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Abstract—The paper addresses a real-time optimization-based
reference calculation integrated with a control structure for
Modular Multilevel Converters (MMC) operating under normal
and constrained situations (where it has reached current and/or
voltage limitations, as it may occur during system faults). Firstly,
a nonlinear optimization problem has been developed in which
it prioritizes to satisfy the AC grid current set-points imposed
by the transmission System Operator (TSO). The constrained
nonlinear optimization problem is formulated based on the
steady-state model of the MMC, whereby the prioritization is
achieved through distinct weights defined in the Objective Func-
tion’s (OF) terms. The resultant optimization problem, however,
is highly nonlinear requiring high computation burden to be
solved in real-time. To cope with this issue, this paper applies
a Linear Time-Varying (LTV) approximation, which permits
to represent the nonlinear dynamics of the system as constant
parameters, while a Linear Time-Invariant (LTI) system is used
to formulate the optimization constraints. The converter’s current
references are determined in real-time by solving a constrained
linearized optimization problem at each control time step, which
considers the TSO’s demands, the current MMC operating point
and its physical limitations. Theoretical analyses comparing the
responses of the linear and nonlinear optimization problems are
performed to validate the accuracy of the LTV approximation.
Finally, the linearized-optimization problem is integrated with the
MMC controllers, evaluated under different AC and DC network
conditions and compared with conventional control strategies,
where it is shown that the presented method can be potentially
employed to obtain the MMC current references for distinct
network scenarios.

Index Terms—Modular multilevel converter (MMC), real-time
optimization reference calculation, real-time saturations, reactive
power control.

I. INTRODUCTION

MONG the different topologies of Voltage Source Con-

verters for High Voltage Direct Current (VSC-HVDC),
the MMC has emerged as the preferred choice due its superior
efficiency, easier voltage scalability and reduced AC output
voltage harmonics [1], [2]. Compared to classical two- and
three-level VSCs, MMCs, on the one hand, allows the powers
from the AC and DC sides to be controlled independently
[3]. On the other hand, it presents an important increment in
the number of degrees of freedom that must be considered
during the modelling and control stages in order to maintain
the proper operation of the converter, especially during AC
and DC network voltage unbalances [4].

Industrial practices given by Cigre suggest that the MMC’s
controllers should regulate the AC network currents, the cir-
culating currents and the internal energy of the converter [5].
Under balanced grid conditions, traditional control strategies

such as the circulating current suppressing control (CCSC)
[6] can be used to keep the MMC’s quantities close to
their nominal values. But under scenarios where energy de-
viations occur for instance, during AC/DC power set-points
changes, the CCSC may present lower performance compared
to strategies that regulate the MMC’s SM capacitors energies
[7]. Nevertheless, during unbalanced AC and/or DC faults,
several quantities of the converter are importantly affected. The
internal states of the converter must be properly compensated
in order to maintain the system operating accordingly to the
network operator requirements (e.g. providing frequency or
voltage support to the grid) without transgressing the physical
limitations of the converter.

Previous works in the research literature have addressed the
modelling and control of the MMC in order to mitigate net-
work fault effects [8]. The CCSC strategy has been improved
in [9], but still the internal energy balancing of the converter is
disregarded. To overcome such issue, different control meth-
ods are proposed in [10]-[15]. Authors in [10] employed a
multi-hierarchy control strategy targeting the energy mismatch
between the upper and lower arms of the MMC. Similarly,
[11], [12] analysed the energy unbalance among the phase-
legs of the converter. Although the previous works have merits,
there is still a need to combine their approaches to consider
both phase-legs’ and upper and lower arms’ energy disparity.
Reference [14] addressed this matter, but it disregarded the
influence of the negative-sequence current component circulat-
ing through the converter during unbalanced faults. Differently,
[15] included such current component in its control strategy,
but neglected the effects of the AC network and the arm
impedances in order to simplify the mathematical derivations.

Focusing on enhancing the performance of the MMC,
several authors employed optimization algorithms as part of
the control strategy. By doing so, the internal energy and
circulating current limitations of the converter can be easily
imposed in the formulation of the problem. In [16], [17],
different optimization problems are developed targeting the
internal energy balancing and optimizing the circulating cur-
rents, which are later used in the control strategy. However,
due to their high nonlinear characteristics (resulting in high
computational burden), these models have to be used in an
offline manner. Thus, the control variables required from the
optimal algorithm are calculated prior their application into
the real system. Further improvements can be achieved if
the optimization problem can be solved in real-time. In [18],
a real-time linear matrix inequality optimization problem is



integrated with conventional AC grid and internal energy
control strategies. But, the controller cannot compensate the
MMC’s internal energy producing undesired sustained devi-
ations during unbalance AC faults. Model Predict Control
(MPC) is also a potential candidate to optimize the MMC'’s
operation. In [19], [20], different MPC methods are used to
regulate the MMC during AC unbalanced faults. Although they
elaborate a comprehensive control method for the AC grid
current, the internal energy balancing is disregarded.

The different approaches presented above share similar
AC grid current control methods which only considers the
injection of positive-sequence active current component even
during AC network voltage sags. Under these faults, the
MMC must comply with the TSO’s Fault Ride-Through (FRT)
requirements, providing additional support to the network (e.g.
frequency or voltage supports), by either injecting and/or
absorbing active and/or reactive current components. Although
these requirements are imposed by the TSOs of each country,
in accordance to the European Network of Transmission Sys-
tem Operators (ENTSO-E) [21], there is a limited number of
publications addressing this issue in HVDC systems. In [22],
a voltage support control strategy is introduced, but it only
deals with balanced AC network fault scenarios. Unbalanced
scenarios are analyzed in [23], whereby the control strategy
consisted in disabling the positive active and reactive current
components to maximize the negative part. Reference [24]
considered both positive and negative components during the
fault. Still, the prioritization proposed by [24] makes the MMC
to exceed its AC grid current limits during transients. Authors
in [25] introduced an optimization-based current reference
calculation to compute the optimal references of the converter
considering its design limitations. However, it performs the
prioritization in the abc reference frame, which may be more
challenging to impose the grid-code requirements (given based
on symmetrical components). It also disregards the power
transfer with the arms and phase-legs of the converter and
requires high computational burden.

To the best of the authors knowledge, a real-time
optimization-based reference calculation algorithm integrated
with a control for MMC-HVDC stations to provide adequate
support to a faulted network while considering the converter
limitations has not been proposed yet. Aiming to address
these challenges, this manuscript brings the following main
contributions:

« Formulation of an optimization-based control strategy to

ensure that the positive- and negative-sequences of the
AC grid’s active and reactive components are as close as
possible to the grid code requirements, without exceeding
the MMC’s limits.

e The MMC’s DC and AC circulating current components

are limited simultaneously for each arm of the converter.

« The power mismatches between the converter’s upper and

lower arms, as well as among the phase-legs are consid-
ered simultaneously in the formulation of the algorithm.

o The computational burden of the algorithm is reduced by

performing an LTV approximation of the system model.
It is shown that this approach reduces the convergence
time more than one order of magnitude compared to a

nonlinear formulation; making the real-time implementa-
tion of the algorithm feasible.

o Definition of an strategy to achieve a seamless transition
between the optimized and a conventional reference gen-
erator in the event that the optimization does not converge
in the allowed time.

The proposed linearized optimization-based reference calcu-
lation algorithm integrated with the MMC'’s control strategy
is analyzed theoretically and through detailed time-domain
simulations. Section II describes the optimization problem,
Section III performs a qualitative comparison between the
nonlinear model and its linear equivalent (described in Section
II-C). The transition between the optimized and a conven-
tional reference calculation for cases where the optimization
algorithm cannot find a solution within the specified time is
discussed in Section IV. In Section V different cases studies are
analyzed in order to validate the performance of the proposed
linearized optimization algorithm for real-time applications.
Section VI compares the proposed method with conventional
MMC control strategies. Finally, the conclusions are drawn in
Section VII.

II. DESCRIPTION OF THE OPTIMIZATION PROBLEM

This section describes the formulation of the optimization
problem and the simplification applied to reduce its computa-
tional burden for real-time applications. It is first shown that
the analysis of the MMC system leads to set of nonlinear
equations. Thus, the preliminary nonlinear formulation of the
optimization of the system is presented. Next, the LTV approx-
imation is employed into the nonlinear model, which permits
to formulate the optimization as a standard linear quadratic
problem (QP) reducing the computational complexity. The
schematic of the MMC is shown in the left-part of Fig. 1, in
which u* ; and z’,j ; represents the arms’ voltages and currents,
u’; and zf are the AC network voltages while Uflc are the
HVDC link voltages, respectively. The arm and equivalent
network impedances (used during the modelling derivation)

are given as R,, L, and Ry, L, respectively.

A. Nonlinear model of the MMC

For the nonlinear model, the phasor notation X' —

XF 4+ jXxF = Xk/9* will be adopted, with z(t) =

. k

XFkRe{e/@t9)1 Y € (a,b,c). The steady-state mathemati-
cal equations of the MMC can be described as
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Fig. 1. MMC model with the proposed optimal control conceptualization.
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with p = &’ 5,0t being the AC grid voltage positive-
and negative-sequences phase-angles and [p+ '~ and Iq+ T as
the positive- and negative-sequence active and reactive current
components set-points to be injected/absorbed by the AC net-
work which are demanded by the TSO, respectively. Equations
(la-1e) and (11-1m) describe the AC and DC currents and
the AC voltages in the converter, already included in the
optimization problem in [25]. Expressions (1f-1g) are used

to calculate the AC network current levels. Note that the
coefficients o™~ and 87~ are used to adequate the amount of
active and reactive currents to be injected/absorbed by the AC
network in order to avoid the converter to exceed its physical
limitations. In addition, the values of these four coefficients
have a direct effect on the AC grid current magnitudes and an
indirect impact on other internal quantities of the MMC, which
may cause them to exceed their limits. Thus, the selection of
o™~ and 87~ is performed by an optimization algorithm (see
Section II-B). Next, (1h-1p) introduce terms not accounted in
[25]. Where, (1h) describes the steady-state condition, (1i-1k)
define the power differences between arms and phase-legs and
(In-1p) characterize the DC voltages in the converter while
eliminating possible DC voltages into the AC grid.

B. Nonlinear optimization problem

The multi-objective nonlinear optimization problem that
enables the prioritization among the positive- and negative-
sequence components of the active and reactive AC grid cur-
rent and, at the same time, ensures that the MMC’s quantities
are kept within their design limits is given as follows

max
k kDC k
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0<a <1, (2g)

0< B, (2h)

0<B7<1 (21)

where, the OF, given in (2a), consists of four coefficients,
a™~ and BT, 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, respec-
tively, in order to comply with the grid operator requirements.
These coefficients are be prioritized according to the values
used in the optimal weights A; +.- j +.-. The optimal weights
in this paper have been chosen based on the performance of the
reactive current injection/absorption after running extensively
simulations considering different faults and several different
weights’ combination. It was observed after those tests that the
optimal performance that eases the prioritization and improve
the convergence time it is when factor of at least 1073,
regarding each A, is used. Then, in order to provide optimal
voltage support to the network during AC network faults, the
optimal weights are selected as A o> A > A o> A I I
The equality constraints are set in (2b) and are based on

'Under unbalanced faults which require the injection of the positive-
sequence and the absorption of the negative-sequence reactive components,
the positive-sequence current to be injected will be 90° leading the phase-
angle of U;' , whereas the current to be absorbed for Uy must be lagging 90°
in order to mitigate its asymmetric effects. For grid operators that prioritize
the active current injection (e.g. [26]), the relation should be modified as
>\+,— < )\“'»—

q P



the nonlinear steady-state model of the MMC (see Section
II-A). The maximum allowed current in the AC network and
through the MMC’s arms are imposed in (2c-2d) by setting
the magnitudes of IZ1C, and I2™, respectively. Since half-
bridge SMs are considered in this analysis, the lower limit in
(2e) is set as 0, as it is not possible to synthesize negative
voltages. Nevertheless, negative values could be considered if
full-bridge SMs were employed. Constraints (2f-2i) establish
the maximum and minimum allowed values for the optimal
weights o™~ and 87 ~. Under normal conditions, these four
quantities are equal to 1, but depending on the AC and
DC network voltage conditions, their levels might change in
order to meet the MMC limitations. This manuscript takes as
study case the specifications of the Spanish TSO [27], whose
requirements are to maximize the injection of reactive current
during AC grid voltage sags. The magnitude of the additional
reactive current component AJ,. to be injected/absorbed by the
grid varies according to the RMS voltage levels at the PCC as

Uminl < Ug < U’ma:l;l — AI’I‘ =0 (33-)
Al Umin1 — U,
UminQ < Ug < Uminl — AIT = Tmaz( minl g) (3b)
Uminl - U’minQ
Ug < Umin2 — AI’I‘ = Alrmaz (30)

where the values of Unints Umazls Umine and Al,,.. are
defined by the grid operator.
C. Linearization of the optimization problem

Although most of the equations presented in Section II-B are
linear, the internal energy balance of the converter (1i-1k) and
the overall energy balance of the system (1h) present a strong
nonlinear relationship. This problem is similar in nature to the
energy regulation problem discussed in [28] where an LTV
approximation is proposed to reduce the computational burden
of a nonlinear MPC controller. This same linearization strategy
is implemented in [29] to design a predictive controller on an
MMC controller; thus validating the scalability of the LTV
approach to the MMC. Similarly, the LTV linearization is
adopted here to tackle the large computational burden arisen
from the nonlinear formulation of the prioritization algorithm.

Therefore, the nonlinear behaviour of the system is decom-
posed into two different subsystems: one that determines the
nonlinear behaviour of the converter and is characterized by
its steady-state trajectories, and an LTI system which describes
the small-signal perturbations around the nonlinear steady-
state points. This approximation resembles a classic Jacobian
linearization. However, in this case, it is performed over
steady-state varying trajectories instead of static DC quiescent
point. Note that these steady-state trajectories can either be
calculated within the optimization algorithm or come from
an external source (see Section IV). Generically, the LTV
approximation can be represented as

d_d o d. o d.
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represents the steady-state trajectories (see Section IV).

1) Linearized OF and equality constraints: The OF and
equality constraints of the linearized optimiziation problem are
obtained by applying (4) in the expressions given in (2a-2b).

2) Linearized inequality constraints: The inequalities relat-
ing the optimal weights o™~ and 87~ already have a linear
profile; thus, applying (4) into (2f-2i) results in

0<<A++d+)<1, 0<(A*+ar><1, X
o< (BT +4*) <1, o< (B +57) <1 ®

Unlikely the previous inequalities, the current and voltage
inequality constraints in (2c-2e) have nonlinear circular char-
acteristics, as they are calculated based on absolute values
relating the real and imaginary parts of the current phasors.
One possible way to linearize the aforementioned inequality
constraints is to employ (4). But neglecting the high-order
nonlinear terms may lead the MMC to exceed its current
limitations or impose negative voltages into the arms (which
is not possible considering that half-bridge structures are
employed into the SMs).

In order to overcome the aforementioned drawbacks intro-
duced by the linearization of the absolute value constraints,
a potential solution is proposed based on the decomposition
of these constraints into two complementary components in
quadrature. Then, the sum of these two signals, modelled as
sinusoidal trajectories, must always be within the maximum
and minimum values imposed by the converter limitations
(see (2c-2e)). Note that the accuracy of this approximation
is now limited by the number of points Npgin:s considered
to represent these quadrature components (e.g. higher number
of points results in higher accuracy; but, higher computational
burden). The sine waves are mathematically described in (6)
and represented (for different time instants) in Fig. 2.

Re = (X, + @) cos(wniTs), Im = (X; + &) sin(wniTs) (6a)

Mag = (X, + &) cos(wniTs) + (Xi + @) sin(wniTs)  (6b)
where w = 1007.
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Fig. 2. Linearization for AC grid currents and arms’ current and minimum
applied voltage inequalities.

Therefore, applying (6) into the current inequalities in (2a),
the linearized constrains to limit the AC grid and arm’s



currents and the minimum voltage to be applied to the arm’s
can be obtained and are expressed as
—IAC < (IfT +:£§T) cos(wnkTS)+(Ifi+:£§i)sin(wnkTs) < TAC  (7a)

max
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III. ANALYSIS OF THE LINEARIZED OPTIMIZATION
PROBLEM

In this section, the presented linearized optimization algo-
rithm is compared with a nonlinear optimization algorithm
tuned with similar tolerance levels as the linear approximation,
and a nonlinear algorithm tuned with very fine tolerance (case
considered as the reference solution). The comparative analy-
sis is performed in both normal and faulted AC grid voltage
scenarios. The nonlinear problem is obtained using Matlab®
fmincon function (Sequential Quadratic Program (SQP) based
algorithm [30]) and the Operator Splitting Quadratic Pro-
gram (OSQP) solver [31] is used to find the solution of the
equivalent linearized problem. The comparison relies on two
main aspects - accuracy (which relates to the OF and optimal
weights” o™~ and 7~ values) and convergence time Ty,
considering that different number of points are employed in
the sinusoidal waveforms to calculate the inequality constraints
(see Section II-C2). Based on these parameters, Npoints iS
selected to be later used in the online optimization algorithm
in order to calculate the MMC'’s current references (see Section
V).

A. Case I - Normal AC grid conditions

In this case study, the MMC is considered to be operated
under an unconstrained scenario with normal AC grid voltage
conditions. In the upper-left part of Fig. 3, the value of the
OF is depicted. As it can be noted, both nonlinear and linear
(regardless the number of points employed in the inequality
constraints) models result in similar magnitude as the reference
one. Regarding the convergence time, the solution of the non-
linear model is obtained in approximately 90 ms; in contrast,
the linearized problem is solved within 2.5 ms (nearly 36
times faster, assuming Np,in¢s > 5). For the optimal weights,
a:'ef O‘ngn = 1 while its nonlinear value has a small
deviation being equal to o, = 0.98. Whereas for g+,
both nonlinear and linear optimization algorithms output the
same number as the desired one Bfe; = 1. Finally, for this
AC network condition, any number of points above 5 could

be selected to be employed in the online algorithm.

B. Case 2 - Balanced AC grid fault

For this scenario, an analogous analysis is performed as-
suming that the AC network is under a balanced three-phase
voltage sag. The OF value for both the nonlinear model and
the linear optimization are in close-agreement with the desired
one, as shown in Fig. 4. In addition, the convergence time is
greatly improved by using the linearized model (around 35
times faster assuming Npoints = 6). Regarding the optimal
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Fig. 3. Comparison between the nonlinear and linear models under normal
AC grid operations and with relative and absolute tolerances equal to 10~3.

weights, both «;;~ and O‘ZJ;';; have similar values to the
very fine tolerance optimization problem. For 3, the nonlinear
ones are equal to the reference magnitude, whereas 3,/ have
fluctuations around the desired point (respective to the number
of points employed in the inequality constraints). Based on the
analysis of the previous parameters, under this type of fault
Npoints = 7 would be an optimal number of points to be

employed in the inequality constraints.
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Fig. 4. Comparison between the nonlinear and linear optimization under
balanced AC three-phase voltage sag.

C. Case 3 - Unbalanced AC grid faults

The performance of the linearized model is analyzed consid-
ering an unbalanced AC voltage sag types C [32]. Observing
Fig. 5a, it is clear that the linearized optimal weights present a
disparity from their respective reference values, especially for
O‘?;n and B;gn, regardless the number of points employed in
the inequality constraints. Such mismatches can be reduced
if the solver tolerances are tightened, as it shown in Fig.
5b. For the first case, the absolute and relative tolerances
are set to be equal to 103, whereas in the second one,
the tolerances are reduced to 1075, Although the precision
of the solver is improved, it is important to highlight that
there is a trade off between the convergence time and the
solver’s precision. As it can be noted in Fig. 5, by tightening
the solver’s tolerance, the convergence time 7., for the
linearized model is increased reaching infeasible values to be
used in the proposed optimization algorithm to calculate the
MMC'’s current reference in online applications.

Finally, due to the responses of the linearized optimized
model for balanced and unbalanced AC grid scenarios and the
precision and convergence time of the solver, the number of
points to be used in the online optimization algorithm is equal



to Npoints = 7 and the absolute and relative tolerances are set
to 1073.
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(a) Absolute and relative tolerances equal to 1073,

Still considering the same unbalanced voltage scenario,
number of points and formulation of the linearized optimiza-
tion problem, the time-to-solution of the algorithm is depicted
in Fig. 6 considering different solvers. In this Figure, only
the solution time of the optimization algorithm is considered
once all the matrices involved in the problem have been
formulated; thus, the convergence time is smaller compared
to the previous cases. It is clear that not only the selection
of the former discussed parameters (e.g. tolerances, number
of points) have an important impact on the convergence time
of the optimization problem, but also the solver employed.
Finally, the OSQP solver presented better performance among
the different solvers, reducing the convergence time by more
than one order of magnitude.

IV. INTEGRATION WITH THE CONTROLLER

In this section, the optimization-based reference calculation
algorithm is integrated with the overall control structure of
the converter. The control scheme implemented is shown in
Fig. 7 and uses the design procedures derived in [15]. This
control strategy tracks the AC and DC current components in
the stationary a0 reference frame and can be separated into
three main parts: the AC grid and circulating currents controls
and the internal energy regulators. The energy controllers are
required to keep the internal energy of the converter balanced.
This is achieved by regulating the total energy of the converter
E, the energy differences between the upper and lower arms
E’; _,; and among the MMC’s phase-legs F,_,; and E,_,.
These energy controls output the power set-points to calculate
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(b) Absolute and relative tolerances equal to 10—6.

Fig. 5. Comparison between the nonlinear and linear optimization for a type
C fault.
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Fig. 6. Computation time required by different solvers. The comparison is
performed running the algorithm on an Intel i7-4770 CPU @ 3.40 GHz.

the non-optimal AC and DC circulating currents references.
For the AC network currents, the non-optimal references are
calculated based on the positive- and negative-sequence active
and reactive current components demanded by the TSO and the
magnitude of the positive- and negative-sequence components
of the AC grid voltages. Besides the aforementioned non-
optimal reference calculations, the online optimization-based
reference calculation block is also added as part of the overall
control scheme (highlighted in yellow color in Fig. 7). The
selection between the optimal and the non-optimal references
is performed by the enable block (blue color block in Fig. 7)
whose working principle is described later.

A. AC network current reference

The AC grid currents may present symmetrical or asym-
metrical profiles under balanced and unbalanced conditions,
respectively. This asymmetry is caused due to the presence
of negative-sequence components, which must be taken into
account during the reference calculation stage. As it can be
noted in the upper part of Fig. 7, for both conventional and
optimal calculation approaches, the positive- and negative-
sequence components of the active and reactive currents are
pre-calculated based on [33]. Now, these values will be used
for both online and conventional reference calculation. For
the online method, such quantities are directly used as input
parameters for the optimization algorithm. On the other hand,
for the conventional method, the active and reactive current
components are first saturated in order to ensure that their
magnitudes are within the design limitations of the converter.
Then, the saturated currents are employed in the grid side
reference calculation block, resulting in the traditional AC
network current references i‘;‘cog*v which will also be used
as input parameters for the online calculation strategy as
the steady-state trajectories required by the linearized model.
Finally, depending on the output value of enable block, either
the optimal i%%" or the conventional i%°?" current references

conv

are sent to the grid side current control.

Sopt

B. Additive current reference

The MMC'’s circulating currents contain both AC and DC
components, which are employed to regulate the internal
energy balance of the converter. Such inner current set-points
are first calculated through the method described in [34]
without considering the limitations of the converter. Then,
these values are used as the steady-state trajectories of the
online optimization algorithm. Although the trajectory levels
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Fig. 7. Full control scheme of the MMC integrating the optimal reference calculation.

may be exceeding the MMC’s internal current limits, the
optimization problem is derived in a manner that allows its
small-signal values to adjust their magnitudes. Therefore, the
final current value output by the optimization algorithm will
be kept within the physical limitations of the converter (see
Section II-C2).

According to the enable block’s output, the additive current
control block may either use the adequate saturated and

optimized inner current i;’,‘,f,?bopt or the non-optimal values
z'gf,?hm as the current references required by the control

strategy. In which, for the non-optimal values, hard saturation
strategies are employed for both DC and AC a0 additive
current components. However, such approach cannot ensure
the optimal usage of the converter.

C. Backup reference calculation method

The enable block is responsible for integrating the op-
timization algorithm with the MMC’s controllers. Its main
objective is to ensure that the control scheme is maintained
properly running even in a hypothetical scenario where the
algorithm can not converge into a solution within the control
time step. The desired output flag level is equal to 1, meaning
that the optimization algorithm is able to converge into a
solution that satisfies the problem constraints (see Section
II-C). The enable scheme keeps measuring the optimization
flag and, if the flags are kept equal to 1 during the consecutive
sample Ty — T'n_3, used as a safety factor, then the optimal
references are fed into the controllers. However, if at the time
instant 7Ty the output flag is different than 1, the non-optimized
references are imposed into the controllers.

While the optimal reference generator is over-ruled, the
optimization problem keeps being solved in the background.
If in the next time steps the algorithm is capable of solving the
problem within the specified time, the enable block returns to
feed the controller with the optimized references. Otherwise,
the conventional non-optimized reference are kept used until
the optimization algorithm is able to converge satisfactorily;
thus guaranteeing the safe operation of the system.

V. RESULTS

This section presents the results obtained when the proposed
optimization-based control is employed to regulate the MMC
under different operating conditions. For the first case study,
the amount of reactive and active currents injected into the

AC grid during distinct voltage sags is compared. Cases II to
IV present the time-domain waveforms of the MMC when
it is operated under balanced and unbalanced AC and DC
network voltage conditions. Finally, the performance of the
optimization algorithm is analyzed based on its convergence
time for the different AC grid voltage sags and DC unbalances.
Even though in real networks the maximum allowed time for
fault-ride through is 250 ms [35], the fault events under study
are extended to 500 ms to validate the control scheme stability.
The simulations are conducted on a computer with a 3.4
GHz Intel core i7-4770 processor with 16 GB of RAM using
Matlab Simulink® considering an accelerated model of the
MMC [36] and employing the Nearest Level Control (NLC)
technique to calculate the number of active sub-modules in
each arm [37]. The linear optimization problem is solved by
the Operator Splitting Quadratic Program (OSQP) [31]. The
time-domain waveforms are analyzed for the former conditions
in order to confirm the applicability of the suggested method
in real-time applications based on its performance for different
requirements (e.g. convergence time and compliance with the
MMC constraints). The system parameters employed for the
case studies are detailed in Table 1.

TABLE I
SYSTEM PARAMETERS

Parameter Symbol Value Units
Rated power S 1000 MVA
Rated power factor cos ¢ 0.95 (0) -
AC-side rated voltage U, 325 kV
HVDC link voltage ubc +320 13%
Phase reactor impedance Z, 0.005+j 0.18  pu
Arm reactor impedance Z, 0.01+j 0.15 pu
Converter modules per arm N:f, Larm 433 -
Sub-module capacitance Csm 9.5 mF
Sample time Ts 10 ns
Optimization time step Tstep 2.5 ms
I;r'f injection response time ty 30 ms
I ;"_ clearance response time to 50 ms
Maximum reactive current I ;mjw V2 pu
Optimal weighting factor 1 /\1+ 1076 -
Optimal weighting factor 2 /\I; 1 ;
Optimal weighting factor 3 A Iy 107° -
Optimal weighting factor 4 A - 1073 -
Maximum MMC arm current Iﬁi’z 1.0842 pu
Maximum AC grid current I Tﬂgz V2 pu

A. Case study I: AC grid current comparison

In this case study, the steady-state values obtained using
the proposed optimization-based current reference calculation



algorithm considering different prioritizations are compared
with the grid code demands. The TSO’s requirements do not
take into account the limitations of the converter, focusing ex-
clusively in the unsaturated injection of positive- and negative-
sequence active and reactive current components (refereed as
TSO’s requirements). In the first prioritization scenario, named
Proposal I, the proposed optimization method prioritizes the
positive-sequence reactive and active components over the
negative ones by employing optimal weights for the positive-
sequence quantities higher than the negative ones as A o= 1,
App = 107, A = 107° and A~ = 107°. Next, in
Proposal II, the values of the optimaf weights are changed
to )‘I;r =1, )\I(; =103, >‘1; =106 and /\I; =109 (as
in Table I), prioritizing the reactive components over the active
ones. Finally, the AC currents obtained from the previous
schemes and the results gathered from the proposed linearized
optimization are shown in Table II for several types of AC
voltage sags considering V' = 0.3 pu [32].

As it can be observed in Table II, during the balanced fault
scenario both Proposals I and II prioritize the injection of
reactive current components over the active ones to provide
full voltage support to the AC grid, as the converter has
achieved its limitations. For the unbalanced AC grid faults
type B to D, Proposal I can provide full positive-sequence
voltage support to the grid and partial injection of positive-
sequence active current, as the MMC reaches its AC grid
current limitations. On the other hand, as Proposal II prioritizes
the negative-sequence reactive current component over the
positive-sequence active one, it is capable of providing not
only full positive-sequence voltage support during all faults,
but also full (Fault type B) and partial (Faults C and D)
negative-sequence voltage support. However, as the converter
has reached its AC grid current limitations, Proposal II cannot
inject active current into the grid. Finally, for Faults type E
to G, both Proposals I and II have equal responses as the
TSO’s requirements for the positive-sequence reactive current
component already imposes the converter to reach its limits.

B. Case study II: Balanced AC voltage sag

This case study is conducted to illustrate the performance
of the full control scheme under a three-phase AC network
voltage sag. The MMC is considered to be operating under
normal conditions: P = 0.95 pu, @ = 0 and |U,|* = 1 pu.
Then, at ¢t = 0.5 s a three-phase voltage sag is imposed into
the AC system reducing the AC network voltage to 30% of its
pre-fault value, and at t = 1 s the fault is cleared. Although
the fault event happens in a abruptly manner, the injection
of reactive current to provide voltage support to the grid
must be done in agreement with the TSO’s fault-ride through
and magnitude requirements. According to the Spanish grid-
code, if |Uy| < 0.6 pu, then the MMC must provide full
voltage support to the system. The time-domain trajectories
of the MMC states are displayed in Fig. 8, where the upper
part shows the fault-ride through period and the bottom-half
depicts the MMC'’s profile during the fault clearance course. In
addition, it can be noted that both the AC and internal currents,
as well as, the minimum allowed arms’ applied voltages of

the converter are respecting their limits (imposed during the
formulation of the optimization problem) throughout the whole
operation.
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Fig. 8. Time-domain waveforms for MMC’s main quantities. a) From normal
to fault scenario, b) From fault to normal operations.

The TSO also demands that the reactive current injection
must be done within 30 ms after the fault event [27] and
that the pre-fault active and reactive current set-points must
be restored within 50 ms after the fault is cleared. In Fig. 9,
the positive- and negative-sequence active and reactive current
components profiles are shown. It can be noted that the optimal
control scheme is able to provide additional reactive current to
the faulted grid within the time range requested by the TSO.
In addition, due to the balanced characteristics of the fault,
the optimization method resulted in IZ‘,"U = 0, I P 0 and
I = —1 pu (full voltage support).

Qopt

C. Case study III: Unbalanced AC voltage sags

Similarly to the previous scenario, this case study analyzes
the online control scheme under an unbalanced voltage sag
type C, with V' = 0.3 pu . The fault event and its clearance
happen under same pre-fault conditions and times, as presented
previously. Under this type fault, the grid voltages are equal
to [US| = 0.65 pu and |U; | = 0.35 pu; thus, based on the
Spanish grid-code, the MMC should provide partial positive-
and negative-sequences reactive current components to the AC
network. In Fig. 10, the MMC’s waveforms are displayed and
it can be observed that the converter’s quantities are also kept
within their limits. Differently from the previous case, during
this fault condition there is a double-line oscillations in the



TABLE II
COMPARISON OF THE STEADY-STATE ACTIVE AND REACTIVE CURRENTS CONSIDERING DIFFERENT PRIORITIZATIONS
LT~ pu] I~ Tpul
Fault Voltage Level P a
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AC grid power caused by the unbalanced characteristics of
the fault. But, such fluctuations are not reflected to the DC
side of the converter since the MMC energy storage cells can
mitigate these effects.

In Fig. 11 the energy mismatches between the upper and
lower arms, as well as, among the phase-legs of the converter
are displayed. It can be observed that the proposed optimal
control strategy is capable of compensating the energy devia-
tions during the fault and the transitory profile is kept below
0.05 pu (avoiding the converter protections to trip).

Now, the effects of the delays caused by the solving time
of the optimization algorithm are analyzed during an Single-
Line to Ground (SLG) fault scenario. It can be noted from
Fig. 12 that during steady-state conditions, the delays have
no effect as the waveforms considering the delays are in
close agreement with the ideal ones. During transients, it
is clear from Fig. 12a that the delayed upper arm currents
present small deviations in contrast to the ideal trajectories.
However, such deviations have negligible impact in the AC
grid currents injected/absorbed by the converter during the
fault as the ideal waveforms are matching the delayed ones
(see Fig. 12b). In addition, all the other results presented in the
paper indicate a better performance of proposed optimization-
based reference calculation integrated control in contrast to
other control methods (see Section VI).
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D. Case 1V - HVDC voltage unbalance

For this case study, the DC and AC grids are considered
to be operated under balanced nominal conditions, when the
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Fig. 12. Optimization convergence time impact comparison in the optimal
references during SLG fault.

MMC'’s upper DC pole suffers a voltage drop (from 320 kV
to 256 kV). Such event may arise, for example, in bipolar
HVDC multiterminal configurations, where one converter of
the system (which is far from the MMC under study) suffers
a DC fault. During the fault ride through or blockage stage,
as a consequence, other parts of the DC system may observe
DC voltage unbalances.

The first thing that can be noted in Fig. 13(a) is that when
the DC voltage unbalance happens, the HVDC current injected
into the MMC increases in order to maintain the active power
level demanded by the AC network. The DC voltage and
current deviations are reflected to the internal quantities of
the converter rising the current levels circulating through the
MMC’s arms, which are maintained within the limitations
of the converter by the optimization algorithm. Whereas, the
arms applied voltages are decreased to their minimum allowed
value set to be equal to zero, as the SMs are based on half-
bridge topologies. If other SM structures are considered, such
as the full-bridge ones, negative voltages could be applied
into the arms of the converter; thus, the miminimum allowed
arm voltages would be modified to values below zero (e.g.
U[f i < 0). In addition, AC grid currents and, consequently,
the AC network power are kept constant throughout the fault
due to the optimal control strategy. Similarly, when the fault
is cleared, as it is shown in 13(b), the DC side and internal
quantities of the converter are set back to normal operating
levels, while no change is observed in the AC side.

E. Analysis of the optimization-algorithm convergence time
for different AC and DC voltage unbalance conditions

In this section, the convergence time of the optimization
algorithm employed in online applications contemplating dif-
ferent AC and DC network voltage conditions are highlighted.
The AC grid voltage sags consider V' = 0.3 pu, whereas
for the DC unbalances the same scenarios as Section V-D
is used. The purpose of these tests is to confirm that the
proposed optimal control strategy can find an optimal solution
within each control time step. In Fig. 14, the probability of
finding an optimal solution within a specific time-interval is
depicted, in which each bar corresponds to a time-interval of
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Fig. 13. Time-domain waveforms for MMC’s main quantities. a) From normal
to fault scenario, b) From fault to normal operations.

500 ps. As it can be noted, for the several cases analyzed,
the probability of occurrence within 2.5 ms is above 99%.
Furthermore, the probability of occurrence within 1.5 ms is
also above 99% when the converter is operated under normal
conditions or during the DC voltage unbalance presented in
Section V-D). For the AC grid voltage sags, the balanced case
has the highest probability of occurring within 1.5 ms (more
than 80%). Finally, for the unbalanced AC network faults, the
probability of finding an optimal solution within 1.5 ms is
above 62%.
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Fig. 14. Convergence time histogram for different AC/DC network conditions.

VI. COMPARISON WITH OTHER CONTROL METHODS

In this section, the proposed optimization-based reference
calculation integrated control is compared with two differ-



ent MMC control strategies. The first control strategy for
comparison is the CCSC (C1) [6], whereas the second one
is an energy-based control (C2) [34]. The main difference
between strategy C2 and the proposed method is how the
controller references are calculated, as they both have the
same controllers with the same gains. When C2 is em-
ployed, the references are calculated based on additive and
differential components of the converter, while the proposed
approach calculates the references in the natural abc reference
frame through the proposed linearized optimization algorithm.
During scenarios where the optimization-algorithm fails to
converge, the references provided to the controllers are the
same as the ones used in C2 (see Section IV-C).

Both strategies C1 and C2 include positive- and negative-
sequence AC grid and circulating current controllers and reac-
tive/active AC network currents prioritization based on Cigre
B4.70 [5]. The different case studies compare the MMC’s
responses during different fault and constrained scenarios,
assuming the values shown in Table I and that the converter
must inject/absorb reactive currents in order to provide voltage
support to the network to comply with the grid-code require-
ments [27]. For all the following case studies, the MMC
is firstly considered to be operating in normal AC network
conditions, when at ¢t = 1 s a SLG fault happens and the fault
event is cleared at t = 1.5 s.

A. SLG fault

In this case study, the performance of the different con-
trollers is analyzed assuming similar current limitations and
fault conditions. In Fig. 15, the converter’s response during
the fault event is shown when the MMC is controlled using
strategy C1 [6]. As it can be seen, such strategy cannot
maintain the internal quantities of the converter within their
design limits and imposes the undesired circulation of AC
current in the DC side of the converter.
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Fig. 15. Time-domain waveforms of the MMC during SLG fault using [6].

In Fig. 16, the MMC'’s behavior during and after the fault is
shown when strategy C2 is employed. It is clear that strategy
C2 has an improved performance in contrast to C1, as it avoids
the AC oscillations in the DC network while maintaining all
the converter’s quantities within their limits. Similar conclu-
sions can be drawn when the proposed optimization-based
reference calculation integrated control is employed, as it can
be noted in Fig. 17. Under such conditions, both C2 and the

optimization-based method present adequate performance and
can be potentially employed in a real-application. However,
strategy C2 would require less computational burden (as it
does not require an optimization algorithm).
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Fig. 16. MMC waveforms for control strategy C2 [34] during SLG fault a)
Fault is applied to the system and, b) Fault event is cleared.
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B. Internal parameters deviations

For this study, the performance of the proposed
optimization-based approach is analyzed and compared
with C2 considering asymmetric MMC’s arm impedances
during a SLG fault. Strategy C1 has been disregarded, as
it presented poor performance in the former analysis (see
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Fig. 17. MMC waveforms for the proposed optimization-based control during
SLG fault a) Fault is applied to the system and, b) Fault event is cleared.

Section VI-A). The reference calculations, the design of
the controllers gains and the optimization parameters are
maintained constant and they are obtained considering the
parameters given in Table I. The arm impedance values
employed in this case are highlighted in Table III. Finally,
the comparison is done based on the time-domain waveforms
of the main quantities of the converter before and after the
fault events.

TABLE III
ARM IMPEDANCE VALUES FOR CASE STUDY B

Deviation of £15%
Zt=27,-015Z,, Zy = Z, + 0.05Z,
Z" =Z,-0.10Z,, 2" =2,+0.10Z,
Z¢ =7, +013Z.. Z° = Z. — 0.08Z.

where Zﬁ’l is
k € {a,b,c}.

It can be noted from the top waveforms in Fig. 18a that
strategy C2 is unable to maintain the MMC’s capacitors with
balanced voltage levels even prior to the fault event. Both
upper and lower arms’ capacitor voltages have different magni-
tudes, indicating that under asymmetric impedance conditions
the control strategy has a poor performance regarding the
internal energy of the converter, resulting in voltage unbal-
ances in the SM capacitors. In addition, AC oscillations can
be seen in the DC side of the converter. During the fault,
the capacitor voltages, especially the lower arm ones, present
a severe unbalance profile which may reach the maximum
energy deviation allowed in the converter. Furthermore, the
AC oscillation in the DC side are worsen during the fault
transient. Once the fault is cleared, as it is shown in Fig. 18b,
the aforementioned problems persist.

Next, the same scenario is analyzed assuming that the
proposed optimization-based reference calculation integrated
control is employed. As it can observed from Fig. 19, the
capacitors in the MMC’s arms have a balanced voltage profile
prior and after the fault. Although there is voltage deviation
during the fault, such deviation is maintained constant through-
out the fault, which would not lead to a potential trip of the
converter. Moreover, the DC side oscillations are completely
mitigated, as the optimization algorithm consider such issue
in its formulations. Finally, it can be noted that even though

the upper and lower arms impedances, with
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Fig. 18. MMC waveforms for control strategy C2 [34] during SLG fault
considering unbalanced arm impedances conditions within +£15% error. a)
Fault is applied to the system and, b) Fault event is cleared.

C2 and the proposed method share the same controllers,
the references provided by the optimization improved the
MMC'’s performance. Allowing the controllers to mitigate the
issues caused by asymmetric arm impedances during a severe
unbalanced AC network voltage condition.

MMC lower arms

MMC upper arms -

25 2_ z“ _ U
: = N - A, 2
i Grid St ; HVDC
N I :
S “ll‘l“f R 0
% "l“l)i‘ ' ' o 01
O 1111, I N ; l\
,O;\ 7% 0.5 1
= 0‘8% o AN 0s] I\
g 05 0.5 -0 0
4 1 112 1 1112 1 12 1 112
Time (5) Time (s) Time (s) Time (s)

(a) Normal to fault.

C. Individual arm current limitation

In addition to the SLG fault, it is also considered the
maximum allowed current for the upper arm in phase c is
set to be equal to Ij; = 0.95 pu, while for the remaining
arms the maximum value is equal to 1.1 pu. Such reduction
in the maximum allowed current may arise due to cooling or
component aging issues. As it was shown in Section VI-A,
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Fig. 19. MMC waveforms for optimization-based control during SLG fault
considering unbalanced arm impedances conditions within +15% error. a)
Fault is applied to the system and, b) Fault event is cleared

during a SLG fault the strategy C1 [6] is unable to properly
regulate the converter; thus, such approach is not included
in this case study. Although strategy C2 [34] is capable
of maintaining the converter operable during the fault, its
formulation does not allow to saturate individual arm currents.
This happens due to the modelling formulation which uses
differential and additive current components. Consequently,
all the circulating currents must be reduced equally, leading
to a potential converter’s performance reduction. Contrarily,
as the optimization problem is formulated considering the
currents flowing through each individual arm, the proposed
method is capable of specifying maximum allowed values
for the currents circulating through the converter’s arms. For
comparison purposes, the saturations employed in the control
strategy [34] have been modified. Now, the maximum allowed
three-phase DC and AC additive currents are set to 0.95 pu.
For the proposed method, the maximum allowed current is
only reduced for phase c¢ with I; = 0.95 pu, whereas
the for the remaining the maximum allowed current is set
to be equal to 1.1 pu. In Figs. 20 and 21, the time-domain
waveforms of the converter are presented during the fault event
and its clearance.
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Both strategies have similar grid support performance, with
I;r = —1.1 puand I = 0.3414 pu. As it can be observed
from Fig. 20a, the arm currents prior the fault using C2
are exceeding the imposed limitations and also present high-
order frequency oscillations in the DC side of the converter
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Fig. 21. MMC waveforms for optimization-based control during SLG fault
considering I = 0.95 pu. a) Fault is applied to the system and, b) Fault

event is cleared.

due to the harmonic content in the AC additive currents.
This control strategy is able to suppress these high order
oscillations during the fault, but once the fault is cleared the
oscillations can once more be observed in the DC side (see
Fig. 20b). On the other hand, the proposed method is capable
of avoiding the aforementioned issues throughout the whole
operation, keeping the system within the desired limits (see
Fig. 21). During normal operation conditions, the upper arm
currents present balanced profile and have lower maximum
magnitudes compared to the lower arms. Such fact arises
due two conditions; firstly, the optimization must maintain



the power set-points imposed by the operator; secondly, the
formulation of the optimization problem, which avoids zero
sequence AC currents to flow into the DC side of the converter
(observed when strategy C2 [34] was employed).

VII. CONCLUSION

A real-time optimization-based reference calculation algo-
rithm integrated with a control strategy for modular mul-
tilevel converter operating under balanced and unbalanced
AC and DC network voltage conditions has been presented.
The optimization algorithm has been formulated assuming on
a multi-objective problem allowing the prioritization among
the positive- and negative-sequence of the active and reac-
tive current component, also considering the internal energy
balance of the converter and the AC grid and arm current
limitations. Due to the highly nonlinear characteristics of the
model which would require nonlinear solver (high computa-
tional burden to be solved), the optimization algorithm has
been linearized using time-varying approximation. Thus, the
linearized optimization problem can be employed in real-
time applications, as it can be solved at the same frequency
as the control algorithm. The linearized algorithm has been
validated through quantitative and time-domain simulations.
For all case scenarios analyzed, it has been shown that
optimization-based reference calculation integrated with the
MMC controllers was capable of maintaining the proper
operation of the converter, while attempting to fulfill the grid-
code requirements and keeping the internal and AC currents
within their design limitations. Furthermore, the computational
viability of the proposed optimization reference generator for
real-time implementations was further confirmed based on its
convergence time for different network conditions. Finally,
the suggested optimization method was compared with other
conventional control strategies considering AC network faults
and internal parameters deviations. It has been demonstrated
that the proposed optimization-based reference calculation
integrated control has an improved performance compared to
the conventional strategies for all the different scenarios.
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