [17].

A class of operation strategies for power converters that
attracted researchers’ attention in recent years is the Grid

Forming Converter (GFM) [18], [19]. When a power converter
operates as a GFM, it can impose a voltage waveform with its
own phase angle, frequency and voltage amplitude. Therefore,
it is able to provide new ancillary services to the grid such as
virtual inertia and could even enable the operation without the
presence of synchronous generators in a 100 % converter inter-
faced power system [20]-[22]. Within GFM operation, a wide
number of strategies can be found such as the synchronverter
[23], the Virtual Synchronous Machine (VSM) [24], [25], the
hybrid angle control (HAC)[26], the dual port GFM [27] and
the power angle-frequency droop [28].

The goal of the synchronverter control strategy [23] is
to mimic the behavior of a Synchronous Generator (SG),
intertwining the active and reactive power through the rotor
excitation current (virtual), as it happens on real SG. The VSM
presented in [24], [25] consists in using the swing equation of a
SG to obtain the output voltage’s frequency while the voltage’s
amplitude is given by a reactive power droop or by a fixed
reference value. The HAC GFM method presented in [26]
combines a DC-based matching control with a nonlinear angle
feedback that resembles droop control. The study establishes
parametric conditions for existence and uniqueness of solu-
tion, stability, and boundedness, achievable through careful
selection of control parameters. In reference [27], a universal
dual-port control strategy for GFM converters is proposed. The
strategy goal is to form both converter AC and DC voltages,
consolidating Grid-Following (GFL) and GFM functionalities
into a single controller that is compatible with conventional
machine-based generation systems. Reference [28] proposes
a power angle-frequency droop control that uses an estimate
of the converter power angle to determine its frequency. This
method shows a similar performance with power-frequency
droop in steady state operation whilst the transient stability
margins are improved under current limitation.

The GFM strategies mentioned above [23]-[28] are ready to
be deployed in 2-level VSCs as these works focus solely on the
interaction of the converter with the electric grid. To demon-
strate the suitability of these techniques to MMC-HVDC sys-
tems it is essential to consider the complex internal dynamics
of the MMC system in future studies. These dynamics play a
critical role in maintaining converter system stability and are
intrinsically dependent on the AC side interactions. Therefore,
they should be included to provide a better understanding of
the interactions between the AC side dynamics and the internal
converter dynamics.

Despite MMC being the favored topology for HVDC, only
a few studies can be found on GFM MMCs [29]. In [30] a
synchronous generator emulation control was proposed, where
a swing equation was responsible for generating the phase
angle and the frequency of voltage to be imposed at the point
of connection. Ref. [31] proposed the control of the MMC
as a synchronverter, using the well known dynamics of a
synchronous generator to create the voltage’s phase angle and
amplitude. In [32], the authors suggested the operation of an
MMC as a VSM with cascaded voltage and current control
loops and validated the concept using an experimental setup.
The operation of two MMC-HVDC links operating in parallel
in GFM mode according to a power sharing droop strategy was



investigated by [33]. Nonetheless, these studies have focused
only on the Alternating Current (AC) side dynamics and
linear (PI) controllers, without addressing the internal MMC
dynamics.

From the control system standpoint, the choice for the MMC
topology adds the complex task of controlling its internal
dynamics involving circulating currents, the converter energy
and the energy balance. In [34], a thorough analysis of energy
based control structures for a VSC-HVDC is conducted. The
importance of the internal energy control for MMCs operating
in GFM control was furthered investigated in [35], where the
internal energy control is shown to be able to mitigate the inter-
actions between the inner and outer control loops. Moreover, in
[29] the buffering capability offered by the converter energy of
an MMC is investigated when the converter is connected to an
offshore wind farm or to an island grid. These works focused
on linear techniques based on PI controllers and highlighted
the importance of the converter energy control in GFM mode.

Obviously, also nonlinear control strategies have been inves-
tigated for MMC converters in the current literature. However,
the focus so far has been on grid-following techniques. For
instance, [36] presented a feedback linearization approach
for controlling the circulating currents. In [37], a nonlinear
control strategy for the internal MMC-HVDC dynamics is
proposed. In [38], authors proposed a backstepping control
method for MMC:s that can be applied in both single and three-
phase converters. Differently, Steckler et al. [39] formulated
the MMC-HVDC control problem using differential flatness
theory, but still targeting grid-following converter operation.

The present paper’s contribution lies in the field of applied
nonlinear control for MMCs, but focuses on GFM operation.
Indeed, the main goal of this work is to propose a nonlinear
control strategy for an MMC that is compatible with GFM
operation and that explicitly controls the energy dynamics of
the MMC. The proposed strategy based on feedback lineariza-
tion and dynamic feedback linearization targets to improve
the results obtained when using linear control techniques, and
to contribute to the development of MMC-HVDC systems
capable of supporting the electric grid with virtual inertia. A
thorough stability analysis using Lyapunov theory is presented,
showing that the closed loop system is asymptotically stable.
The proposed control strategy is validated by simulations for
an MMC-HVDC system connected to a power grid imple-
mented using the Matlab/Simscape Electrical package.

Though it is shown in this work that the proposed MMC
control strategy attains frequency support and synthetic inertia,
automatically in a similar way a synchronous generator does,
it is considered out of scope the design of dedicated ancillary
services controllers, as frequency and voltage droop. Such
control approaches among others will be developed in future
works, based on the current results that provide a stable basis
for such additional control layers. The proposed results then
are an important step in the field of application of MMC based
HVDC transmission systems for power system stabilization.

The remaining of the paper is organized as follows. Section
IT introduces the considered model for the MMC. Section III
contains the adopted control laws and the reference trajectories
for the dynamics. Section IV provides the stability analysis for

the considered control laws. Section V describes numerical
results, while Section VI provides conclusions.

II. SYSTEM MODELING

Figure 1 shows a point-to-point HVDC transmission system
with an MMC station controlled in GFM mode. When the
inverter station is controlled in GFM mode, it generates a
voltage waveform at the point of common coupling (PCC)
with its own frequency, phase angle and amplitude. Ultimately,
the control system compatible with GFM operation allows
the converter to provide ancillary services to the grid such
as frequency support and virtual inertial response [40].
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Fig. 1: Point to point MMC-HVDC link interconnecting an
offshore wind farm.

Figure 2 shows the topology of the MMC-HVDC inverter
station considered in this work. The MMC under study is
composed of m identical half-bridge submodules connected
in series, each of them composed of auto-commuted switches
and a capacitor. The result is a converter with N = 2m + 1
levels. Each submodule can be controlled independently from
each other. When a submodule is ON, the capacitor charges
(or discharges) depending on the current signal and, when it is
OFF, the capacitor is bypassed. These strings of submodules
are placed in an arm of the converter and the two arms
required for a phase are called a leg. Each leg’s midpoint is
connected to a smoothing reactor and a shunt capacitor filter.
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Fig. 2: Model of an MMC-HVDC station connected to the
grid.
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In Fig. 2, v, ; and v;; are the voltages generated by the
upper and lower arms, %, ; and %;; are the currents of the
upper and lower arms, vg ; is the grid equivalent voltage and



vy ; is the voltage at the PCC and i, ; is the converter output
current, where j = {a,b,c} indicates the phase. The model
follows the passive sign convention. Then, active power is
positive when flowing from the grid to the MMC station and
it is negative when the HVDC system delivers active power
to the grid.

For control purposes, an Arm Average Model (AAM) can be
considered, where the string of submodules of each arm can be
substituted by an equivalent voltage source (see [8], [10], [29],
[34]). The control problem associated with the MMC operated
in GFM mode is to generate a voltage waveform vy 4p. at
the converter terminals with its own frequency, amplitude and
phase angle by manipulating the 6 converter arm equivalent
voltages vy, q4q0, V1,40 Obtained in the synchronous reference
frame. The control law should be able to regulate the power
exchange between the converter and the AC grid and also
to control the so-called internal MMC dynamics. To obtain
a mathematical model of the MMC, the following definitions
are considered:

1

lsg = ~tug tig, ey = 5 (lug +i1g) (1)

Teq =T+ 215, leg =142l ()

where i, ; is the output current and i ; is the circulating
current. Throughout this work, the subscript j represents the
components in the dq0 synchronous reference frame that is
considered in the present paper; r and [ are the resistance and
inductance of the converter’s arms; r¢ and [ are the resistance
and the inductance of the smoothing filter; rc, and [, are the
equivalent resistance and inductance of the MMC.
Furthermore, we consider the following definitions of aux-
iliary inputs:
v 3)
Vy,j + Ul j

€sum,j — # (4)

where the subscript j is j = {a, b, c} or j = {d, ¢,0} depend-
ing on the context given by the reference frame adopted, eg; f,;
is an auxiliary input depending on the difference between v, ;
and vy ;, and egym,; is an auxiliary input depending on the
sum of v, ; and v; ;. These definitions are made to simplify
the MMC model and to avoid complex input determinations
as in [37].

In the following subsections, the mathematical model of the
MMC dynamics is presented.

€dif,j = Vu,j —

A. Output Current

The output current is the current exchanged between the
MMC and the electric grid. By applying the Kirchhof’s
Voltage Law to the circuit in Fig. 2 the following relations
in per unit values can be obtained for the upper and lower
arm of phase j as:

Vd . [ . l
< — Vy,j — Thy,j — 1uj+rfzsj+ fzs,] ve; =0 (5)
2 &)
Vdc L. . lf ;
Ty PO g i Tl oty = v = 01(6)

where w, = 27 f is the grid frequency base constant value,
with f =50Hz or f = 60H z.

Adding (5) and (6), and substituting the definitions given in
(1), (2) and (3):

is’j _ _w;req s + l edzf] + 2l
eq €q

In (7), the subscript j indicates the phases a,b and c. Then,
the model in the synchronous reference frame is obtained by
applying the following Park transformation (see [37], [41]):

rd] , cos(0) cos<9—%§> cos(0+’%§> r]

Tq| = 3 —sin(0) —sin( — 2{) —sin (9 + %fr) Tp
1 1

o T

w
Jvf’j (7

1 1
2 2 2

®)
resulting in the per unit (p.u.) arm average model in the

synchronous reference given by:

. wpr wp W
lsd =~ g+ wwpisg + » —€dif,d + L. vea  (9)
€q €q
. . wpT 2wy,
ls,g = ~Whisd = = iy ¥ L =L edifg + T Vha (10)
eq eq

where w is the voltage frequency in per unit values which will
be generated by the GFM operation. Thus, w is assumed as
piece-wise constant for the electrical dynamics of the system.

B. Output Voltage

The output voltage is the voltage at the converter terminals.
Its p.u. model is given by:

. Wwh . .
Ufd = ;(Zg,d —is,d) +wWwpvpg (11)
. Wp . .
Vfq = E(Zgﬂq —is,q) — WWVfa (12)

where the grid current i, g, is a measured quantity in HVDC
systems and, therefore, is considered as an exogenous input to
the model.

C. Circulating Currents

Each converter arm voltage is obtained by turning ON a
certain number of submodules. However, given the number of
submodules and the balancing strategy, the submodules do not
charge or discharge uniformly. As a consequence, there is a
temporary voltage unbalance between the converter upper and
lower arms and between the converter legs that generates the
circulating currents.

To obtain the mathematical model for the circulating cur-
rents, the first step is to subtract (5) from (6):

. wpT . Wp Wp
Leir,j = _Tzcir,j - 76sum,j + TUdc

(13)

In (13), the subscript j indicates the phases a,b and c. Then,
the model in the synchronous reference frame is obtained by
applying the Park transformation in (8), resulting in the p.u.
mathematical model for the circulating currents ic; 4, tcirq
and 4.0 given by:

. OpT . w
leir,d = — ; Leir,d + WWylcir,g — Tbesum,d (14)
; . wyT w
leir,g = —WWhlcir,d — ; Leir,g — Tbesum,q (15)
: WhT ; w w
leir,0 = — ? Leir,0 — Tbesum,o + Tbvdc (16)



D. Converter Energy

Converter energy refers to the energy stored in the capacitor
of every submodule. When the model is obtained in the dq0
frame, there are two important energy quantities: the converter
total energy W that is the sum of the energy stored in all
submodules; and the converter energy difference W that is
the difference between the energy stored in the submodules of
the upper and those of the lower arms.

The p.u. mathematical model can be obtained from [37],
[41] by considering the same base for the power and energy
quantities and the auxiliary variables defined in (3), (4). Hence,
the converter energy difference is given by:

WA = —€sum,dls,d — Csum,qls,q T €dif,dlcir,d T €dif,qlcir,g
a7
and the converter total energy is given by:

1 1 . 1 . .
W = *ﬁedif,dzs,d - Qedif,qzs,q + 265um,dlcir,d +
(18)

2esum,qlci7',q + 4esu7n,OZci'r,0 .

The energy difference and the converter energy are obtained
from the submodules voltage measurements that are readily
available to the capacitor balancing algorithm. We refer the
reader to [42] for details.

E. MMC Operation in GFM Mode

In this subsection, the mathematical model of the interaction
of the MMC operating in GFM mode with the main electric
grid is derived. The connection of the MMC converter station
to the electric grid is shown in Fig. 3.

AC Grid
Vo Loy

DC Side
Jl: | AR @DL"

L Cr
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Fig. 3: Model of an MMC station operating in GFM converter
mode connected to the electric grid.
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The electric grid is modeled as an equivalent synchronous
generator and an equivalent load [1], [43]. The generator is
represented by the classical machine model that considers the
generator as a complex voltage source (Vg = Vy£é,) behind
a reactance. Two key assumptions of this model are that the
rotor angle coincides with the phase angle d, of the voltage
source and that the magnitude of |V, | is constant.

The dynamic equations of the electric grid model are given
by:

by = w,
d)g = %{g (Pm,g + Pe’c — PL)

where wj is the grid frequency deviation from the synchronous
frequency, M, is the inertia constant of the equivalent gener-
ator and P, 4, P, and Pr, are respectively the mechanical
power applied to the equivalent generator, the electrical power
received by the equivalent generator shown below, and the
equivalent load of the grid.

19)

When the VSM GFM operation is considered, the converter
displays the same dynamic behavior as a synchronous ma-
chine. Therefore, the converter is considered as a complex
voltage source behind a reactance (Vf = VyZé.) and the
converter dynamics is written as the classic machine model
as follows:

0 = We

d}c: ﬁv Pc_Kc(wc_Wg)_Pe,c (20)
where w, is the deviation of the converter frequency from the
synchronous frequency, M, is the virtual inertia constant, K
is the virtual damping coefficient, P, is the active power ref-
erence that comes from a higher level controller not discussed
in this paper, and P, . is the active power delivered by the

converter, calculated by:

[Vl Vsl

€q

P..= sin(d. — d4) (21)
where |Vy| is the magnitude of the voltage generated by the
converter, J. is the converter output voltage phase angle and
Xeq 1s the equivalent reactance obtained by adding up the
transformer and the line reactances shown in Fig. 3.

The active power calculated by (21) is related to the model
presented in subsections II-A through II-D by the following

expression (in p.u. values):

Pe,c = ’U,f,dis,d + 'Uf,qis,q (22)
with
Vil = \Jodat 0, @3)
By defining:
0 = 0. — Iy, (24)
D= we — wy, (25)

the equivalent Single Machine Infinity Bus model that de-
scribes the interaction between the GFM MMC station and
the electric grid is finally obtained subtracting (19) from (20)
(see [1], [43] for details) as:

=0

. 26
w=—-K®+ 35— (Pmec — Priagsind — P£> (20)
where Meg, Precs Pras, K, and Pj are defined by:
M, M, MyP, — M, Py,
Meq = 797 mec — ! - (27)
M, + M, M, + M,
P — |V9HVf| K/ — MQKC / _ _M’U‘PL

max Xeq ) c M, + Mqv L 7Mv n Mq .

(28)

The equilibrium point of the equivalent AC grid modeled
by (19) is a function of the external parameter represented
by the load Pr. The grid frequency will respond to the in-
stantaneous balance of produced and consumed power. Higher
level controllers, here represented by P, 4, will respond to
this unbalance in a time frame of 10s. For this reason,
throughout this paper, it is assumed that P, ; is constant while
the disturbance takes place. In a traditional grid-following



converter, the MMC-HVDC station would simply follow the
new frequency of the grid, injecting a constant power P, . into
the AC grid, with w. = wy.

However, GFM converters as in (20) have a different
frequency w,, that will physically create a power variation in
response to a grid frequency variation w, (and in consequence
dq), represented by (21). This instantaneous variation on the
provided power, will in its turn create a dynamic change in the
converter frequency w, following (20). This behavior is known
as frequency support and takes different forms with respect to
different parameters and control objectives. For example, one
can remark that the equivalent model (26) includes a modified
inertia constant M., that takes into account the virtual inertia
M, brought by the GFM converter. This frequency support
is of capital importance as discussed in the introduction, and
allows the design of higher-level controllers for the converter,
such as fast-frequency and primary frequency supports. These
higher level controllers are out of the scope of the present
paper, that focus on developing a stable control scheme that
allows this frequency support.

In addition to the dynamic response presented above, it is
important to remark that a change in the converter frequency
w, will result in changes in % q, output current according to
(22). These dynamic responses will in their turn create even
others, as modeled in subsection II-F.

F. Modeling of the MMC Controlled as a GFM Converter

The purpose of this section is to consolidate the modeling
of the MMC converter station controlled as a VSM. Let us
define the state as

(29)

where

Ts = [is,d is,q]Ty Ty = ['Uf,d Uf,q]T (30)

Teir = [icir,d icir,q icir,O]Ta Tw = [WA W]T (31)

zo =16 @] (32)

and the input vector is:
_ ) ) T 33
U= [edzf,d €dif,q €sum,d €Esum,q esum,O] ( )
Moreover, let us define the exogenous input vector as:

Ue = [ig.q igq Oy Wy Pmg Pr]’. (34)

Part of the exogenous input vector is composed of standard
measures, namely the currents flowing into the PCC, i.e.,
ig,d,%g,q> and the grid frequency deviation wy.

Then, the full system model is

ls,d = —wb::q is,d + wWwpis,g + [ eaifd+ %'Uf,d

lg,g = —WWpls d — wlb::q ls,q + l%;edifsq + QlqubUf’q

ijf,d = ff;(igyd - is,d) + wwpvt 4

Vfq = %ﬁ(ig,q —ls,q) — WWHUf,d

icir,d = _%icir,d + wwbicir,q - %esum,d

icir,q = *wwbicir,d - %icir,q - %esum,,q

icir,O = _waTicir,O - %esum,o + %’Udc

WA = _esum,dis,d - esum,qis,q + edif,dicind + ediﬁqicir,q
W = _%edif,dis,d - %edif,qis,q + 2€su7n,dici7',d

+2esum,qicir,q + 465um,07/cir,0

<59

=@
w= Ko+ 57— <Pm@c — Prazsing — P£>
(35
which can be summarized as follows:
i(t) = f(z(t)) + g(z(t))u(t) + h(ue(t)) (36)

where f, g and h are obtained from (9), (10), (11), (12), (14),
(15), (16), (17), (18) and (26). More in detail, the function
f contains the linear terms and the sine, while g contains
constant terms and the state variables for the bilinear terms in
the energy equations.

The state z € R'! is composed by the output and circulating
currents, the output voltage, the converter energy and the GFM
interaction with the electric grid. The state variables x are
the output currents in dg frame, x, are the components of the
output voltage in the dg frame, ., are the circulating currents
in the dqO frame, xy are the energy difference and the total
energy of the converter and z,, are the variables associated
with the GFM operation.

As seen in [37], considering the arm voltages as control
inputs embeds an additional complexity to the design of the
control inputs as two control inputs would be present in the
output and circulating currents models. Hence, by considering
the input vector v € R® in (33), composed by the auxiliary
inputs defined in (3) and (4), the control design is simplified.
Then, after the control laws u are obtained, the arm voltages
Vu,dqo and vy q40 are calculated by:

Vu,5 = €Esum,j + iedif,j (37)
1
ULj = €sum.j ~ 5Cdif.j (38)

where the subscript j denotes the d, ¢ or 0 components.

The exogenous input vector u, € RS is composed of
the grid currents %4 44, the grid phase angle d,, the grid’s
frequency wy, the mechanical power applied to the equivalent
synchronous generator modeling the equivalent electric grid
and Py, is the system load.

III. CONTROLLERS FOR THE MMC IN GFM MODE

The objective of this work is to develop a nonlinear control
strategy that enables the MMC to operate in the GFM con-
verter mode. The control system is designed such that it is able



to track the reference values for the output voltage vy g and
Ut total converter energy W, and energy difference W a,
and that the active power exchanged with the electric grid
P, . follows the classical machine model. The design of the
proposed control strategy relies upon feedback linearization
[44] and dynamic feedback linearization [45]-[47]. The use
of nonlinear tools applied to GFM operation of the MMC is
part of the contribution of this work.

The controller is based on a Lyapunov function that is used
to design the desired trajectories and the control inputs such
that the stability of the converter station is assured To this
purpose, we define the following trajectories iy 4, 5 40 iz 4
and ch,o for the dynamics %, g, %s,q> tcir,a and im0 as:

% . C _
isd = lgd T JZ [wwpvy,g + K3(vpa —Vpa) + Ksas] (39)

. . Cc _
igq = lgq T j; [—wwpvp,a + Ka(vpg — Vpq) + Kf ]

o (40)
o . Kg(Wa —WA)—‘rKSaOzS
cir,d —
Photsa gt g = 2050+ (Vra = Vpa)
(41)
1 .
it = | ————————[Vg — KgW — K§(W — W
Vi = [ oo — oW — K5OV W
(42)
where K; and K¢, i = {3,4,8,9} are the controller gains
and:
lllg —T'quS d7’s d + Tqus qu q U*ﬁdzz,*d - {}ﬂdi:,d (43)
- vaqzs,q - vaqzs,q + 4rzcir,dzcir,d
and [, and r¢, given by:
Ly =1—leq, Thyg=7+7eq (44)

It is noteworthy to highlight that the denominators of (41)
and (42) are always different from zero, by physical reasons.
These terms represent the nonzero voltage drop when current
flows through a resistor.

To ensure zero tracking error in steady-state, integral terms
ag, a4 and ag are defined as:

(45

Q4 =Vfq—Vfgq

=Wa —Wa

Q3 =vfq—Ufd,
(46)

To steer the dynamics %s.q, %s,q» %cir,a and icir o to their
respective desired trajectories (39), (40), (41) and (42), and to
Steer 4. ¢ to its desired set-point fcmq (that is chosen as zero
to minimize power losses [37]), the following control inputs
are introduced:

Cdifd =Teglsd ~ leqWis,g = 20,4+ (Vf.a = vf,d)lce;

" %: (120 — Ki(isa —is4) = Kion] (47)
€dif,q =Teqlis,q T leqwis,d — 20f.4 — (Vf,q + Uf,q)lce;

+ l(f: iz — Kalisg —i%,) — K§as] 48)

€sum,d = — ricir,d + lw'ici'r,q
l
«
- w czrd+K5(ZC7«Td cw d) +K5 as, (49)
b
. . . - «
€sum,q = _ZWZcir,d_chir,q+K6(Zcir,q_lcir,q)+K6 Qg, (50)
. L o
€sum,0 = _Tlcir,0+vdc w czr 0+K7(Zczr 0— cz'r 0)+K7 Q.
b
(51)

and the integral terms to ensure zero tracking error in steady-
state are defined as:

. . -k . . %k
G =isd—lgq Q2 =lsq—lg g (52)
ar = 7/017" d— czr d» dG = icinq - Z-cir,qy Oé7 = Zczr 0— czr 0-
(53)

The gains K; and K¢, i = {1,...,9} are positive real num-
bers and are the tuning parameters of the proposed controller.
Their values can be obtained by pole placement of a second
order system, specifying the desired settling time and damping
as in [48].

The controllers here introduced ensure the asymptotic sta-
bility of an extended system considering also the control
dynamics, as demonstrated in the following Section.

IV. STABILITY ANALYSIS
To evaluate the stability of the MMC converter station
modeled by (36) in closed loop following the trajectories and
control inputs presented in this section, the following extended
state x and its equilibrium point . are defined:

T . T T

X = [Xs Xv Xcu‘ XW Xw] (54)
Xe = [Xs,e X'u,e Xcir,e XW,e Xw,e]T (55)
where
Xs = lisa 01 isg 02]"5 Xse = [is4 0%, 075 (56)
Xo = [vf.a a3 vig @d]™s Xoe = [07a 0754 075 (57)
Xcir = [icir,d Qs icir,q (675 Z‘cir,O a?]T; (58)
Xecir,e = [izz‘r,d 0 Ecir,q 0 izz‘r,o 0]T§
xw = [Wa as W W5 xw,e=[Wa 0W 075 (59
=0 A" Xwe=[0. 0" (60)
with P p
6€ _ . L~ +mec ) 61
s = arcsin <Pmam ) (61)
Moreover, let us consider the following conditions:
7" st+wleq§q 2'de+(vfd*’0fd) 3&0
4vge — CW’O 75 0 (62)
and the physical limitations of the control inputs:
Vde Ude
edz‘f,je[—Q, 2} J=d,q (63)
Vde Vde .
sum,j - 5 ) = d7 ,0 64
Coum.j € [ 5 ] j=d.gq (64)



A key assumption made is that the power system has
enough power reserves available. This condition can be
translated into a set ) of possible operating points
(84, Wgs Prm.gs PL, 0c, w, P), where (19), (20) and (26) have a
physically feasible stable equilibrium point and the conditions
(62)-(64) are met. We also assume that the set Q of all possible
reference values of icir g, Uf.d, Vf,q» Wa and W is nonempty
when (84, wq, P g, Pr,0c,w, P) € Q.
Then, we state the following stability result.

Theorem 1. Let us consider the designed trajectories <% ;,
i§7q, izmd and i;‘mo in (39), (40), (41) and (42), respéc-
tively, and the control inputs eg;f.d, €dif,q» Csum,d» Csum,q
and egym o given by (47), (48), (49), (50) and (51). For
any given (0g4,wy, P g, Pr,0c,w,P) € € and any given
{icir,gsVf,as Vg, Wa} € S such that the conditions (62)-(64)
are met, the MMC introduced in (36) and modeled in closed
loop by the extended state x in (54) is asymptotically stable
with respect to the equilibrium y. in (55).

Proof. To prove asymptotic stability of the model in (36), we
refer to the state  in (54) with respect to its equilibrium . in
(55). In the sequel, we refer to [44] for the definition of Lya-
punov functions, Lyapunov stability analysis and backstepping
control design. We refer to [45] for the definition of dynamic
feedback linearization.

To prove stability, we target a Lyapunov function V, as a
composition of Lyapunov defined as:

Vy = Vs +Vy + Veir +Vw +V, > 0. (65)

Let us start with the voltages vy ¢ and vy, with respect to the
desired equilibria Ty 4 and vy 4. Targeting to use backstepping,
we define the candidate Lyapunov functions V3 and V, as

1 K¢

V3 = §(Uf’d — E‘f7d)2 + 73043 > 0, (66)
1 K¢

Y, = i(uf,q —Tsq)? + 74043 > 0. (67)

Then, by computing the time derivative of Vs according to (11)
and the definition of the backstepping change of coordinates
as z =1isq — iy g, it results

. _ Wy . .
Vs =(vf,a —Vya) (Cf(lg,d —is,d) T WWpvf g + K?@B)

_ Wy, . ke
=(vf,a —Uy,a) (Cf(lg,d —ig.q) T WWpUf g + K:?Oés)

Wh

+ (vga = @’d)a (i5,0 —is.a) - (68)
Then, by substitution of ZZ 4 as in (39), it results
’ — 2 _ Wh /.4 .
Vs = —Ks(vpa—05a)° + (5,0 = 0pa) — (is,q — isa) -

cr
To the goal to iterate the backstepping procedure, we define
V; as

1 K¢
Vi = i(is,d — Z:,d>2 +—La?>0 (69)

2

and by computing the time derivative of V; + Vs, i.e., Vl -H>3,
and considering the dynamics of i, 4 in (9), it results

. . ) " WpTeq . . 2wy,
Vi+ Vs =(isd —i%.4) (— s, + wwpis g + U.f,d)
leq leq
. - Wh ok
+(is,a — i5,q) (ledif,d —lgat Kf‘al)
eq
. . L wp
+(is,a = i5,q) (—(U.f,d - Uf,d)cf)

—K3(vfa —Tga)’

Thus, by considering eg;r,q4 in (47) it results a negative
semi-definite time derivative, as Similar computations lead to
consider V, together to Vs, with

1. - K¢
YV, = 5(zs,q — zs’q)2 + %a% > 0.
By considering similar computations for ¢ , in (40) and eq;,q

in (48), it results

(70)

Vo+ Vs >0 (71)
and _ '
Vo +V, <0. (72)
Then, we define
Vs + Vo=V +Vo+V3+Vy >0 (73)
such that
Vs + Vo =Vi+Va+ V3 + Vs <0. (74)

To the goal to prove asymptotic convergence of the dynamics,
we first write the closed-loop equations. It results

B . Wp _
is,d =lgq+ ;(Uf,d —54) — Ki'aq
f

. . c c B
— K [Zs,d —iga— cpwpg — L K§ag — L Ky(va—v5a)
wp wp

(75a)

W -~
+ g(”f-,q —Vfq) — Ko

. ik
7’541 - Zs,q

. . c c B
— Ky {zs,q —igq+ Crwupg — —focm - —fK4(vf7d — vf_,d)}
Wp Wy

(75b)
. . . c _
Q1 = isa —igd + j; [—wwpvyg — Ks(vpa —Ura) — K5 as]
(75¢)
L . ¢ _ N
Qg =159~ lgq T CTZ [Wwbvf,d - K4(Uf7q - v.ﬂq) — K{ay]
(75d)
. Wy ,. .
Vpa = g(lg,d —is,d) + Wwpvs g (75¢)
. Wy ,. .
Vfq = E(lg,q - Zs,q) — WWyVr.d (751)
Qg =Vfq—Vfd (75g)
G4 =Vfq—Tfq. (75h)

By computing the equilibrium points, from (75g) and (75h)
it results that the equilibrium for vy 4 and vy, are vy 4 and
Ty.q, Tespectively. By substituting those values in equations
(75e) and (75f), it results that izfzd = lgaq + Cfwply4 and



igl = ig,q—CfwpVy 4, respectively. Then, from (75¢) and (75d)
simple computations lead to the results that the equilibrium
for a3 and a4 is zero. By iterating the behaviors with (75a)
and (75b), the equilibrium point for a; and a9 are shown
to be equal to zero as well. Therefore, by using Lasalle’s
Theorem, it is possible to prove that the subsystem composed
by these dynamics converges to the maximal invariant set that
is composed of the equilibrium equal to zero for the integral
error terms. More details will be given in the following of the
proof.

Before focusing on the convergence for the energy dynamics
in (59), we need to remark that the design of the trajectories
irir.q and i, o that ensures the convergence of Wa and W
to their respective reference values W and W can not be
made by the same backstepping-like procedure adopted until
now. The trajectories iy;, ;, and i;, , have to be designed
according to time-scale separation prmciples, which allows to
consider the slow dynamics of xy, when the fast dynamics of
zs and z.;, have already reached their reference trajectories.
Therefore, when considering the circulating currents X in
(58), we select the candidate Lyapunov function V., where

Veir =Vs +Vs+ V7 >0 (76)
and defined as the sum of the following functions:
Vs = iumd mmf+§§ﬁ>0 (77)
Vs = %(icir,q —deirg)? + %aé >0 (78)
V; = ;(Zm 0 = fir, o)+ gag > 0. (79)

It is easy to verify that the control inputs in (49), (50) and
(51) are designed such that:

Vs = —Ks(icird = i%ipa)* <0 (80)
VG = _KG(icir,q - {cir,q) <0 (81)
V’? = _K7(Zcz'r0 czr 0) <0. (82)

Similarly to the previous case, we cannot prove asymptotic
convergence just by considering the Lyapunov functions, as
their time derivatives are negative semi-definite. However, by
writing the closed loop dynamics, it results that the only
equilibrium point for a5, ag and a7 is zero:

bcird = g — Ks(icing — Thi.q) — KSas (83a)
&5 = flcird — lpir.d (83b)
icirg = —Ko(icirg — icirq) — K& ag (83¢)
Q6 = lcirg — leirg (83d)
deiro = Z:w 0~ K?(icir,o —fdriro) — K7 az (83e)
Q7 = Geir,0 = lejro (331)

From these properties, according to a proper choice of the
control gains K5, Kg, and K7 such to ensure the multi-time
scale behavior of circulating currents with respect to the energy
variations, as it is natural also physically, it follows that it is
possible to consider iy 44 = i:’dq, Teir,do = i:indO and i¢ir g =

icir,q for the energy dynamics, which allows us to consider
(17) and (18) as:

1 ok ok ok -
Wa = —€sum,dls.q = €sum,qls,q T €dif,dlcira + €dif.qleirg
(84)
W = —legisait ;— Leaisqit, +2e i
= T obdif,dbs g T 2Cdif,qs,q sum,d®cir,d
+2esum,qicir,q + 4esum,0i:i7-_0' (85)

We recall that the references iy, ; and iZ;,  are still degrees
of freedom for controlling (84) and (85), respectively. The
selection of those references is operated by using feedback
linearisation (see [44]) for i7;, ;, and dynamic feedback lin-
carization (see [45], [49]) for izir0- TO prove the proper
selection of 47, ; as in (41), we start defining Vg as

CZT

1 — Kg
Vs =5 (Wa - Way+=2a2>0. (86)

2

By simple computation, it is easy to obtain that the trajectory
(41) is designed by feedback linearization such that the time

derivative Vg is negative semi-definite, i.e.,
Vs = —Kg(Wa —Wa)2<0. (87)

Again, we show that the only possible equilibrium for this
subsystem is the one where the equilibrium for ag is equal to
Zero:

Wa = —Kg(Wa —Wa) —
=Wa — Wa.

Kgog, (88a)

(88b)

When manipulating the model in (85) by substituting the
equilibrium values of the control input vector w, the desired
trajectory zc” o appears as a squared term. As a consequence, it
is not poss1ble to directly use feedback linearization to design
the trajectory. The proposed solution to design iy, o, thus
leading to the value in (42), is the application of dynamic
feedback linearization [45], considering its time derivative
i:ir,o as a virtual input. Hence, by taking the second time

derivative of W, we obtain:
= ok Sk ™ . -
W = - reqzv,qlv,q + ’Uf;dz'u,d + vadl'u,d
4ri’

ke
ciTc,chirc,d

ko Sk
~ Teqly,dlv,d
ke . ok
+ Vf,qly,q + Ufqly,qg —
+ |:4de - Srlczrc O:| Yeire,0°

From (89), one can note that the trajectory (42) is designed
such that the converter energy dynamics subsystem, extended
with the second time derivative of the energy, results in a stable
linear system. Indeed, by the choice in (42) it results that:

N B

When Ky, K& > 0, matrix A is Hurwitz and, therefore, the
system is stable. Consequently, due to the converse Lyapunov
theorems, if the system is stable then it is possible to obtain
a Lyapunov function Vg such that:

Vo >0, Vo <0.

(89)

(90)

oD
Therefore, there exists a Lyapunov function Vy in the form

Vw=Vsg+Vye>0 92)



that ensures exponential convergence of xyy to its equilibrium

point.
The last step of the proof is to investigate the convergence

of the state variables that compose the dynamics X, in (60).
To this purpose, similarly to [43], the following Lyapunov
function based on the energy function of the synchronous
machine is proposed:

1 s
= 5MeqCu2 + /5 [Praz Sin 6 — Ppee + Pp)dd > 0
) 93)
where §; in (61) is the stable equilibrium point obtained from
the power balance of the system given by (26), since

Pl - Pme('
Sin((ss) = <LP“) .

Then, it is possible to rewrite (93) as

Ve (6, @)

1 5
V,(6,0) = 5 eqdjz + P,mw/(s [sind — sin d,]dd > 0.

s

We stress that the integral term in ), is positive if the
following condition is satisfied:
cos(ds) — cos(d) — sin(d,)(ds — &) > 0.

From Fig. 4, we verify that there exist conditions satisfying
(94), especially close to the origin. Then (93) is verified to be
positive definite for some J.

(94)

(a)

1y Y N IN
!

cos(d‘s) -cos(d) - sin(d‘s) * (Js -8)
/7

Ab
Y

- N

°

To show asymptotic stability of the whole system y, we
remark that the composition of candidate Lyapunov functions
V, in (65) has a negative semi-definite time derivative, i.e.,
VX < 0, according to the analysis of (74), (80), (81), (82),
(87), (91) and (95):

Vy = Vs + Vo + Veir + Vi + V., 0. (96)

Hence, V), and its time derivative V), in (96) meet the
conditions for the application of Lasalle’s theorem [44] for
asymptotic stability. Let us consider the set E' representing
the points where the Lyapunov function is not decreasing.
Then, let us consider the largest invariant set £ in E. By
the previous considerations for each subsystem, it results that
this set contains a unique point, which is:

E= {xe}-

Therefore, applying LaSalle’s theorem to the Lyapunov func-
tion V,, > 0 in (65) and its negative semi-definite time
derivative VX in (96), asymptotic stability of the equilibrium
point can be established. This concludes the proof.

o7)

Remark. To improve clarity on the asymptotic stability prop-
erty of the subsystem (26), we show its phase portrait in Fig.
5. It shows convergence around the equilibrium point (1,0).

Phase portrait of X,
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Fig. 5: The phase portrait of y,, with value P, =1 GW.

V. SIMULATION RESULTS

cos(és) -cos(d) - sin(Js) * (55 -4)

Y

0.5
0.5

Fig. 4: a) The plot of the function in (94). b) A zoom around
the origin.
Considering (26) and (93), the time derivative V,, results

V, = -K'\&* <0. (95)

The time derivative Vw is negative semi-definite, so no
stability conditions can be ensured directly from (95) only.
However, by an analysis of the system (26) we remark that
the only possible equilibrium is .. = [§s 0] in (60), with
ds in (61).

In this work, we develop a control strategy compatible
with VSM-GFM operation for an MMC based on nonlinear
techniques. The control targets for an MMC operating as a
GFM converter are to regulate the voltage phasor magnitude
and the energy stored in the converter. When operating as
a VSM, the voltage phasor’s angle is obtained by a swing
equation to mimic the behavior of the power output of a
synchronous generator.

To validate the proposed controller, the model shown in
Fig. 3 is implemented in Matlab/Simscape Electrical. The
parameters considered for the MMC are shown in Table I
and the parameters of the grid equivalent are given in Table
II. For comparison purposes, a linear PI controller is also
implemented in the test system. This section is divided in three
subsections to validate the behavior of the closed loop system

in three situations:



o Subsection V-A shows the results for the active power
tracking when the MMC is subjected to a series of step
changes in its active power reference value P,;

e Subsection V-B shows the results for the control system
energy tracking when the MMC it is subjected to a series
of step changes in its energy reference value W;

o Subsection V-C shows the results for a situation where
the MMC participates in the frequency support by con-
tributing with virtual inertia to the system.

TABLE I: Parameters of the MMC controlled as a VSM
MMC Parameters

S Vi (L-L) w Vde We
1000 MVA 320 kV 25.8 MJ 640 kV 377 rad/s
Nsm Csm Ceq r l
400 8.4 mF 21 uF 0.005 p.u.  0.1473 p.u.
Ty ly cr rg lg
0.01 p.u. 0.05 p.u.  0.193 p.u. 0.01 p.u. 0.05 p.u.
VSM Parameters
M. 3s K. 320

Active Power [p.u.]

Fig. 6: Active power response subjected to a sequence of
reference step changes.

first step change of the active power response is shown from
4.5 to 7 s. Since the phase angle of the converter is the integral
of its frequency, the active power response shown in Fig. 6 is
coherent with this result.

TABLE II: Parameters of the equivalent AC grid

Equivalent Grid Parameters
droop  Time Constant M, Py,
3% 5s 2s 2000 MW

Seq
3000 MW

A. Active Power Reference Tracking

One of the main operational requirements of an HVDC
transmission system is to deliver active power at its dispatched
value given by the power system operator. Hence, to validate
the power reference tracking using the proposed controller, a
sequence of steps is applied to the converter power reference
P, aiming to evaluate the closed loop system’s response.

The active power response for a sequence of step changes
in its reference value is shown in Fig. 6. The MMC controlled
as a VSM-GFM converter with the proposed nonlinear (NL)
controller is able to track the active power reference with
accuracy. We point that the settling time is in the order
of 1 s since the converter is mimicking the behavior of a
SG when for GFL converter control strategies it is possible
to track active power changes with settling times in the
order of 1 ms. By exhibiting the behavior imposed by the
proposed NL controller, the converter station does not change
its active power output nearly instantaneously. Instead, the
slower change in active power output emulates the physical
inertia of the rotors of traditional SGs.

The same sequence of step changes in active power refer-
ence are also applied to the test system with the MMC station
equipped with a PI controller. From Fig. 6, we note that the
PI also tracks the active power reference with similar perfor-
mance to the NL controller. To enable a closer comparison
of the responses, Fig. 6 also shows a zoom of the first step
change from 4.5 to 7 s.

The converter frequency is shown in Fig. 7. As a con-
sequence of the shown active power responses, the NL and
the PI controller resulted in a similar converter frequency. To
compare closely both responses, a zoom corresponding to the

1.003 T T T T T T

1.001¢
1.001
1.002} 10005 ' ~—— .

5 6 7
1001 ' k 1
0.999 V

0.998 L L L L L !
0 10 20 30 40 50 60

Time[s]

[

Frequency [HZ]

Fig. 7: Converter frequency response when the active power
is subjected to a sequence of reference step changes.

However, despite presenting a similar performance for track-
ing the active power reference and for the converter frequency,
these transient responses have a very different impact into
the other variables of the system. As shown by (36), the
MMC station state variables are dependent on one another,
and therefore, a change in active power will affect the other
state variables.

In GFM converters the change in frequency results in a
disturbance in the values of currents and voltages in the dq0
frame given that the Park transformation is a function of the
converter phase angle [50], differently from GFL converters
where the converter frequency follows the grid’s frequency.
Therefore, the changes presented in Fig. 7 result in a distur-
bance in the magnitude of the terminal voltage |Vy|, as seen
in Fig. 8.

The proposed NL controller is able to reject the disturbance
caused by the frequency variation resulting from equipping the
MMC station with GFM converter capabilities. Furthermore,
we can see that the NL controller can perform a faster
disturbance rejection than the PI controller. Moreover, the NL
controller keeps the voltage level within a £0.7 % range from
its reference value of 1 p.u. while the PI presents significantly
larger deviations up to 4.2 % in the last step change. To
enable a better visualization of the differences between the
responses of the controllers, a zoom corresponding to the first
step change of the active power response is shown from 4.5
to 7 s.
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Fig. 8: Terminal voltage magnitude response when the active
power is subjected to a sequence of reference step changes.

Finally, as suggested by the converter energy model in
(18), a change in active power results in a disturbance in the
converter energy. Fig. 9 shows the converter energy behavior
when the active power reference is subjected to a series of
step changes.
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Fig. 9: Converter energy response when the active power is
subjected to a sequence of reference step changes.

The NL controller is able to reject the disturbances in
the converter energy as well. Due to the full consideration
of the interactions between the converter state variables, the
NL controller presents a better performance in rejecting the
disturbances originated from the sequence of step changes to
the active power as it can be seen in the zoom shown within
Fig. 9. Overall, the NL controller kept the converter energy
within a 0.7 % range from its reference value whilst the PI
controller exhibited a variation within the +3.6 % range.

The analysis of Figs. 8 and 9 show the main advantage
in using the proposed NL controller despite the similar per-
formances seen in the results shown by Figs. 6 and 7. The
design of the proposed NL controller does not rely on a
single operating point as does the PI controller. The latter is
obtained from a linearized model around the starting operating
point whose accuracy in representing the system dynamics is
limited to the vicinity of the point of linearization. Therefore,
the proposed NL controller is able to retain the desired
performance around any operation point within the converter
physical limits.

B. Converter Energy Reference Tracking

The second evaluated scenario is the capability of the
control system to follow step changes in the converter energy
reference value. The interest behind following a dynamic

change in the energy reference value can be seen in [29] where
the converter energy is modulated to act as a buffer between
the AC and DC sides of the converter. The results shown in
this section are for a scenario where the MMC is injecting 0.6
p-u. of active power into the electric grid.
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Fig. 10: Converter energy response following a sequence of
step changes to its reference value

The converter energy response following two step changes
of 10 % and 20 % is shown in Fig. 10. The MMC station
equipped with the proposed NL controller is able to track the
changing converter energy reference with a settling time of
nearly 0.1 s. For comparison purposes, the same reference
change was applied to the test system also considering that the
MMC station is embedded with a PI controller. The difference
between the controllers responses shown in Fig. 10 is subtle
and can be analyzed by zooming in each step. Fig. 10 also
shows the zoom around the energy response to the step change
applied at ¢ =3 s where we can see the main differences
between the response of the controllers. It can be seen that
the initial response of the PI controller is faster. However,
the NL controller response is less damped, showing a small
overshoot. Also, the NL controller settles 0.1 s faster to the
new reference value than the PI controller.

Despite the responses of the converter energy when adopting
the NL and the PI controller being similar, their impact in
the control effort has a bigger difference. Fig. 11 shows the
trajectories of the 0-component of the circulating current for
both cases.
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Fig. 11: O-component of the circulating current response
following the step changes applied to the converter energy
reference value.

We can see that the NL controller is able to achieve a fast
control of the converter energy through smaller changes on the
i trajectory. Whilst the NL controller keeps the trajectory
within £56 % of the equilibrium value, the PI controller



presents significantly larger excursion of +200 %. Another
interesting fact is that the PI controller requires the power flow
in the DC side to be reversed momentarily as the O-component
of the circulating current crosses zero at £ =9 s.

Finally, Fig. 11 also shows a zoom in the circulating current
for the step applied at t = 5 s to complement the analysis of
the zoom shown in Fig. 10. The differences between the energy
responses can be seen in how they generate the trajectory
for the O-component of the circulating current. To achieve
the response shown in Fig. 10, the NL controller achieves
the response with a smoother change of the 0-component of
the circulating current whilst the PI controller has a greater
deviation form the steady-state value. The better performance
shown by the NL controller in terms of control effort is also
attributed to the fact that the controller is designed considering
the nonlinearities of the converter dynamics. We note from
(18) that the converter energy dynamics is highly nonlinear
in respect to the converter’s inputs and state variables. The
developed NL controller does not neglect the interactions from
other state variables resulting in a controller that is capable
of achieving a fast response with less disturbances in the
circulating current 0-component.

C. Controller Performance During Frequency Support

The last evaluation scenario considered in this work is
regarding the controller performance during a contingency
that demands frequency support from the MMC. The active
power for the converter is 30 % of the total load of the
test system, meaning that the scenario considered has a high
penetration of non-synchronous generation. To simulate a
frequency disturbance, the load shown in Fig. 3 is suddenly
increased from 2000 MW to 2500 MW, which represents an
increase of 25 %.

Fig. 12 shows the frequency response of the system in
the considered scenario. When the NL controller is used,
the test system presented a slightly smaller deviation from
the rated value of 60 Hz in comparison to when the PI
controller is adopted. Also, when the NL controller is used,
the system settles 3 s faster to the new equilibrium point after
the disturbance.
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Fig. 12: Frequency response of the test system to a sudden
25 % load increase.

More critically, the NL controller presented a smaller fre-
quency nadir, meaning that the maximum frequency deviation
of 0.436 Hz was smaller than when using the PI controller that
deviated 0.5 Hz from the rated frequency value. The frequency

nadir and the rate of change of frequency are crucial values
for tuning the protection equipment. Having smaller values
for these parameters means that the system could avoid losing
further generation if the protection relays were set at 59.55H z.

The frequency support is performed by injecting active
power in the system to counteract a frequency dip as is the
case in the studied scenario. The active power response is
shown in Fig. 13. The NL controller is able to react slightly
quicker than the PI controller, resulting in slightly more power
(0.02 p.u., as seen in the final seconds of the simulation) of
the extra load been allocated to the MMC-HVDC due to the
power sharing mechanism with the grid equivalent of Fig. 3.
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Fig. 13: Active power response of the MMC following the
sudden 25 % load increase.

As shown in section V-A, a disturbance is introduced in
the terminal voltage in the dgq frame when there is a sudden
change in the converter frequency. The magnitude of the output
voltage is shown in Fig. 14. The proposed NL controller is
able to reject the disturbance cause by the frequency variation.
Moreover, when using the NL controller, the terminal voltage
presents a similar settling time to the one obtained using the
PI of 1.5 s . However, with the NL controller, the voltage dip
is 6 % smaller than with the PI, and the following overshoot
is 0.8 % smaller.
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Fig. 14: Absolute value of the output voltage response of the
MMC following the sudden 25 % load increase.

Finally, change in active power to provide frequency re-
sponse results in a disturbance to the converter energy. The
energy response is shown in Fig. 15.

The proposed NL controller is able to reject the disturbance
in the converter energy to a maximum drop of 2.7 %. For
comparison, the PI controller presents a maximum deviation of
3.8 % in the converter energy. Moreover, the NL controller is
able to reject this disturbance 1 s faster than the PI controller.
The better performance of the proposed NL controller was
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Fig. 15: Converter energy response of the MMC following the
sudden 25 % load increase.

expected in this scenario since it considers the interaction be-
tween all state variables and inputs of the MMC station model.
It is worth pointing out that the ever changing conditions of the
power system allied with the frequent disturbances caused in
the system such as the connection/disconnection of big loads,
the unavailability of transmission lines and loss of generation,
a controller as the one proposed in this work that is best suited
for dealing with such sudden changes is desirable.

VI. CONCLUSIONS

In this paper we present a nonlinear controller for MMCs
that is compatible with GFM converter operation, thus pro-
viding frequency support and synthetic inertia to the AC grid
where it is connected. The controller is designed following
feedback linearization and dynamic feedback linearization
principles. Furthermore, we present a detailed mathemati-
cal stability analysis using Lyapunov theory and demon-
strate that the system is asymptotically stable. To validate
the proposed controller, a test system is implemented using
Matlab/Simscape Electrical and three scenarios are evaluated:
active power reference tracking, converter energy reference
tracking and the provision of frequency support. The proposed
nonlinear controller presents a good performance in tracking
the reference signals and rejecting the disturbances that arise
from the high degree of interconnection of the system’s
variables. Finally, the proposed nonlinear controller presents a
better performance than a classic PI controller whilst ensuring
better disturbance rejection and less control effort. In future
works, since the MMC is able to performe as a GFM converter,
it will be studied the design of additional control layers,
such as to provide further ancillary services to the AC grid.
Among others, if reserves are available, it can be studied the
possibility of including fast frequency support (sub second)
and Frequency Containment Reserve (primary support), and
reactive power provision.
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