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A B S T R A C T

This short-communication presents a steady-state analysis of a grid-forming Modular Multilevel Converter
(MMC) providing optimal voltage support to the AC network under normal and constrained conditions. The
analysis is performed based on a multi-objective function (OF) optimization problem which prioritizes to
maximize the positive-sequence and to minimize the negative- and zero-sequence voltage components at
the point of common coupling (PCC) while it also considers the minimization of the arm impedance losses,
respectively. If the voltage condition at the PCC is satisfied, the optimization attempts to reduce the arm
impedance losses; otherwise, the algorithm prioritizes the PCC’s voltage components in order to minimize the
error. Different network voltage and internal fault scenarios are evaluated, where it is shown that the suggested
problem formulation can be used to obtain the optimal MMC’s quantities, providing voltage support during
the faults.
1. Introduction

The Modular Multilevel Converter (MMC) has become the most
attractive type of Voltage Source Converter (VSC) to be used in High
Voltage Direct Current (HVDC) transmission systems [1]. In HVDC
applications, the MMC has been mostly applied as a grid-following
converter where AC currents are provided to the network and aligned
with the AC network voltage based on the phase-angle reference given
by a phase-locked loop (PLL) [2]. However, as more renewable energy
generation is integrated with the power system, the MMC is starting
to perform a new role as a grid-forming converter (GFOR) [3]. Un-
der this operation (such as offshore wind farms, interconnection of
asynchronous power systems and islanded grids), the converter must
be regulated in order to keep the voltage magnitude at the point of
common coupling (PCC) equals to 𝑈 = 1 pu with a specified angle
𝜃 [4], as shown in Fig. 1.

Although there are several publications regarding the model and
analysis of the MMC, only few authors have investigated the con-
verter operating as GFOR under fault scenarios [4–6]. The main differ-
ence between grid-following (GFOL) and GFOR operating modes relies
in the fact that in GFOL mode the converter behaves as a current
source, injecting/absorbing active and reactive currents to provide
voltage/frequency support to the network [7]. Whereas in GFOR mode,
the MMC operates as a voltage source, regulating the magnitude and

∗ Corresponding author.
E-mail address: daniel.westerman@upc.edu (D.W. Spier).

phase-angle of the PCC voltage. Consequently, when regulated in GFOR
mode, the MMC must keep the voltage at the PCC balanced and with
magnitude as close as possible to 1 pu. In addition, the MMC must also
maintain its quantities within their design limitations.

However, to the best of the authors knowledge, a generalized con-
trol agnostic optimization-based reference calculation algorithm for
MMCs’ operating in GFOR mode capable of providing optimal grid
support while considering the converters design limitations, has not
been proposed yet. Aiming to cope with such challenges, this short
communication brings the following contributions:

• Formulation of an optimization-based reference calculation for
MMCs operated in GFOR mode to ensure the maximum positive-
sequence voltage and minimal negative- and zero-sequence volt-
age components at the PCC.

• The optimization problem can be modified for different prioriti-
zations, e.g. maximize the mitigation of negative-sequence com-
ponent (attempting to balance the PCC voltage), based on the
grid-code requirements.

• The proposed optimization considers the arms’ and AC current
and voltage limits as well as the SM capacitor voltage maximum
and minimum voltage (to avoid overmodulation).
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Fig. 1. MMC connection as grid-forming converter.
Fig. 2. Scheme of the MMC as grid-forming converter.
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• Different SM topologies can be considered, based on the SM
voltage limits.

This short-communication considers that the MMC is operated as
FOR supplying a passive load that is used to emulate different faults

n the PCC, as shown in Fig. 2. In addition, different AC and DC
nbalanced voltage and internal fault scenarios are simulated in order
o show the suggested optimization model performance. To validate the
roposed analysis, the output values of the optimization are compared
ith an average model of the MMC in time-domain simulations for all

he different case studies.

. Optimal analysis of MMCs in GFOR operations

This section describes the control agnostic optimization problem for
MC operating as GFOR to provide grid voltage support. The multi-

bjective problem is an adaptation of the grid-following optimization
roblem proposed in [7], and it allows the prioritization among the
2

ositive-, negative- and zero-sequence voltage components at the PCC t
and the minimization of the arm impedance losses.1 Furthermore,
the optimization-based reference calculation algorithm assumes that
a cascaded control might be employed to regulate the converter. As
the voltage control action can be ease by assuming a plant in its
design stage, the voltage measurements consider a capacitor impedance
(which can either be from the transmission system line or a physical
one) [3].

2.1. Description of the optimization problem

The optimal analysis is developed considering the phasor notation
𝑋𝑘 = 𝑋𝑘

𝑟 + 𝑗𝑋𝑘
𝑖 = 𝑋𝑘 𝜃𝑘, with 𝑥(𝑡) = 𝑋𝑘Re{𝑒𝑗(𝜔𝑡+𝜃𝑘)} ∀𝑘 ∈ (𝑎, 𝑏, 𝑐).

n this study, the load or source connected to the GFOR converter is
odeled as a constant impedance. It can be noted that a PQ node could

1 Note that for GFOL applications, the objective function would be modified
n order to prioritize the injection/absorption of active and reactive currents
o comply with the grid code requirements.
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be considered by defining the equivalent impedance at nominal voltage
condition using 𝑍𝑘

𝐿 = 𝑈𝑘2
𝑔 ∕

(

𝑃 𝑘 − 𝑗𝑄𝑘).2
The main goal is to keep the PCC positive-sequence voltage as close

s to 1 pu, the negative- and zero-sequence components to 0, through-
ut the operation of the converter while maintaining the MMC’s quan-
ities within their design limits. The OF, linear and non-linear equality
onstraints and the non-linear inequality constraints are described as
𝑘 ∈ (𝑎, 𝑏, 𝑐))

minimize
𝐼𝑘𝑢,𝑙 ,𝐼

𝑘𝐷𝐶
𝑢,𝑙 ,𝐼𝑘𝑠 ,𝐼

𝑘
𝑔 ,

𝑈𝑘
𝑢,𝑙 ,𝑈

𝑘𝐷𝐶
𝑢,𝑙 ,𝑈𝑛0 ,𝑈

+−0

− 𝜆𝑝𝑈
+
𝑔 + 𝜆𝑛𝑈

−
𝑔 + 𝜆𝑧𝑈

0
𝑔+

𝜆𝑙

(

𝑅𝑎

𝑐
∑

𝑘=𝑎

(

𝐼𝑘𝑢
2 + 𝐼𝑘𝑙

2 + 𝐼𝑘𝐷𝐶
𝑢

2 + 𝐼𝑘𝐷𝐶
𝑙

2)
)

(1a)

subject to

𝑈0𝑛 = 𝑈𝑘
𝑔 +𝑍𝑠(𝐼

𝑘
𝑢 − 𝐼𝑘𝑙 ) +𝑍𝑎𝐼

𝑘
𝑢 + 𝑈𝑘

𝑢 (1b)

𝑈0𝑛 = 𝑈𝑘
𝑔 +𝑍𝑠(𝐼

𝑘
𝑢 − 𝐼𝑘𝑙 ) −𝑍𝑎𝐼

𝑘
𝑙 − 𝑈𝑘

𝑙 (1c)

𝐼𝑘𝑠 = 𝐼𝑘𝑢 − 𝐼𝑘𝑙 (1d)

2𝐼𝑘𝑠
(

𝑍𝑘
𝐿 +𝑍𝑠

)

= −𝑈𝑘
𝑢 + 𝑈𝑘

𝑙 (1e)

0 = 𝐼𝑎𝑠 + 𝐼𝑏𝑠 + 𝐼𝑐𝑠 (1f)

0 = 𝐼𝑎𝑢 + 𝐼𝑏𝑢 + 𝐼𝑐𝑢 (1g)

𝐼𝑘𝑔 = 𝐼𝑘𝑠 − 𝑈𝑘
𝑔∕𝑍𝐶𝑎𝑐

(1h)

0 = 𝐼𝑎𝑔 + 𝐼𝑏𝑔 + 𝐼𝑐𝑔 (1i)

𝑈𝐷𝐶
𝑢 + 𝑈𝐷𝐶

𝑙 = 𝑈𝑘𝐷𝐶
𝑢 + 𝑈𝑘𝐷𝐶

𝑙 + 𝑅𝑎
(

𝐼𝑘𝐷𝐶
𝑢 + 𝐼𝑘𝐷𝐶

𝑙
)

(1j)

0 = 𝐼𝑘𝐷𝐶
𝑢 − 𝐼𝑘𝐷𝐶

𝑙 (1k)

𝐼𝐷𝐶
𝑡𝑜𝑡 = 𝐼𝑎𝐷𝐶

𝑢 + 𝐼𝑏𝐷𝐶
𝑢 + 𝐼𝑐𝐷𝐶

𝑢 (1l)

2
(

𝑈𝑎𝐷𝐶
𝑢 − 𝑈𝑎𝐷𝐶

𝑙
)

=
(

𝑈 𝑏𝐷𝐶
𝑢 − 𝑈 𝑏𝐷𝐶

𝑙 + 𝑈 𝑐𝐷𝐶
𝑢 − 𝑈 𝑐𝐷𝐶

𝑙
)

(1m)

0 =
(

𝑈 𝑏𝐷𝐶
𝑢 − 𝑈 𝑏𝐷𝐶

𝑙 − 𝑈 𝑐𝐷𝐶
𝑢 + 𝑈 𝑐𝐷𝐶

𝑙
)

(1n)

𝑃 𝑘
𝑢→𝑙 = Re

{

𝑈𝑘
𝑢𝐼

𝑘
𝑢 − 𝑈𝑘

𝑙 𝐼
𝑘
𝑙
}

(1o)

𝑃𝑎→𝑏 = Re
{(

𝑈𝑎
𝑢𝐼

𝑎
𝑢 + 𝑈𝑎

𝑙 𝐼
𝑎
𝑙
)

−
(

𝑈 𝑏
𝑢𝐼

𝑏
𝑢 + 𝑈 𝑏

𝑙 𝐼
𝑏
𝑙
)}

(1p)

𝑃𝑎→𝑐 = Re
{(

𝑈𝑎
𝑢𝐼

𝑎
𝑢 + 𝑈𝑎

𝑙 𝐼
𝑎
𝑙
)

−
(

𝑈 𝑐
𝑢𝐼

𝑐
𝑢 + 𝑈 𝑐

𝑙 𝐼
𝑐
𝑙
)}

(1q)

0 =
𝑐
∑

𝑘=𝑎

[

Re
{

𝑈𝑘
𝑢𝐼

𝑘
𝑢 + 𝑈𝑘

𝑙 𝐼
𝑘
𝑙
}

+ 𝑈𝑘𝐷𝐶
𝑢 𝐼𝑘𝐷𝐶

𝑢 + 𝑈𝑘𝐷𝐶
𝑙 𝐼𝑘𝐷𝐶

𝑙

]

(1r)

𝑈𝑔 ⩽ 𝑈𝐴𝐶
𝑚𝑎𝑥 (1s)

𝐼𝑘𝑠 ⩽ 𝐼𝐴𝐶𝑚𝑎𝑥 (1t)

𝐼𝑘𝑢,𝑙 + 𝐼𝑘𝐷𝐶
𝑢,𝑙 ⩽ 𝐼𝑎𝑟𝑚𝑚𝑎𝑥 (1u)

𝑈𝑘
𝐶𝑢,𝑙𝑚𝑎𝑥

⩽ 𝑈𝐶𝑚𝑎𝑥
(1v)

0 ⩽ 𝑈𝑘
𝑢,𝑙 + 𝑈𝑘𝐷𝐶

𝑢,𝑙 ⩽ 𝑈𝑘
𝐶𝑢,𝑙𝑚𝑖𝑛

(1w)

where, 𝑍𝑘
𝐿 is the output impedance of phase 𝑘 which can be modified

in order to emulate different faults in the PCC, 𝑍𝑠 is the phase reactor
mpedance, the arm impedance is given as 𝑍𝑎 and 𝑍𝐶𝑎𝑐

is the filter
impedance.3 The OF, given in (1a), consists of four terms with different
priorities in which three of them are used to regulate the PCC’s voltage
and one is employed minimize the arm impedance losses. The priorities
used in this short-communication are set as 𝜆𝑝 ≫ 𝜆𝑛 ≫ 𝜆𝑧 ≫ 𝜆𝑙. Eqs.
(1b)–(1i) describe the AC current and voltage relations, whereas (1j)–
(1n) are the DC current and voltage equalities. The amount of power
transfer between the upper and lower arms of the converter as well as
among the phase-legs of the MMC is regulated through (1o)–(1q) based

2 Note that negative resistance would be obtained for the generation source
ase.

3 For RL filters, the same optimization formulation could be used. The main
ifference is that the negative term in (1h) would be equal to zero.
3

on the inputs (𝑃 𝑘
𝑢→𝑙, 𝑃𝑎→𝑏 and 𝑃𝑎→𝑐 . Under normal operations, these

values are equal to zero. However, during transients, they might present
variations that must be regulated to avoid tripping the converter’s
protection system. In this analysis, such power difference values are set
to be equal to 0. Expression (1r) ensures that the sum of the average
AC power in all the converter’s arms is equal to the sum of the DC
power; thus, steady-state conditions are achieved. Finally, (1s)–(1w)
limits the PCC’s voltage (1s), the currents flowing through the AC-side
and arms (1t)–(1u), the maximum allowed voltage in the equivalent
arm capacitors (1v), and the maximum and minimum voltages to be
applied in the arms of the converter (1w). Note that, the sub-modules
(SMs) are based on half-bridge structures; thus their minimum allowed
value is equal to 0. If different SM technology was considered (e.g. full-
bridge), negative voltages could be applied into the converter’s arms.
The methodology employed to obtained expressions (1v) and (1w) is
discussed in [7].

2.2. Implementation of the optimization algorithm in real-time applications

The suggested optimization-based reference calculation for MMCs
operating in GFOR mode can be potentially integrated with the differ-
ent converter’s controllers in two manners. The first approach assumes
that the optimization is executed offline (see Fig. 3a). The multiple
MMC’s reference outputs for the distinct operating points simulated
offline are stored as a data table in the processor’s memory. Thus,
depending on the system’s conditions, the device can interpolate the
desired reference to be sent to the controller’s value based on the
stored data. Although such approach can be used with the non-linear
optimization algorithm, it might lead to errors depending on the size
of the data-table (limited by the memory available in the processor).

The second method would be to run the optimization in an online
manner, as shown in Fig. 3b. Under this control method, the algorithm
receives the HVDC system data and calculate the optimal references to
be used by the MMC’s regulators in real-time. Nevertheless, the pro-
posed optimization problem in this paper is highly non-linear, leading
to high computational burden. To cope with this issue, linearization
techniques could be implemented in order to reduce the computational
burden as done in [8] for GFOL applications.

3. Results

This section presents the results obtained when the proposed op-
timization algorithm is employed to calculate the references for grid-
forming MMCs operating under different fault and constrained sce-
narios. The results obtained with the optimization are applied to an
average model of the MMC and its time-domain responses are compared
to validate the optimization problem and to confirm that the MMC’s
limitations are respected. The parameters used for the different cases
studies are given in Table 1, based on the MMC-HVDC interconnection
between Spain and France [9]. The desired reference voltage level in
per-unit at the PCC is equal to 𝑈𝑔 = 1 0◦ pu.

.1. Case study A: Unbalanced AC-side voltage sag

In this case study, the fault impedances 𝑍𝑘
𝐿 are emulating a type

C fault with 𝑉 = 0.1 pu [10] by assuming 𝑍𝑎
𝐿 = 1.0467 6.009◦ pu

and 𝑍𝑏
𝐿 = 𝑍𝑐

𝐿 = 0.2696 6.009◦ pu. The PCC voltages resultant from
the optimization algorithm are equal to 𝑈+

𝑔 = 0.469 −1.263◦ pu, 𝑈−
𝑔 =

0.186 −1.263◦ pu and 𝑈0
𝑔 = 0. Such unbalanced behavior is due to

the higher prioritization of the positive-sequence component over the
negative-sequence one. As it can be in Fig. 4, the optimization is unable
to provide extra voltage to the PCC as the AC grid currents for phases 𝑏
and 𝑐 are already achieving their maximum magnitude. Higher voltage
levels in the PCC would cause such phase currents to exceed their
allowed values, which may damage the transformer. Furthermore, it
can also be noted that the optimization response (continuous line) is in
close agreement with the converter response (dashed line) confirming
the applicability of the optimal steady-state model.
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Fig. 3. Potential implementation of the proposed optimization-based reference calculation with the converter’s controller in real-time.
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Table 1
System parameters for the online optimization.

Parameter Symbol Value Units

Rated power 𝑆 1000 MVA
Rated power factor cos𝜙 0.95 (c) –
Rated AC-side voltage (line-line RMS) 𝑈𝑔 325 kV
HVDC link voltage 𝑈𝐷𝐶 ±320 kV
Phase reactor impedance 𝑍𝑠 0.005 + j 0.18 pu
Arm reactor impedance 𝑍𝑎𝑟𝑚 0.01 + j 0.15 pu
Converter modules per arm 𝑁𝑘

𝑢,𝑙𝑎𝑟𝑚
433 –

Sub-module capacitance 𝐶𝑆𝑀 9.5 mF
Optimal weighting factors 1 𝜆𝑝 1 –
Optimal weighting factor 2 𝜆𝑛 10−2 –
Optimal weighting factor 3 𝜆𝑧 10−3 –
Optimal weighting factor 4 𝜆𝑙 10−5 –
Maximum MMC arm current 𝐼𝑎𝑟𝑚

𝑚𝑎𝑥 1.1 pu
Maximum AC grid current 𝐼𝐴𝐶

𝑚𝑎𝑥 1.1 pu
Maximum equivalent’s arm cap. voltage 𝑈𝑘

𝐶𝑢,𝑙𝑚𝑎𝑥
1.2 pu

Minimum equivalent’s arm cap. voltage 𝑈𝑘
𝐶𝑢,𝑙𝑚𝑖𝑛

0.8 pu
4

3.2. Case study B: HVDC voltage unbalance

For this case study, it is considered that AC side of the converter is
operated under normal conditions with 𝑍𝑎

𝐿 = 𝑍𝑏
𝐿 = 𝑍𝑐

𝐿 = 1.0467 6.009◦

u and with an active power exchange of 1 pu. For the HVDC side,
he upper pole is also operated without any contingency whereas the
oltage level of the lower HVDC pole suffers a voltage drop (from 320
V to 220 kV). As it can be seem in Fig. 5, the AC side and arm currents
re not reaching their limits. However, due to the characteristics of
he fault and considering the sub-modules structures, the arms’ applied
oltages achieve their minimum allowed value. Due to the voltage
imitation caused by the DC pole unbalance, the PCC voltage cannot
each 1 pu, being equal to 𝑈+

𝑔 = 0.955 0◦ pu and 𝑈−
𝑔 = 𝑈0

𝑔 = 0.

3.3. Case study C: Saturation in the MMC’s arm voltage

The goal of this case study is to analyze and confirm that the
optimization algorithm is capable to operate under arm constrained
conditions. To do so, it has been considered that the number of avail-
able SMs in the lower arm of phase 𝑎 has been reduced from 433 to 350.
Although such condition in real applications might be extreme, the re-
sults show that the proposed optimization algorithm can converge in a
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Fig. 4. Time-domain comparison for an unbalanced voltage sag type C.
Fig. 5. Time-domain waveforms for an HVDC unbalanced voltage condition with 𝑈𝐷𝐶
𝑢 = 320 kV and 𝑈𝐷𝐶

𝑙 = 220 kV.
solution that can maintain the MMC operating even in such constrained
scenario. As it can be observed in Fig. 6, the output voltage for phase 𝑎
suffers the biggest reduction as it is the phase directly affected by such
condition. Furthermore, since the optimization attempts to achieve
values as close as possible to unsaturated values, it increases the voltage
levels in the upper and lower arms of phases 𝑏 and 𝑐. However, in order
to avoid overmodulations, these voltage levels cannot exceed the values
equal to their respective minimum equivalent arm capacitor voltage.
Although there is a 20% reduction in the number of available SMs, the
algorithm is capable of synthesize reasonable positive-sequence voltage
with relatively low negative-sequence voltage levels. Finally, the PCC
5

voltage levels under such event are equal to 𝑈+
𝑔 = 0.742 2.344◦ pu,

𝑈−
𝑔 = 0.215 −177.65◦ pu and 𝑈0

𝑔 = 0.

3.4. Case studies summary

In Fig. 7, the PCC voltage phasors in the 𝑎𝑏𝑐 frame for the different
case studies are depicted. In case study A, the grid-forming voltages
present unbalanced characteristics, in which the magnitude of the
voltages is more affected than the phase-angle displacement among the
phases. For case B, the PCC voltages present a balanced profile. As the
fault occurs in phase 𝑎 for case study C, the voltage level of this phase is



International Journal of Electrical Power and Energy Systems 153 (2023) 109281D.W. Spier et al.

a
i
c

4

M
b
p
p
v
t
a
n
t
b
o
w
o

Fig. 6. Time-domain waveforms considering an unbalanced number of available arms in the MMC with 𝑁𝑎
𝑙𝑎𝑟𝑚

= 350, 𝑁𝑎
𝑢𝑎𝑟𝑚

= 433 and 𝑁𝑏,𝑐
𝑢,𝑙𝑎𝑟𝑚

= 433.
Fig. 7. PCC voltage phasors for the different case studies analyzed.
the one with the highest reduction in comparison to the other phases 𝑏
nd 𝑐. Finally, the PCC voltage has unbalanced characteristics as some
nternal quantities of the converter have achieved their limitation (see
ase study C).

. Conclusion

In this short-communication, an equilibrium analysis of a GFOR
MC providing optimal voltage support to the network under un-

alanced network voltage conditions and internal faulted scenarios is
resented. The multi-objective algorithm prioritizes to maximize the
ositive-sequence voltage at the PCC while minimizing the remaining
oltage components, as well as, the arm impedance losses. To validate
he suggested model, time-domain simulations comparing the model’s
nd the converter’s responses during different AC and DC unbalanced
etwork voltage and constrained conditions are performed. In addition,
he results indicate that the suggested optimal steady-state model can
e potentially used to obtain the converter’s references. Finally, based
n this initial study, linearization techniques can be employed in future
ork in order to integrate such algorithm with the different controllers
6

f the MMC to be solved in real-time.
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