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Abstract

The paper addresses an optimization-based algorithm to calculate the references of the Modular Multi-
level Converter (MMC) during normal and constrained scenarios (when the prioritization of quantities
is required). The optimization problem prioritizes to satisfy the positive- and negative-sequence ac-
tive and reactive current set-points demanded by the Transmission System Operator (TSO) through the
corresponding grid code. If the TSO’s requirements are achieved, the algorithm minimizes the arm
impedances losses. Otherwise, it attempts to reduce the error between the current components and the
TSO’s current set-points. The optimization-based current reference calculation is derived based on the
steady-state equations of the MMC, considering the maximum currents that can flow through the MMC’s
arms, the maximum and minimum arm applied voltages and the maximum sub-module capacitor’s volt-
age. Simulation in the time-domain have been conducted and the results indicate that this method can be
potentially employed to calculate the converter’s references during both normal and faulted conditions.
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Introduction

The modular multilevel converter (MMC) has become the selected choice for High Voltage Direct Cur-
rent (HVDC) systems, due to its lower switching frequencies, higher output voltage quality and easier
adaptation to higher voltages compared to two- and three-level Voltage Source Converters (VSC) [1].
The MMC has additional degrees of freedom that must properly exploited in order to not only improve
the converter’s performance during AC network voltage sags [2], but also to meet with the grid code
requirements (in terms of active and reactive current components to be injected into the AC grid dur-
ing such faults). Relevant previous works have been done regarding the steady-state analysis of the
converter’s quantities during normal and faulted scenarios [3—6], but limited references can be found



when the grid operator constraints (for active and reactive current injection during AC grid faults) are
considered throughout the steady-state modelling.

In this paper, a multi-objective optimization-based steady-state model of the MMC is introduced to cal-
culate the converter’s current references. Such optimization algorithm can be employed under different
AC and DC network voltage conditions, where both the grid code restraints and the MMC’s design lim-
its are considered and respected. To validate the suggested method, different case studies are presented
comparing the outputs obtained from the steady-state model with the time-domain simulations of the
converter.

MMC system description

The schematic model of the three-phase MMC is shown in Fig. 1. The converter has three phase-legs,
in which each one consists of two stacks of N, sub-modules (SMs), also known as upper and lower
arms. Due to its simplicity and lower costs, the half-bridge topology is widely employed as the SMs
structure in MMC-HVDC applications [7]. For steady-state modelling purposes, the phasor notation
Xk =Xk + jxk = x*/6k will be adopted, with x(¢) = XkRe{ef(“”+9k)} Vk € (a,b,c). The main quantities
of interest for each phase can be summarized as: the AC grid voltages U’ ’é‘,; the upper and lower arms
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grid current L’v‘; the arm impedances R, and L,; the grid equivalent resistance and inductance R; and Lg;
and the sub-module capacitors Csy,.
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Fig. 1: Complete model of the MMC converter.

Description of the optimization problem

In this section, an optimization algorithm is introduced to calculate the MMC’s quantities during bal-
anced and unbalanced AC network scenarios ensuring that its internal quantities are kept within its limits.
The optimal model is based on the converter analysis derived in [8], which considers that both the AC and
DC networks can be either in balanced or unbalanced voltage conditions. The model also assumes that
the values for the AC grid voltages U, é‘ and the positive- and negative- sequence components of the active
I ; " and reactive I; " currents to be injected by the MMC are known parameters. Whereby the former
current magnitudes are imposed based on the Transmission System Operator (TSO) requirements and
are calculated assuming the positive- and negative-sequence voltage components of the AC grid U; .
The general optimization problem can be mathematically described as
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where, the objective function, given in (1), consists of the term regarding the arm impedance losses
plus four coefficients, o™~ and B, which are employed to regulate the levels of positive- and negative-
sequence active and reactive current components to be injected/absorbed by the AC grid, respectively,
in order to comply with the grid operator requirements. These coefficients and term are be prioritized
according to the values used in the optimal weights 7»,;,7 It and Aj,gses. This paper adopts 7L,q+ > 7‘1; >
7»,; > 7»,]; > Ay; thus, the highest priority is given to the reactive currents followed by the active currents
(the positive-sequence has higher priority for same current component), and by the inductance losses.
The terms in (1) which have positive signs are minimized by the optimization, whereas the negative
ones are maximized. Therefore, the algorithm attempts to minimize both losses and negative-sequence
current components and to maximize the positive-sequence current components. Following, the linear
and nonlinear optimization constraints are presented in the form of equalities and inequalities constraints
that are used to ensure the fulfilment of the converter’s technical restrictions.

Equality constrains

In this section the equality constraints which the objective function in (1) is subjected to are derived.
However, such constraints must consider not only the Transmission System Operator’s (TSO) active
I, and reactive I, current set-points demands but also the converter’s limits. Next, the procedures to
mathematically describe the MMC voltages and currents (calculated based on the grid-code requirements
and physical limitations of the converter) are given, and are part of the optimization problem (see (1)).
In order to obtain such equations, the superposition principle is employed allowing the AC and DC
quantities to be decoupled into two different circuits (see Fig. 2) and analyzed separately.
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Fig. 2: AC and DC circuit models of the MMC.
AC equality constraints based on circuit analysis

The AC model of the MMC is shown in Fig. 2a, which is obtained by short-circuiting the DC network
and assuming that the arms’ voltages have purely AC components. By applying Kirchhoff Current and
Voltage Laws (KCL and KVL) in the circuit, the AC current and voltage relations can be obtained as
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where, Uy, is the voltage drop across the 0 DC reference node and the neutral n of the AC three-phase
system and, Z, and Z,, are the phase reactor and MMC’s arm impedances, respectively. The final equation
of the AC model prevents the undesired circulation of AC currents through the DC network. This can be
mathematically imposed by assuming that the sum of the upper arm’s currents is equal to zero, shown as
follows

L+I+15=0 ®)

DC equality constraints based on circuit analysis

The DC analysis of the MMC is derived similarly to the one performed for the AC model. Short-
circuiting the AC voltage sources, the DC scheme of the converter can be obtained as it is shown in Fig.
2b. Applying KVL and KCL to the DC circuit, the following relations can be obtained
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where (6) describes the DC voltages in the converter, (7) is employed to ensure that no DC voltages are
reflected into the AC side of the converter. In addition, (8) indicates that no DC currents flow into the
AC grid and (9) express the total DC current of the system.

AC equality constraints based on TSO’s requirements

The magnitude of the AC grid current I¥ (which used in the optimization problem) can be related to
the active and reactive current set-points demanded by the TSO, as shown in (10). Furthermore, the grid
operator may require additional injection of active or reactive currents, according to the magnitude of the
positive- and negative-sequence components of the AC grid voltages UgJr " during a voltage sag event, in
order to provide frequency [9] or voltage [10] supports. However, the final magnitude of I* to comply
with the grid code demands may exceed the converter’s design limits. Therefore, the parameters (ot~
and BT 7) are used not only to adapt the amount of active and reactive currents to be injected (in case of
the AC grid current magnitude to reach its limit) but also to allow the prioritization among such current
components. Under normal conditions, all the coefficients should be equal to 1, but for other operating
conditions, o™~ and B~ must be adjusted by the objective function (see (1)) in order to comply with
the mentioned constraints.
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where 8" and 6~ are the AC network phase-angles for the positive- and negative-sequence components,
. » 2
respectively, and p = el

Non-linear equality constraint

The final equality constraint required by optimization problem defines the power balance within the stor-
age units of the MMC. To hold steady-state conditions, the AC and DC active power exchanged within
the halves of the converter should be equal; thus the stored energy in each arm of MMC are balanced
(neither charging or discharging the equivalent arm capacitors). This condition can be mathematically
described as follows

kAC kDC k 7k k gk kDC ykDC
Pu,l = Pu,l - Uu.lrIuJ, + Uu,l,-lu,li = Uu,l Iu,l (1 1)
Inequalities

The voltage and current limitations of the converter are established by different inequality constraints
which are expressed as
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where 7A€ and I¢™ are the maximum allowed currents that can circulate through the AC grid and the
MMC’s arms, respectively, whereas Uc, . is the peak voltage level accepted into the equivalent arms’
capacitors voltage. The terms Ugu‘lm and Uéu I in (12b) and (12c¢) are calculated based on [8], and
they are used to ensure that the equivalent arm,capacitors do not exceed their maximum voltage levels

and to avoid over-modulations. Finally, (12d) limits the optimal coefficients.

Case Study

In this section, the results of the suggested optimal reference calculation method are shown for balanced
and unbalanced AC grid voltage sag conditions. The optimization results are obtained with Matlab®
using fimincon which are later applied to an average model of the MMC in Matlab Simulink®. The
time-domain responses of the converter and the optimization outputs are compared in order to verify the
applicability of the proposed algorithm. The system parameters for the case studies are similar to the
ones used in [8] and the optimal weights are A+ = 106, A = 103, Ay =10 = 1073 and A, = 107°.

In Fig. 3, time-domain simulations of the MMC for balanced and unbalanced voltage sags are shown.
It can noted that all quantities obtained by the optimization algorithm are in close agreement with the
ones from the averaged model of the converter and kept within their design limits. In Fig. 3a, it is
considered that the AC network is operated under balanced conditions, but the MMC’s upper DC pole
suffers a voltage drop equals to 15% (from 320 kV to 272kV). In Fig. 3b, a three-phase balanced fault
is displayed and it can be observed that the reactive power of the AC grid presents a negative value
(indicating the injection of reactive current), whereas the active power is equal to zero (since full reactive
support is provided and such component is prioritized during the fault). For Figs. 3c and 3d , different
unbalanced AC voltage sags are depicted whereby the converter is also providing full support to the grid.
However, due to the unbalanced characteristics of the fault, the reactive current injected into the grid
contains both positive- and negative-sequence components. Based on the magnitude of U; " and the
priorities selected in (1), full voltage support is provided by I", while partial support is given through
the negative-sequence /.

Conclusions

In this paper, an optimization-based steady-state model of the MMC was derived to calculate the con-
verter’s references considering its design limitations and the grid code constraints (regarding active and
reactive power injection during AC grid voltage sag scenarios). To validate the algorithm, the optimiza-
tion outputs are compared with the MMC'’s time-domain responses for different types of faults. For all
the cases, the suggested method was able to meet the grid operator requirements while maintaining the
converter’s quantities within its limits.
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