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Abstract—With an increasing number of renewable energy
resources being integrated into the power system through
power electronics, conventional power plants based on large
synchronous machines tend to be reduced in the upcoming future.
With the Modular Multilevel Converter as the state-of-the-art
power electronics solution for power systems, it will be necessary
to operate some of these converters in grid-forming mode, in
order to either preserve the stability and robustness of the ac grid
or as the only solution to generate the ac grid in cases with no
available synchronous generation. This paper aims to understand
how the internal energy control of the MMC can be used to
effectively mitigate the propagation of ac power disturbances to
the dc side, thanks to its buffering capability. Different energy
control structures are explored, and a comprehensive discussion
and comparison among them is provided, including stability
analysis, transient performance and tuning guidelines. Simplified
and linear models are used to address the analysis, whereas
detailed non-linear models implemented in MATLAB Simulink
are used to verify the results via time-domain simulations.

Index Terms—MMC, energy control, grid-forming, tuning,
interaction mitigation, HVDC.

I. INTRODUCTION

N the upcoming future of power systems, conventional

synchronous generation will experience a progressive re-
duction, to the benefit of renewable energy generation, such
as wind and solar, in order to meet the environmental goals
planned for the future [1]. This implies that new power elec-
tronics converters will be installed in order to integrate these
renewable resources, to the detriment of the large mechanical
rotating machines from classic thermal power plants. With
such a reduction of rotating mass, some of the aforementioned
converters will be responsible of handling the stability and the
robustness of the power system by means of operating in grid-
forming mode.

Grid-forming mode of operation is a well-known concept,
and several studies for microgrids [2]-[6] and power system
applications [7]-[9] have been addressed in the literature
in the recent years. The two main grid-forming approaches
are the Virtual Synchronous Machine (VSM) approach [3]
and the frequency-droop approach [10]. In fact, it is shown
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in [11] that both control approaches are equivalent. Most
of these studies deal with 2-level Voltage Source Converters
(2L-VSCs), focusing on the ac side, whereas only a handful
of references are found with respect to grid-forming mode
for power system applications using MMCs, as summarized
next. Two different controllers in VSC-HVDC interconnectors
operating in parallel are compared in [12], and an enhanced
control for an offshore wind farm station is discussed in [13].
Despite using MMC models in both articles, they focus on the
ac voltage and frequency control, with no discussion about
the internal energy control. In [14], a dynamic protection
integrated model predictive control concept is developed and
applied to the MMC for grid restoration purposes, focusing on
avoiding MMC overcurrents. An ac fault analysis of islanded
grid including MMCs operating in grid-forming mode is
presented in [15], also focusing on the ac side control structure.
In this case, instead of using an energy-based approach, a
circulating current suppressing control (CCSC) scheme is
used, meaning that the energy is not explicitly controlled.
In [16], a classic grid-forming control scheme together with
a full energy-based control is implemented in an MMC and
successfully tested in laboratory, discussing the implications
of having a storage system in the dc side or inside the MMC
submodules. Furthermore, the VSM concept has been recently
extrapolated and implemented in the MMC [17], [18].

The buffering capabilities that the MMC offers due to
its topology, i.e., due to the internal energy stored in its
submodules capacitors, has been a subject of interest within
the scientific community over the last years. First of all, the
modulation strategy plays a relevant role in the effectiveness of
this feature, which in general can be implemented in two ways.
On one hand, Uncompensated Modulation (UCM) does not
include any compensation for the impact of the oscillations in
the equivalent arm capacitance voltages on the modulated out-
put voltages, i.e., the modulation indexes are calculated using
the dc voltage. On the other hand, Compensated Modulation
(CM) includes an online compensation for those oscillations,
i.e., the modulation indexes are calculated using the measured
arm voltages. As an example, regarding grid-following MMCs
operating in PQ mode, in [19] it is shown how the approach
from [20] (UCM) fails to withstand an unbalanced voltage sag,
distorting the dc side. Results are notably improved in the case
of [21] (CM), and further improved when inner circulating
current control loops are included [19].

Regarding unbalanced operation, in [22], a control approach
aiming to reduce dc side power oscillations is presented,
filtering the 100 Hz component out of the zero-sequence



additive current, showing the firewall capability of the MMC.
A more elaborated approach from the same authors [23]
deals with optimal circulating currents reference calculation
directly in the abc frame, that effectively decouples the ac-grid
conditions from the dc bus, not only in steady-state but also
in transient unbalanced conditions in a grid-following MMC,
improving and extending results from [24].

Other works deal with control aspects of grid-following
MMCs operating in dc voltage control mode. In that case, with
a disturbance in the dc grid, a different transient performance
in the dc and ac sides is achieved depending on the control
structure adopted. A virtual capacitor strategy is proposed
in [25], which is able to boost the effective capacitance of the
dc side and improve the dc dynamics. In [26], [27] it is shown
that interchanging the ac and dc current control references in
an MMC controlling the dc voltage allows for decoupling the
ac and dc sides, avoiding interactions. It can be noted that
in terms of the MMC physical limitations, the control design
criteria for grid-forming and grid-following converters can be
similar, as these objectives would typically focus in reducing
overshoots, avoiding undesired oscillations or obtaining a
specific settling time. The fundamental difference, however, is
that in grid-following mode the AC power is a control input,
whereas in grid-forming mode it is a physical disturbance.

In this context, there is gap in the literature in terms
of analyzing potential capabilities that the MMC offers in
grid-forming mode, for instance in offshore AC wind farm
or passive islanded systems. This paper aims to analyze
and provide a comprehensive discussion about the features
of this buffering capability in such scenarios. The AC side
grid-forming control used in the present work is equivalent
to the classic frequency droop used in 2L-VSCs, and the
comparison or proposal of new grid-forming controls is not
the matter of the present study. However, the extra degree
of freedom due to the total internal energy of the MMC
can play a relevant role in the dynamic performance of the
system. The contribution of this paper is to analyze different
energy control structures, highlighting their differences in
transient conditions, and providing control design guidelines
to obtain the desired performance. Different case scenarios
with one and multiple grid-forming converters are simulated
using MATLAB Simscape Power Systems, in order to validate
the analysis and to highlight the superiority of some of the
structures.

II. SYSTEM DESCRIPTION

The present study deals with MMCs operating in grid-
forming mode. The converter is connected to an HVDC
network in the dc side, which provides a stable dc voltage,
typically controlled by one or more converters of the HVDC
network. On the ac side, the converter controls the amplitude,
frequency and angle of the voltage at the point of connection,
acting as a slack bus. A list of examples where grid-forming
converters can be used at the transmission system level are
described below.

e Offshore AC wind farm clusters, where one or more
converters impose the ac grid voltage to export the power

generated in the offshore wind farm, which is typically
exported to the mainland grid through HVDC (Fig. 1a).

o Passive islanded systems, i.e., islands where the main part
or all of the generation needs to be imported from outside,
e.g., through one or more HVDC links (Fig. 1b).

o Weak grids, i.e., grids with a low short-circuit ratio that
need one or more grid-forming converters to stabilize the
grid, or to make it robust.

In the case of islanded systems, if there is enough syn-
chronous generation, the converter/s that import or export
power (GF 1 and GF 2, Fig. 1) do not necessarily have to
operate in grid-forming mode, and might operate in grid-
following mode instead if the ac grid is strong enough.
Equivalently, this can be also the case of weak grids. In those
cases, the converter can optionally operate in grid-forming
mode to support the existing ac grid. However, in other cases
such as offshore ac wind farms (Fig. 1a) and islanded systems
with no synchronous generation (Fig. 1b), it is in general
necessary that one or more converters operate in grid-forming
mode, as there is no ac grid available. As compared to grid-
following, grid-forming mode allows the converter to remain
in operation after a large or full trip in the ac side, and it can
also provide black-start capability. It has to be noted that the
ac power acts as a disturbance to the system, instead of as a
control input.

Mainland

Offshore
wind farm

Island

AC grid

(b) Islanded system connected to main land grid via HVDC

Fig. 1. Examples of applications of grid-forming MMCs.

III. SYSTEM MODELLING
A. MMC electrical model

The MMC topology shown in Fig. 2 consists of six arms,
each of them including N, half-bridge submodules with a
capacitance Csyy, and an arm reactor in series. The submodules
are controlled individually, either inserting or bypassing the
capacitor. The three legs correspond to the three phases (a,
b and c), each containing two arms. The six arms synthesize
the required voltages in order to achieve the desired power



exchange between the AC and the dc side and to handle the
internal energy balance of the converter.
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Fig. 2. Electrical model of MMC connected to an AC network (including
lines or cables) with load or generation.

A coordinates transformation from the upper — lower to
a dif f — sum reference frame is typically used [21], as it
facilitates the state-space representation of the MMC and also
allows for the control of the different degrees of freedom of the
converter. Hence, following the same conventions as in [19],
[27], the following variable change is defined
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vjiff: differential voltage (middle point of the arm),

vgum: additive voltage (approx. equal to the dc voltage),

iJum: additive current (from upper to lower arm),

R, L,: arm resistance and inductance,

R, Lg: transformer equivalent resistance and inductance,

Cyc: equivalent ac capacitance in the point of connection.

Assuming a balanced dc side, a balanced and grounded ac
neutral point, and using the change of variables in (1) the ac
side and circulating current equations are
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where u®%¢ denotes the PCC voltage, 2% is the ac grid current,
ie., i =1 — i for j € {a,b,c}, V2 is the dc side voltage,
and Z, refers to a n x n identity matrix. The voltages and
currents in the arms can contain an ac and a dc component,
with different roles in the power exchange and the energy
balance inside the converter (see [19] for a thorough analysis).
The Average Arm Model (AAM) is adopted (Fig. 2), which
assumes that each individual submodule capacitor voltage is
close to its nominal value, thus allowing for a representation of
the whole arm by an equivalent capacitor. This model and vari-
ations of the same concept are well established in the recent
literature [28], [29], as well as experimental valiadation [30].
The equivalent capacitor voltage of each arm vgbucl depends
on the power exchanged by the arm, which is reflected as a

current i“cbjl in each capacitor circuit:
dvabc
-abc Cul
Zcul = Cqu6 u (5)

B. MMC grid-forming control

A classic grid-forming control for VSCs consists of an outer
ac voltage vector control plus an inner ac current vector control
(u— 1), both using PI controllers in gd0* frame. Additionally,
a frequency droop using the active power is included to achieve
active power sharing in a multiple converter setup. In addition,
an optional ac voltage reference droop using the reactive power
might be also included, which can be useful to achieve reactive
power sharing. This scheme is identical for both 2L.-VSCs and
MMC-VSCs [15].

In the case of MMCs, additional loops to control the internal
energy balance might be added. Purposely, in the present study,
an energy-based approach is used, meaning that the internal
energy of the MMC is explicitly controlled via closed-loop
control. The overall energy control can be seen as one total
energy PI controller in addition to five extra PI controllers that
deal with the balancing among legs (horizontal balancing) and
the individual leg upper-lower balancing (vertical balancing).
Also, three inner additive current loops are usually included
(see Fig. 3). It is important to note that typically the output fil-
ter of an MMC would not include a capacitor, being composed
only by an RL equivalent related to the coupling transformer.
Therefore, the effective capacitance depends on the topology
of the ac grid that the MMC is connected to. This implies that
the current ¢, (optionally used as a feed-forward signal in the
ac voltage control in 2L-VSCs) cannot be directly measured.

A more detailed control scheme is shown in Fig. 4, where
the horizontal and vertical balancing control and the corre-
sponding additive current controllers have not been included
for simplicity. Also, note that a low-pass filter is usually
included for the active and reactive power measurements used
in the corresponding droop schemes [8].

C. Small-signal model of the system

A linearized small-signal model of the system is derived to
enable linear analysis and linear control design. The equations

*In the present work, electrical machines notation from [31] is adopted,
meaning that d and ¢ components are interchanged, instead of using the more
common dq0 notation.
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Fig. 3. MMC overall control system operating as grid-forming.
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Fig. 4. Detailed MMC grid-forming control, without showing vertical and
horizontal balancing control for simplicity.

of each subsystem and their linearization, if necessary, are
detailed next.

1) MMC ac side and ac grid dynamics: The converter
ac grid coupling filter (i.e., RL transformer equivalent) (6)-
(9) and the ac network (in this case, single m-section cable
equivalent) (10)-(13) are equivalent to the 2L-VSC case, with
the difference that in (6) and (7) Rq and Leq include the arm
filter parameters (see (1)). The electrical circuit is shown in
Fig. 5. As a frequency droop strategy is used, (6)-(13) are
linearized with respect to the frequency to account for the fre-
quency variation effect. The ac capacitor C, is an equivalent
capacitance that includes the cables related capacitance and a
physical filter capacitor if desired, although this is normally
not included in MMCs. Subindex c¢ refers to the cable (R,
L. and C. are the cable parameters), g refers to the ac grid
(iy and ug are the current through the cable and the voltage
at the load end of the cable), and [ refers to the load (being 7;
the load current). Note that in the present case C,. = C../2.
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Fig. 5. Electrical circuit of the MMC ac side, the ac cable and the PQ node.
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2) MMC internal dynamics and control: As exhaustively
discussed in [32], [33], including the overall internal energy
dynamics requires an extensive mathematical manipulation.
Thereby, a simplified model that considers only the total
energy dynamics of the MMC [34] will be used in the present
study (14). Assuming that the horizontal and vertical energy
balancing controllers are properly tuned, that model effectively
captures the overall ac/dc dynamics. Also, an extra equation
for the additive current of the MMC is required (15):
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Moreover, active and reactive power signals, which are
necessary for some of the control loops, are linearized as

3
AP = o (Autiy + Autil )+ Aitul + Aidud)  (16)

3
AQue = 5 (~Auily + Auil )+ Aitul — Aidud)  (17)

The equations related to the current control, voltage control,
energy control, frequency droop and voltage droop are not
included in the paper for simplicity, as they can be readily
derived from the control scheme (Fig. 4). A block diagram of
the overall linear model is shown in Fig. 6.
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Fig. 6. Linear model of an ac grid with one grid-forming MMC and one PQ nodes.

3) Disturbance dynamics: A constant power node is con-
sidered at the other end of the ac cable, injecting or absorbing
P and/or Q through controllable current sources. This corre-
sponds to the offshore wind generators from Fig. la (power
flowing towards the grid-forming MMC), which typically use
power electronics converters synchronized with the offshore
ac grid through Phase-Locked Loops (PLL). On the other
hand, a scenario such as an islanded system (Fig. 1b) would
typically involve different types of loads (constant current,
constant impedance and constant power loads), making its
dynamic model more complex. Therefore, for convenience in
the analysis, the case of a constant power node representing a
power electronics interface with a PLL will be considered.

Instead of modelling a detailed converter, the power refer-
ences AP(s) and AQ; (s) are filtered using first-order trans-
fer functions that emulate the ac power closed-loop response of
the converter, with a time constant of 7,. A PLL [35] tracks
the voltage angle by means of controlling its d component
to zero. Then, according to instantaneous power theory [36],
the qd components of the current are calculated as (18)-(19).
An extra first-order filter (time constant of 7.) is included,
representing the dynamics of the current loops (7. is typically
around 10 times lower than 7,).
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In order to integrate the different elements into the linear
model, a common gd reference frame has to be established. In
this case, the reference angle will be the one generated by the
grid-forming MMC. The PLL is modeled as a closed-loop with
a PI controller that regulates the d component of the measured
voltage to zero, as mentioned before. The output of the PI,
i.e., the PLL frequency Awpn, minus the reference frequency
Auw; is integrated to obtain AO, which is the angle difference
between the PQ node and the grid-forming MMC angles. This
AO is necessary to transform any ¢d magnitude from one
reference to another. In this case, PQ node magnitudes (qdc)
are transformed to the common reference (gd) using (20), and

vice-versa using (21) [37] (see Appendix A for the detailed
transformation matrices).

Az?%® = T (Az? Aeg)T (20)
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IV. TOTAL ENERGY CONTROL STRUCTURES

In 2L-VSCs, the ac and dc powers are fully coupled,
meaning that any disturbance in the ac side will propagate
to the dc side, and vice versa. In MMCs, on the contrary,
the internal total energy dynamics will have a determining
impact on how the ac/dc interaction and disturbance propaga-
tion occurs, offering a buffering capability that can be used
as desired, depending on the specifications of the converter
and its application. When an ac power disturbance occurs,
a portion of that power will charge or discharge the MMC
internal arm capacitors, and another portion will flow to or
from the dc side (Fig. 7). The way this power is transiently
distributed will depend on what control structure is used and
how the tunable control parameters are set.

AC side— MMC —DC side

Py g -7

Wy Energy
reference

Stored
Energy

Fig. 7. Conceptual representation of how an ac disturbance is partly absorbed
by the MMC and partly sent to the dc side.

As compared to an MMC controlling the dc voltage, where
several control structure combinations might make sense [27],
the structure of the grid-forming MMC control appears to be
more evident. On one hand, the classic frequency droop control
including a cascaded ac voltage and current vector control used
in 2L-VSCs is directly applicable to the MMC, without any
difference. On the other hand, it seems to be obvious that
the energy controller has to be, therefore, cascaded with the
inner additive current, which is the other part of the MMC
control. Nevertheless, there are still different alternatives in
terms of how to implement the energy control, that will affect
the internal MMC and the dc dynamics in different ways.



In order to analyze this mechanism in a comprehensive way,
the following assumptions are recalled:

« The dc voltage is constant.

o The zero component circulating current closed loop (i.e.,
dc component) is simplified to a first-order transfer func-
tion with time constant 7, (faster than the outer loops).

o The ac power is a disturbance of the system.

The dynamics of the dc power and the MMC internal total
energy are defined, respectively, in the Laplace domain as

_ _ I8 (s) N\ Prls)
PdC(S) B VdCIdC(S) = Ve <3Tsum5 + 1) B TaumS + 1 (22)
1 P
sWi(s) = ;(Pdc(s) — Pi(s)) = #(i)l — P(s) (23)

Both (22) and (23) depend on the expression of Py (s),
which depends on the control structure adopted, as will be seen
next. Also, and for compactness later on, the control action of
the total energy PI controller is defined as

Ge(s) = kp(Wi'(s) = Wi(s)) + %(Wt*(s) = Wils)) (24

A. Coupled control approach

A total energy controller with a feed-forward of the active
power (Fig. 4) is a typical structure used in MMCs operating
in PQ mode [19], [38]-[40], and also in dc voltage control
mode [27], [41]. Hereinafter, this structure will be referred
to as coupled energy control. This structure is somehow a
logical extrapolation from the 2L-VSC control, where the ac
and dc powers are instantly balanced, as they are physically
linked. In the MMC case, using the ac power measurement as
a feed-forward signal forces a coupling between both sides.
Therefore, it is expected that the dynamics of the MMC under
this control scheme will be remarkably similar than those of
the 2L-VSC. As will be seen next, the flexibility that this
structure offers is highly limited. From (25) it is observed
that Py (s) will react fast to the disturbance P, (s). The only
limitation to propagate the disturbance to the dc side depends
on Tgm, Which is relatively small, i.e., the transient is fast.
Then, as seen in the first term of the right-hand side of (26),
the energy is not highly disturbed by P,(s), as its coefficient
is close to zero. The resulting small deviation of the energy,
therefore, will be compensated by the PI controller, which will
have a small effect in Py.(s).

B Py(s) G.(s)
PdC(S) B ToumS + 1 ToumS + 1 (23)
_( Fa(s) G.(s)
sWi(s) = (Tsums +1 Pac(s)> + ToumS + 1 (26)

B. Power-filtered control approach

Keeping the previous control structure, a low-pass filter
(LPF, time constant 7,42) applied to P,c(s) is proposed. The
delay caused by this filter will force the internal energy of the
MMC to smoothly increase, thus acting as a buffer between the
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ac and the dc sides. This structure will be referred to as power-
filtered energy control. This structure offers extra flexibility as
compared to the previous one, thanks to this LPF. In this case,
from (27) it can be seen that Py.(s) dynamics will depend on
the time constant of the filter 7;» and the dc gain kgo. With
a small 74, the dynamics will be similar to the coupled case.
On the contrary, a high 742 would lead to a slower propagation
of the disturbance to the dc side, and therefore to an increase
of the internal energy. Gain kgo will be set to 1 from now on,
although this value is potentially tunable.

Fig. 8. Coupled energy control approach.
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Fig. 9. Power-filtered energy control approach.

C. Decoupled control approach

As reported in other studies [34], [42], the energy controller
may not include a power feed-forward. In that case, the control
effort completely relies on the PI energy controller. In other
words, the resulting dynamics of the internal energy and the dc
side will completely depend on the PI controller parameters.
The more aggressive the controller is, the less the energy
will deviate after a disturbance, and the higher the coupling
between the ac and the dc sides. This structure will be referred
to as decoupled energy control. Then, as in the coupled case,
the only tunable part is the PI controller. From (29) it is
observed that Py.(s) does not depend on P,.(s). Then, the
only propagation mechanism relies on the internal energy, i.e.,
on the PI controller. Looking at (30) it is also noticeable that
the energy is directly affected by P,.(s). Then, it is the job
of the PI controller to reject the disturbance, and the resulting
Pyc(s) dynamics will depend on that.

- G.(s)
Paels) = =1 (@9)
sWi(s) = —Pue(s) + Gels) (30)

TsumS + 1
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D. Dynamic energy reference control approach

Based on the previous control strategies, the modification
of the energy reference signal (W") is proposed and explored
as a new alternative. The energy reference will no longer be
a constant value but will be changed dynamically, depending
on the ac and dc transient power imbalance. Therefore, when
there is a power injection from the ac side to the MMC that
increases the energy, the energy reference will be decreased
automatically. On the contrary, in case of a load connection
that decreases the internal energy, the control will increase
the energy reference. We define the electrostatic constant of
the MMC (H.), corresponding to the ratio between internal
MMC rated energy and the rated power (3Ceq(VA¢)?/Py),
and the parameter kg4 adjusts the rate of change of the
energy. This structure will be referred to as dynamic energy
reference control. This structure also offers more flexibility as
the power-filtered case, with an extra tunable parameter. The
corresponding Py. and W, equations are shown in (31)-(32).
In this case, the expressions are more complex, being difficult
to make an analytical judgement. Instead, different practical
cases will be shown along the next sections.
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Fig. 11. Dynamic energy reference energy control approach.

E. Summary of the control structures

A simple model based on (22)-(32) is used to show the tran-
sient effect of the ac power disturbance in the dc power and the
internal energy of the MMC, summarizing the previous energy
control structures (Fig. 12). The initial control parameters are
shown in Table I. The ac power positive direction corresponds

to the grid-forming supplying a load. It is shown that the
coupled approach rapidly propagates the disturbance to the dc
side, as fast as the circulating current control allows for. In the
other approaches, the energy fluctuation is much more evident.
As an initial example, the parameters 747 and kg4 are changed
to show the flexibility that these structures offer. It is noticed
that the power-filtered structure is a generic approach that
contains the coupled and the decoupled structures as particular
cases (corresponding, respectively, to 740 = 0 and 742 = 00).
In Section V, the dynamic behavior and capabilities of each
structure will be further explored.

TABLE I
CONTROL PARAMETERS RELATED TO THE ENERGY
Parameter Symbol  Value  Units
Total energy, proportional kp 126 Wi/
Total energy, integral ki 3948  W/({s)
LPF time constant (pow.-filt.) Tg2 50 ms
LPF dc gain (dyn. ref.) kga 0.05 -
MMC electrostatic constant H. 49.2 ms
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Fig. 12. Time-domain plots under a P, 1 p.u. load step disturbance

—Preliminary simplified model (22)-(32).

V. CASE STUDY

After presenting the different control structures, a compre-
hensive analysis evaluating the advantages and drawbacks of
each one is addressed in this section using case studies. First
of all, an initial case of a single grid-forming MMC is used, for
the sake of simplicity in the analysis. Time-domain simulations
are carried out using the full non-linear model, consisting of
an Average Arm Model (AAM) for the MMC, using the full
control scheme from Fig. 4, with saturations in the current
references and in the modulation indexes. Then, an eigenvalue
analysis using the complete linear model from Fig. 6 is
performed in order to identify potential instabilities related to
the proposed energy control structures. After, a straightforward
tuning method is presented that allows for a simple way to
empirically establish a trade-off between the MMC magnitudes



performance (i.e., energy and dc power). Following up on the
results obtained, an optimal tuning methodology is used, in
order to unveil the full dynamic capabilities of each structure,
tuning all the control parameters at once. Finally, a case
scenario considering two grid-forming MMCs operating in
parallel is considered, showing the results of the suggested
control schemes in a bigger and more realistic scenario.

The ac side grid-forming control structure and its parameters
are adopted from previous studies, and it is not within the
scope of this paper to address that part of the control system.
In the present study, the frequency droop scheme, which is
necessary to achieve active power sharing in a multiple grid-
forming setup, is also implemented in the case of a single grid-
forming MMC for verification purposes. On the other hand,
voltage droop scheme, which is optionally included in some
cases for reactive power sharing purposes, is not included for
simplicity. System and control parameters related to the ac
side are shown in Tables II and III.

TABLE 11
MMC AND AC GRID PARAMETERS [8], [19]

Parameter Symbol Value Units
Rated (base) active power PN 500 MW
Rated (base) AC-side voltage Un 320 kV
Rated (base) DC-side voltage V]‘\i,C +320 kV
Coupling impedance Rs+jLs  0.01+j0.2 pu
Arm reactor impedance Ra+jLe  0.01+4j0.2 pu
Converter submodules per arm Narm 400 -
Average submodule voltage Vsm 1.6 kv
Submodule capacitance Csm 8 mF
AC cable resistance Te 0.032 Q/km
AC cable inductance lc 0.4 mH/km
AC cable capacitance Ce 0.17 pF/km
Cable length d 25 km
TABLE III

CONTROL PARAMETERS RELATED TO THE AC SIDE
Parameter Symbol  Value Units
AC voltage, proportional kp—u 0.025 AV
AC voltage, integral ki—w 1 A/(Vs)
Frequency droop ky 1079 rad/W
Voltage droop ku 0 -
Time constant freq. droop filter Tf 40 ms
Time constant AC current control Tee 1 ms
Time constant dc current control Tsum 1 ms

A constant dc voltage source is used to model the dc side of
the MMC, assuming that the HVDC grid is robust and stable.
The constant PQ node consists of controllable current sources,
as mentioned before, including a PLL that tracks the angle in
order to inject the corresponding gd current components. These
assumptions, which simplify the models and the analysis, do
not compromise the validity of the results, as they do not have
a relevant impact in the energy dynamics and the disturbance
propagation from the ac to the dc side.

A. Single grid-forming MMC

A single grid-forming MMC is considered as an initial case
scenario, which is depicted in Fig. 13. The parameters related
to the energy control loop are summarized in Table 1. The
energy PI controller parameters are selected for a settling time

of around 100 ms, based on the decoupled structure, as will
be further detailed later on.

MMC 1
o

Fig. 13. Initial case study consisting of one grid-forming MMC and a PQ
node connected through an ac cable.
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In order to highlight the particular capabilities of grid-
forming as compared to grid-following, the converter is sim-
ulated as follows. Initially, a ramping up of the ac voltage
(black-start) is performed at ¢ = 0.2 s. Then, the PQ node
progressively injects active power to the ac grid at t = 0.4 s,
until it reaches 0.5 p.u. (operating point). A 0.25 p.u. step
of generated ac active power is performed at ¢ = 1 s
(disturbance), reaching an operating point of 0.75 p.u., which
corresponds to approximately 1 p.u. of apparent power. Finally,
a sudden disconnection of the PQ node occurs at t = 1.3 s
(large disturbance). Note that the black-start of the voltage
and the continuous operation of the converter after a full
disconnection in the ac side are not possible in grid-following
converters, as they rely on a stable ac grid.

An initial dynamic performance comparison among the
different proposed structures, including the case of an equiv-
alent 2L-VSC for completeness, is shown in Fig. 14. On
one hand, it can be seen that all the ac side magnitudes
are unaffected by the MMC control structure used. In the
2L-VSC case, some similarities are observed in terms of
the fundamental oscillation component, although some extra
oscillatory components as compared to MMC are shown. On
the other hand, regarding the dc magnitudes and the energy,
clear dynamic differences can be observed, as discussed next.

In the coupled case, dc current and power responses are
similar to the 2L-VSC, due to the coupling created by the
feed-forward signal. When a low-pass filter is applied to
that signal (power-filtered approach), the coupling is reduced,
and it is further diminished by eliminating the feed-forward,
which corresponds to the decoupled approach. Regarding
the dynamic energy reference scheme, the internal energy
overshoot is partly compensated, due to the energy reference
set point modification during the disturbance. After this initial
evaluation, the stability and the performance capabilities of the
different structures will be explored in the next subsections.

B. Identification of potential instabilities related to the pro-
posed energy control structures

For a given initial tuning of the energy PI controller, the
power-filtered and dynamic energy reference structures offer
extra tunable parameters. An eigenvalue analysis of the linear
model (Fig. 6) using these two approaches is performed in
Figs. 15 and 16, varying these tunable parameters in order to
identify potential instabilities: the time constant of the filter
(Tg2) in the power-filtered approach, and the dc gain (kg4) in
the dynamic energy reference approach. Note that an extra dc
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Fig. 14. Time-domain simulation of a single grid-forming MMC: ramping up increase of ac voltage (black-start), slow increase to 0.5 p.u. of generation
(operating point), sudden increase of 0.25 p.u. of generation (disturbance), and disconnection of the PQ node (large disturbance) —Dynamic performance of

the different energy control structures.

gain in the power-filtered approach would affect the transient
response but not the state matrix (i.e., the eigenvalues of the
system).

Regarding the power-filtered approach, it is observed that
Tg2 does not cause instability (Fig. 15). One real pole ap-
proaches the vertical axis when 7,49 is increased (a very large
value corresponds to the decoupled control approach), but the
real part never reaches positive values. On the contrary, when
Tg2 18 reduced (zero value corresponds to the coupled control
approach) this pole moves away from the vertical axis.

is positive and not extremely large, it does not compromise
the stability (Fig. 16b). However, it will affect the transient
performance, as will be explored next.
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Fig. 15. Eigenvalues of the linear model using the power-filtered approach
—Effect of 742

With respect to the dynamic energy reference approach, the
effect of kg4 is shown in Fig. 16. A potential instability is
detected when this gain is lower than -0.15 (Fig. 16b). If kg4

Fig. 16. Eigenvalues of the linear model using the dynamic energy reference
approach —Effect of kg4.

C. Empirical tuning

One of the advantages of the power-filtered and dynamic
energy reference structures is that, for a given PI controller,
they allow to intuitively tune the control system through a
single parameter: T4y and kg4, respectively. This offers some
flexibility in terms of establishing a trade-off between the dc
power and the energy dynamics.

First, an initial tuning of the energy PI controller has to
be established. An initial approximation of the tuning based
on reference tracking criteria is adopted, which results in



a straightforward approach assuming that the system plant
is a single MMC internal equivalent capacitor, which is an
acceptable assumption if this controller is several times slower
than the inner circulating current controller. The decoupled
structure is assumed in this case, and the obtained tuning will
be used for all the structures. The closed-loop transfer function
of this simplified system is

Wi(s) 52
— 33
Wi (s) 53)

$2 + kps + k;
and k, and k; can be defined based on a desired second-
order time-domain response, as

ky = 28w, ki =w? (34)

n’

with £ = 1 and w, = 2#&, to achieve a settling time of
around 100 ms (much slower than the current loop) with a
critically damped response (i.e., no overshoot). In Fig. 17
it is shown how the power-filtered structure offers a whole
range of possibilities through the time constant 7,42, with the
coupled and the decoupled structures as extreme cases (i.e.,
Tg2 = 0 and 740 = o0, respectively). A trade-off solution
between the energy deviation and the dc power smoothness
can be selected. The higher energy deviation corresponds
to the decoupled structure, whereas the sharpest dc power
waveform corresponds to the coupled. Note, however, that for
intermediate solutions the dc power overshoot also increases,
which might be undesirable.
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Fig. 17. Time-domain response under an ac power step disturbance —Power-
filtered structure, T42 sweep.

In Fig. 18, the gain kg4 is swept. It can be seen that in-
creasing kq4 reduces the energy deviation but a high frequency
oscillation appears in the dc power. In this case, kg4 = 0.25
seems to offer a good trade-off between both specifications.

D. Optimal tuning

As seen in the previous subsection, the different trade-offs
that can be empirically established suggest carrying out an
optimal tuning, in order to achieve a specific dynamic re-
quirements or, furthermore, the best possible dynamic response
using the different energy control structures. The control
system parameters that are potentially tunable are:

e k,: proportional part of the total energy PI.

o k;: integral part of the total energy PI.

e T4: time-constant of the low-pass filter (LPF) (only in

power-filtered scheme).
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Fig. 18. Time-domain response under an ac power step disturbance —Dynamic
energy reference structure, kg4 sweep.

e kg: dc gain of the low-pass filter (only in dynamic energy
reference scheme (note that the optimizer might also add
a gain in the power-filtered case.).

To understand the potential capabilities of each presented
control structure, in this subsection the tunable parameters of
the control system will be tuned using optimization tools. The
control objectives are specified as follows. First of all, a P,
step disturbance of 1 p.u. is considered, so that the system is
robust under the worst-case scenario of a sudden disconnection
of the generation or the load. Then, we define the transfer
functions (35), which are computed using the complete linear
model (Fig. 6) and their expressions are not shown for space
reasons.

_ Pdc(s)

_ew, ()
B )

Grls) a Py(s)

(35)

Then, the ideal control objectives are defined as follows:

1) DC power (Py): a smooth response after a step dis-
turbance, i.e., 0% overshoot and mitigation of high
frequency oscillations. The corresponding gain limit
is imposed in the frequency-domain for Gi(s), with
filtering capability at high frequencies.

2) Internal MMC energy (W;): a maximum overshoot of
10% and relatively fast recovery time. The correspond-
ing gain limit is imposed for G3(s) in the frequency-
domain, reducing the gain for low frequencies to achieve
integral action (zero error) in the desired settling time.

These specifications prioritize the dc power over the internal
energy, in order to use the MMC as a firewall between the ac
and the dc sides. Using robust control techniques for a fixed
structure controller, the previous objectives can be specified as
constraints for an optimization problem that aims to achieve
those objectives [43]. In this case, the algorithm is based on
the Hoo-norm as described in [44]. Starting with a stable
initial tuning, the optimizer iterates on the different tunable
parameters and aims to satisfy the previous constraints. In
order to understand the limits in terms of dc power and energy,
three optimal cases corresponding to three different settling
times for the energy are analyzed. In Fig. 19, the results
obtained are shown and compared with the initial tuning. Note
that these plots are based on the lienar model from Fig. 6.
The initial and the optimized tuning values are summarized in
Table IV (Appendix B).
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Fig. 19. Step responses and Bode plots of the design objectives for the different energy control structures, for the initial and different optimal tunings.

First of all, it is shown that the coupled structure is not
capable of cancelling the feed-forward effect, and therefore
it is not possible to obtain a feasible optimal tuning. This
highlights the fact that this structure is not suited to properly
enhance the degree of freedom offered by the energy of the
MMC. It is shown in Fig. 19c that the optimizer is uncapable
of pushing the Bode plot below the limit. The energy deviation
that this structure offers is very low, as the ac power feed-
forward mostly bypasses the buffering capability of the MMC.

Regarding the other control alternatives, it is noticeable
that despite all of them show different dynamics using the
initial tuning, the optimal solution tends to be equivalent for
the three options. This reveals that, at least for the sort of
transient requirements specified, neither the power-filtered nor
the dynamic energy reference structures offer a clear advantage
when an optimal tuning is computed, meaning that a single
PI controller (i.e., decoupled structure) can be seen as the
simplest solution to obtain the best possible dynamic response.



To better understand and support this statement, the optimal
tuning has been performed under three different constraints,
namely Opt. 1, Opt. 2 and Opt. 3. In each case, the constraint
related to the settling time of the energy (i.e., the cut-off
frequency in Figs. 19d,h,l,p) is changed. It can be seen that
the optimizer tends to push the Bode plots to the limits in
most cases. This unveils that the reduction of the dc power
overshoot comes at the expense of a longer settling time of
the internal energy. Going to the limit, an overshoot of 0%
corresponds to an infinite settling time, i.e., droop control of
the internal energy. A dc power overshoot between 3 — 20%
(Figs. 19e,i,m) and an energy settling time of 0.15-1 seconds
(Figs. 19f,j,n) are obtained in the different optimal cases.

This highlights that neither the power-filtered nor the dy-
namic energy reference structures are able to overcome this
limitation with their extra parameters nor to outperform the
decoupled alternative, concluding that a single PI controller
is sufficient. On one hand, in the power-filtered approach, the
gain kgo is small in the three cases, and the time constant 74
is also very small (0.07 ms in all cases), meaning that the
filter has almost no effect. On the other hand, in the dynamic
energy reference approach, the gain kg4 tends to be almost
zero, and the PI parameters are very similar to those of the
decoupled structure, meaning that, with an optimal tuning with
such requirements, this structure is practically the same as the
decoupled one (see Table IV in Appendix B).

E. Multiple grid-forming MMCs

In more realistic power system applications, more than one
converter might be required to operate in grid-forming mode.
Then, the ac side control must ensure that the active and
reactive power flows are properly shared, which is classically
carried out through frequency and voltage droop strategies
(Fig. 4). A case scenario with two grid-forming MMCs
(Fig. 20) is presented in this final subsection for completeness,
where each MMC is using a different energy control structure.
This case study represents an offshore wind farm cluster with
grid-forming converters exporting power to onshore through
two HVDC links.

MMC 1

Generation
or load

Underground
HVAC cables

Fig. 20. Case study consisting of two grid-forming MMCs and a PQ node
connected through ac cables.

The system initial operating point is set to 1 p.u. of ac power
flowing from the ac side to the converters (each converter
is absorbing 0.5 p.u. thanks to the frequency droop control
equal power sharing feature). A step of generation coming
from the PQ node to the grid-forming MMCs of 0.5 p.u.
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Fig. 21. Time-domain simulation (multiple grid-forming MMCs) — Dynamic
performance using coupled (MMC 1) and decoupled (MMC 2) control
structures under positive and negative steps of generation.

is performed at t = 2.5 s, and a full disconnection of the
wind farm is performed at ¢ = 5 s. The coupled structure
with the initial tuning is used for the first MMC, whereas for
the second MMC the power-filtered, deoupled and dynamic
energy reference structures using the optimal tuning (Opt. 2)
are implemented and compared (Fig. 21).

Despite the same ac powers being seen in both MMCs,
the performance in terms of dc power and internal energy of
each MMC is independent from each other, and it completely
depends on the energy control structure used. In the case of the
coupled approach (MMC 1), even though the dc power shows
a significantly attenuated response with respect to the ac power
disturbance, the response is not smooth and some undesired
overshoot is observed, specially when the line disconnects
(Fig. 21b). On the other hand, in MMC 2 the disturbance
is completely blocked thanks to the capabilities offered by
the power-filtered, deoupled and dynamic energy reference
structures under the optimal tuning, which allows for achieving
a smooth dc power with barely no overshoot and without
compromising the internal energy limits. Also, it is shown
that these three structures exhibit practically the same transient
characteristics. Some non-linearities are observed in the dc
power in Fig. 21b, which may be caused by the current
saturation of the ac current control and the saturation of the
modulation indexes during the transient after the disconnection
of the line. Nevertheless, there is no noticeable overshoot in
the dc power, and the energy deviates only up to around 6%.



VI. CONCLUSION

The buffering feature inherent to the MMC topology can be
used to prevent ac side power disturbances to propagate to the
dc side when operating in grid-forming mode if an adequate
control of its internal energy is performed. As HVDC grids
are likely to experience a growth in the upcoming years, this
mitigation feature becomes crucial in order to preserve the
correct operation of the whole dc system, transiently isolating
sudden power changes that may occur in the different ac
connection points, specially in the case of large and complex
meshed HVDC grids. In this paper, different control structures
for the energy control of the MMC have been explored.
On one hand, this degree of freedom related to the energy
of the MMC can be effectively exploited with the power-
filtered, decoupled and dynamic reference structures. The
power-filtered and dynamic reference options allow for an
intuitive and straightforward control tuning through a single
parameter. Furthermore, it was demonstrated by optimally
tuning the control parameters of these structures with highly
restrictive requirements that these three structures exhibit
equivalent transient performance features. On the other hand,
the coupled structure is not recommended, as it does not
effectively mitigate the propagation of ac side disturbances to
the dc side, bypassing to a greater or lesser extent the energy
buffer of the MMC. Ultimately, it can be concluded that the
grid-forming MMC under the aforementioned optimal tuning
exhibits a high dynamic performance under severe ac power
disturbances, with a small deviation of the internal energy and
a smooth dc power response with a very small overshoot.

APPENDIX A
REFERENCE CHANGE TRANSFORMATIONS

The following matrices are used for the transformations
between the PQ node and the grid-forming MMC ¢d reference
frames as in (20)-(21). Note that the gd components of
the operating point values (x() are expressed in the initial
reference, i.e., grid-forming MMC reference (common frame)
in the case of (36), and PQ node reference (auxiliary frame) in
(37). If more auxiliary gd frames were present in the system
(i.e., due to additional grid-forming MMCs or PQ nodes), xg
in (37) would be expressed in its corresponding frame.

pad _ [cos (6p) —sin(fy) —sin(Op)xd — cos (0y)xd
© 7 |sin(fp) cos(fp)  cos(Bp)xd — sin (fy)xd
(36)
pad—1 _ | cos (6p) sin(6p) —sin(6p)zd° + cos (B)xde
© 7 |—sin(fy) cos(fy) —cos )zl — sin (fp)zde
(37
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