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Abstract—The article proposes a new approach to modular
multilevel converter (MMC) control. A key feature is the use
of real-time optimization for arm voltage regulation and for
balancing of the capacitor voltages in the submodules (SMs).
The control allocation (CA) method automatically and optimally
distributes the control requirements among a large number of
switches. As a benefit, the algorithm can be adapted with almost
no modification to accommodate failures. First, a control-oriented
approach is used to derive the necessary models. Then, the MMC
control architecture is designed. Simulations demonstrate the
effectiveness of the approach on an MMC with 50 SMs per arm.
Test cases include steady state and transient conditions, as well
as operation without and with multiple SM faults.

Index Terms—MMC, Control Allocation, Fault Tolerant Con-
trol, Real-Time Optimization, Submodule faults

I. INTRODUCTION
A. Interest in versatile, flexible and resilient grids

The last decade has seen the growing development of
renewable energy sources and their increasing share of the
grid [1], [2]. However, the renewable sources producing this
electrical energy are fluctuating over time. As a result, the
grid must be able to adapt to this variable energy supply while
meeting the power demand. Thus, challenges have arisen in the
aim of having a versatile, flexible, and reliable energy supply
at the scale of the grid that meets the constraints imposed by
the increasing share of renewables [2].

To achieve these objectives, a requirement lies in having
reliable power conversion between components that transmit
energy at various voltage levels. The MMC is increasingly
used, as it has shown benefits compared to other multilevel
DC-AC converters for medium-voltage (MV) and high-voltage
(HV) power conversion (e.g. high efficiency, harmonic content
quality, scalability to various power levels, wider power range
capabilities, and simplified manufacturing). Addressing fault
tolerant control for the MMC is a challenging topic [3]
that requires dedicated control approaches accounting for the
topological specificities of such converters.

B. Objectives of the research work

This paper contributes to an overall research objective aimed
at developing novel control allocation methods for the MMC
[4], [5]. The goal is to optimize the converter control in real
time, taking full advantage of the large number of SMs, and to
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operate as effectively as possible, whether in healthy or faulty
mode.

C. Novelty of the proposed control approach

The voltages, currents, powers and the stored energies are
all variables of interest for MMC control. For each of these
quantities, a variety of control methods are available.

For voltages, most approaches involve two stages: the first
stage determines the number of SMs to connect to the arm
to get as close as possible to the arm voltage reference. The
second stage selects the specific SMs to be included to ensure
capacitor balancing [6]-[8]. Compared to these techniques,
the major novelty of the approach proposed here is that the
two objectives are addressed in a single and coordinated
strategy using optimization. To generate a given arm voltage,
the system with a large number of SMs is overactuated with
constraints, and is suited to control allocation (CA) methods
[9]-[11]. The capacitor voltages depend on the same control
variables (duty cycles of the SMs). Balancing can be included
in the optimization problem as a secondary objective.

Optimization methods have been applied to the MMC under
the framework of model-predictive control (MPC) [12], [13].
Compared to these methods, CA features two main benefits:
1) the optimization is much faster, as it is performed with a
prediction over a sampling period rather than a longer horizon,
and 2) tuning of the closed-loop dynamics is considerably
more straightforward.

In addition to the ability to address both voltage control ob-
jectives in a cooperative and optimized way, the other novelty
of the approach is the capability of fault tolerant control (FTC)
with the same algorithm. Two main families of SM fault-
ridethrough solutions can be identified: 1) Structural modi-
fication of the MMC with modification of the SM topology
or directly adding SMs in the arms, thus oversizing the MMC
in nominal operation [8], [14], [15]; and 2) Reconfiguration
of the control algorithm of the MMC. Some solutions may
also be a mix of both families. The second family is the
one to which the work presented here belongs. It can be
organized in several categories starting with a) zero sequence
voltage injection (ZSVI); b) capacitor voltage increment in the
remaining healthy SMs; c¢) dedicated modulation techniques
like selective harmonic elimination (SHE); d) modification of



the pulse-width modulation (PWM) carrier waveforms; or e)
MPC algorithms that directly take into account fault-tolerant
objectives in their optimization procedure to ensure the high-
level current control stage [16]. More details about the above-
mentioned approaches can be found in the review paper [17].

Unlike other techniques from the second family, the CA
algorithm proposed here is able to immediately and optimally
redistribute control effort to the remaining SMs as soon as a
fault is detected, and without any modification to the code.
This algorithm is directly implemented at the lower control
level: the one in charge of voltage control.

For current control, a wide variety of controllers are avail-
able. Compared to conventional PI [6] or PR [18] controllers,
the approach proposed here is a model-inversion based (MIB)
CA method, which finds its effectiveness in the simple in-
version of the current model. It can be likened to a state-
feedback controller with additive non-linearity compensation.
If integral action is desired, [19] explains how a transparent
integral compensator can be added to CA methods without
modification to the closed-loop dynamics.

The work presented here is a continuation of the research
reported in [4], [5], [20]. In comparison, a different formula-
tion of the optimization criterion is implemented, an improved
circulating current injection method is used, and the fault-
tolerant feature is tested.

D. Outline

The first part of the paper is dedicated to the control-
oriented modeling of the MMC with the dynamic model of the
currents, the energy, and the arm and capacitor voltages. Next,
the control architecture implementing real-time optimization
is presented with its various cascaded loops, each dedicated
to one of the electrical quantities mentioned previously. The
fourth section covers the simulation conditions and the asso-
ciated results. The last section discusses conclusions that can
be drawn from the paper.

II. CONTROL-ORIENTED MODELING OF THE MMC

A. Introducting the MMC

The MMC is a multilevel converter consisting of elementary
components called submodules (SMs) [7]. Generally speaking,
SMs consist of one or several DC-DC converters along with
a voltage source, as shown in Fig. 1 [21]. The most common
types of SMs are the half-bridge (SM-HB) and the full-bridge
(SM-FB) modules [22]. Each SM applies a given voltage level
to the arm to which it belongs and is assumed to be controlled
around a nominal voltage vZ°™. Consequently, the stacks
of SMs that comprise the arms are treated as continuously
variable voltage sources. The overall arm voltages are the
variables used to control the currents in the converter. The
representation of the arm voltages is shown on Fig. 1 as vg,.
Note that x refers to the DC bus pole connection (p for positive
and n for negative), and that y refers to the phase on the AC-
side. Table I is given to establish the notation used in Fig. 1.

N submodules

Fig. 1. Electrical diagram of the m-phase MMC.

TABLE I
MMC NOTATION USED IN FIG. 1
Meaning Symbol
DC-side poles z € {p,n}
Positive pole voltage and current vp and ip
Negative pole voltage and current vp and in
DC-side voltage sum vE = up 4+ vy
DC bus voltage Ve = vy —vp = Vpeo
DC-side current sum iy =ip+in
DC-side current difference i =dp —in
DC-side impedance Rs, Lg

Arm voltage and current
Arm current sum
Arm current difference

Vzy and igy
) . .
Zzy = py + tny =ty

ey = tpy — tny

Switching frequency and period fss Ts
Arm impedance R, L
Number of phases m
AC-side phases ye{yi,---,Ym}
AC-side voltage and current vy and iy = zfy
AC-side grid frequency and period fos To
AC-side grid pulsation wo = 27 fo
AC-side impedance Ry, Lo
Zero sequence voltage UNO

B. Model of the currents

To develop the model of the currents, focus is on leg #y of
the MMC shown in Fig. 1. Note that the derivative operator is
replaced by the LAPLACE variable, s. Applying KIRCHHOFF’s
voltage law (KVL) on the current path flowing from the AC
neutral point to the DC neutral point through the positive pole
gives:

(apy) 1 vy + (Ro + Los) ny + (R4 Ls) ipy + vpy

. 1
+ (Rs + Lss)ip — v, = uno O

Applying the same law through the negative pole results in:

(any) 1 vy + (Ro + Lyos) zfy + (R+ Ls) iny + Uny

+ (Rs + Lss)in — v = vno &

From these equations, those describing the behavior from ¢, =

i5y, and iz, are now derived.



1) Dynamic behavior from zfy From (1) and (2), (apy) +
(auny) gives:

2uy + [(R+ 2R,) + (L + 2Lo)s] i, + (Upy + Vny)

+ (Rs + Lss) (ip +in) — (vp + vn) = 2un0

KIRCHHOFF’s current law (KCL), i, = Zy ipy and i, =
>, iny yields:

[(R+2R,) + (L +2L,)s] i3, + (Rs + Ls)

= —(Vpy + Uny) +VZ — 20, + 2uN0

3)

>
vl 4
This equation being valid Yy € {y1,...,ym}, the m corre-
sponding equations can be put in vector form:

([((R+2R,) + (L +2L,)s] L, + (Rs + Lgs) J,,) 1%

= — [Hm Hm] Vxy + (vZ 4+ 2un0) nx — 2V, )
where I,, is the identity matrix of size m, J,, is a ma-
trix of same size filled with 1's, ny = [1 17 e
N®o 2GR i, 1T e R Vi
[Vpy, Vpyrm » Vnyy Uny,,)” € R*™ and Vy
[Uy, ... vy, ]T € R™. Note that, according to the direction of
positive currents specified in Fig. 1, zfy represents the current
flowing towards the AC-side grid and contains the output AC
currents as well as the common mode current.

2) Dynamic behavior from zfy From (1) and (2), (apy) —

(uny) gives:

(R+ Ls) ixAy + (Upy — Vny)

. . 6
4 (Ro+ Lys) (ip — i) — (vy —v) =0 @
With i, = Zy ipy and i, = Zy iny» (6) is equivalent to:
(R + Ls) igy+(vpy — vny)+(Rs + Los) 1 iy, = —viy, + v
(7

This equation being valid Vy € {y1,...,ym}, the m corre-
sponding equations can be put in vector form, as was done to
go from (4) to (5):

[(R+ Ls)L,, + (Rs + Lys)J] T4
=— [Hm —I[m] Viy + 02 ns

with I4 £ [i& ... i 17 € R™. Note that, according
to the direction of positive currents specified in Fig. 1, ixAy
contains the circulating current as well as the DC-side current
supplying the MMC.

3) State-space model for all zfy and ify currents: From
(5) and (8), the combined state-space model of the currents is

readily deduced:

®)

[®A = AgpAT®A 4 ByaVyy + Esa ©)
where:
I)]
IEA — |:IA c RQm
j-1
Aga = | B2 B Om e ®)
O, —LA Ra
BZA:_[— —]EMQmR
LLlAl[( =2, ) ng — 2Vy]
5 +2vyo)ny —2Vy
E — > Uy H €R2m
=a { Ly [”ﬁnE] ]

and RE = (R+2R0)Hm+Rst, LZ = (L+2L0)Hm+Lst,
RA = Rl,, + RsJ,, and LA = LI, + L4J,,. Equations (9)-
(10) apply to any number m of phases.

C. Model of the arm energies

Computing the power flowing through an arm is the first step
towards developing the arm energy model. Taking advantage
of the current state-space model (9), where By is invertible,
Vy becomes:

Viy = Bgh (198 — 45aT%4 —Esa) (D)
Let py £ Dpy + Doy = Upy fpy + Vny iny be the power flowing
through a leg #y of the converter. Knowing the relationship
defining {i,; zfy} from {4y,;iny } as given in Table I, one has
py = 3 (vpy (i3, +15,) + vny (i5, — i5,)). Thus, the vector

P = [p,, "-pym]T

P:

is equal to:

11
[Hm ]Im] Vixy o 5 |:]IZ

where o is the HADAMARD or element-wise matrix product.
Substituting V4, in (12) with its expression from (11), P can
be written as a function of the currents only. Assuming that
the MMC operates around a nominal DC bus voltage and that
DC and AC neutral points share the same voltage, vﬁ = Vbe,
vE = 0 and vyo = 0. Thus, P can be simplified. Let E =
[Ey, ...Eym]T be the vector containing the energies of each
leg. The dynamic model for E is simply E=P, o

: Z 7z
E=P= [VDC—AIA]OIA— [Vy—;lﬂolz
(13)

H’H’L

1 } | ek (12)

2 2
where Zss = Rs; + Ls;s and Zao = RA + Las.

D. Model of the voltages

Here and for the simulations presented in Section IV,
half-bridge submodules (SM-HB) are considered. However,
the proposed control architecture can be extended to other
submodule types. Applying KIRCHHOFF’s and OHM’s laws to
any SM-HB #uxyj gives the following average value model:

{ iCpy; = Dayj 0(2) 12y = C Oc
Vay; = Dayj ve,,;

where ic,, . and vg,,; are the capacitor current and voltage,
D,,; € [0;1] is the duty cycle of the cell, v,,; is the voltage
across the terminals of the cell and, o(z) = 1 for x = p
and o(x) = —1 for x = n. A discrete-time vector model is
deduced that describes the behavior of all the SM capacitors
in an arm:

zyj

(14)

Dzyl
Ve,, (k+1) = Vg, (k)

1.

o(x) iy, o(x) ig
_ Yy C Uny

Xy

Da:yN
15)
where T is the control sampling period and Vg,, =
[,y ---ve,,n]T € RY. According to Fig. 1, each arm

voltage is made of the series connection of N SMs. Thus,
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Fig. 2. Proposed control allocation architecture for the MMC
KVL applied to any arm of the converter gives vy, = > ; Vayj-
Using the expression of v, in (14), it follows that:

Uy = Ve, Dxy (16)

III. CONTROL ALLOCATION OF THE MMC
A. Control architecture of the MMC

The novel control architecture of the MMC proposed in this
paper is shown in Fig. 2 and is made of three cascaded loops: a
first one for power and energy control, a second one for current
reference tracking, and a third one dedicated to the control of
the arm and capacitor voltages. Each loop is detailed in the
following subsections.

B. Arm energy control and power conversion setpoint

From the speciﬁcation of a power reference to convert from
DC to AC, the =" current reference is _computed. The
average AC power is defined by Psc = —VACIAC cos ().
Thus, the AC current reference amplitude in phase #y is
deduced. With a null common mode current reference, zz ref
becomes:

ref 2 Pref

Yye{y:. ym},zw = sin (wot — Py fgaref)

mVaccos (pref)

an
where ¢,, = (k—1) 2w /m. To ensure the tracking of the arm
energy reference, an MIB control allocation is implemented.
To do so, the MMC power balance model (13) is inverted.
Neglecting the losses due to I®, (13) becomes:
i Voo qa [V 2= IE] oI (18)
2 2
Let E* = AV,E + BEE"™/ be the arm energies reference
model (RM), with Eref =N (/2 v"om )T e rm
The RM is chosen to be stable and to represent desirable
closed-loop dynamics of the arm energy control loop. To
ensure that this behavior is obtained with 1= already
determined by (17), the only remaining degree of freedom is

the current vector IATef. The vector is chosen so that E* = E:

IAref 2
DC

Z re re

19

C. Current CA
Let i%4« — Al 184 | pI 18a7/yyp 12a7e/

=" 1A be the current RM. To ensure that this
dynamic behavior is reached, the voltage vector V;;f must

impose 1¥4* = A According to (9), the condition is
equivalent to:

Bya Ve = 154% — AgATP2 — Exa (20)

This equation takes the usual form of the CA, MU = agq,
with M the control effectiveness matrix, U the control vector
to be determined, and aq the desired action vector [11], [19],
[23], [24]. In this case, M = Bsx is invertible, so that a MIB-
CA without taking control saturations into account is simply:
U = M~ aq. The control vector V;‘;f is therefore calculated
directly as:

Vi =Boh([ARIZA 4 BT | [Aga TP + Exa )
2h
In the presence of a static error on the current reference

tracking, integral action can be added to the CA, as proposed
in [19].

D. Mixed CA of arm and capacitor voltages

Each arm has its own voltage controller which makes a total
of 2m voltage controllers. Unlike traditionnal MMC voltage
control methods, the objectives of arm voltage reference
tracking and of capacitor voltage balancing are dealt with
simultaneously and in a cooperative fashion in the proposed
approach.

The primary voltage control objective is to guarantee that
the arm voltage reference computed by the current control
algorithm is met. However, the same control actions must
also balance the capacitor voltages. The additional requirement
is treated as a secondary objective and combined in a joint
optimization criterion. In the criterion, the primary objective
is to minimize the difference between vxy and fu’”ef The
secondary objective is formulated as minimizing the dlfference
between the capacitor voltages V¢, and (Vg,, ), the average
of the capacitor voltages in the same arm at the current time
step. Duty cycle limits lead to the constrained optimization
problem:

Optimization to solve for each of the 2m arms:
minp,, J=5 [Vd, Dxy +w o |Dyy — DB

subject t0: Diyin < Dxy < Dimax

_pref
U;Ey

22)
The formulation of primary and secondary objectives are
deduced from (16) and (15), respectively. D’"’ef is the pre-
ferred value of the control vector. The concept of balancing
is interpreted as the goal of steering the capacitor voltages
towards their average at the next time step. Considering (15),
it follows that: DYy = 7—&o— ((Ve,,) = Ve,, ). The
factor 1/N was applied to the primary objective so that the
two criteria have comparable orders of magnitude regardless
of N.

Note that the system is overactuated when considering the
primary objective alone, and underactuated when considering
both objectives. Even though the first goal is to track the arm
voltage reference, capacitor balancing is also important, even



if it is secondary and cannot be achieved exactly, in general.
Thus, the weighting vector w = [(Vg,, ) — Ve, | /(Ve,,)
is carefully selected to give a higher priority to restoring
capacitor voltages that are far from the average value.

In nominal operation, duty cycles should remain within the
range from 0 to 1: Dy = [0...0]7 and Dpax = [1...1]7.
However, as soon as an SM is determined to be faulty, it is
shunted by a dedicated bypass switch, see Fig. 1 from [25].
The action is taken into account in the optimization algorithm
(22) by replacing 1 with 0 for the corresponding components
of Dmax.

The optimization problem (22) can be solved in real-
time at every sampling instant using a linear-programming
(LP) simplex algorithm designed to solve control allocation
problems [11]. The voltage control thus calls for an error-
minimization online (EMOn) CA. The optimal duty cycles are
computed for each arm and are converted into SM switching
states Sxy using the same PWM technique for all 2m arms.
In each arm, the N carriers are shifted by 27/N.

IV. CONTROL SIMULATION AND TESTING
A. Test procedure

To verify that the control allocation architecture proposed
here is capable of achieving the objectives for which it was
designed, tests are carried out in simulations. Five different
behaviors are tested: 1) progressive power ramp-up, 2) healthy
steady-state behavior, 3) healthy transient behavior, 4) steady-
state behavior under SM faults, and 5) transient behavior
under SM faults. The setpoint power profile shown on Fig. 3
was designed to trigger sequentially all five behaviors as
highligthed at the bottom of the figure. The control architecture
from Fig. 2 is also fed by two other signals: ¢"* = 16.7°
and v3™ 1.6 kV which remain at the same values
over the entire simulation. ¢"¢/ = 16.7° is chosen so that
Qac = 30%P4c, in order to assess the control of the MMC
on an operating point where the reactive power is non zero.
Table 11 gives the parameters of the MMC!, of the simulation,
and of the reference model. To evaluate the fault tolerant
capabilities of the control algorithm, the shunt of 5 SMs out of
50 (i.e. 10% of the SMs) is engaged at t = 5 s in arm #py;.
The shunt of the SMs is detected by the control algorithm
one sampling step later. To validate the balancing capabilities
of the algorithm, the IV capacitors of each arm are initialized
with a uniform distribution between 75% and 85% of their
nominal voltage.

15.5 MW
12.4 MW
SM-faults-engaged
N I

Fig. 3. AC-side grid power reference pattern over the simulation

INote that in the case where no circulating current is injected, this same
MMC can provide up to 23.2 MVA to the AC-side grid.

TABLE 11
SIMULATION PARAMETERS OF THE MMC

Value
S7om =16.2 MVA
Vpe =72 kV
vp = —vn = Vpo /2
Rs=0Q,Ls;=0H
R=50 mf2, L=50 mH

Description
MMC rated apparent power
DC bus voltage
Half-bus voltages
DC bus impedance
Arm impedance

Number of SMs per arm N =50
SM Capacitor C =10 mF
Capacitor nominal voltage va®™ = 1.6 kV
PWM switching period Ts = 250 ps

AC voltage RMS
AC voltage amplitude
AC grid frequency and period
AC-side grid voltage
AC-side impedance
Simulation time step
Simulation duration
Control sampling period
Current RM
Energy RM

Vim® =216 kV
Vac ~ 30.55 kV
fo=50 Hz, T,=20 ms
vy =Vac sin(2m fot — py)
R,=50 m2, L,=50 mH
Tstep = 250 us
toma = 500 - Ty = 10 s
Te = Tstep = 250 ps
Al ~—4712 I, %{,: ,@E{W
A ~—1141,,, BE =—AE,

B. Simulation results and analysis

Figs. 4-10 show the simulation results. As Fig. 4 shows,
tracking of the AC grid power setpoint is achieved with a small
static error. This static deviation is explained by the presence
of a static error in the current reference tracking, barely
visible in Fig. 5. Steady state performance can be improved
with the introduction of integral action in the current control
allocation. [19], [20] has shown how this can be achieved in a
transparent manner, meaning that the same RM dynamics are
achieved as before the integral action is added. However, such
improvement was not judged necessary in the simulations of
this paper and was not included.

Considering active capacitor balancing, Fig. 8 shows in
red the envelopes of all capacitor voltages and in blue a
capacitor voltage randomly chosen among the 300 ones. Over
the whole simulation, capacitor balancing is maintained within
a £2.0 % band around the nominal value as highlighted by
Fig. 9. Initialized between 75% and 85% of their nominal
value, Fig. 10 show that the capacitor voltages reach their
nominal value in about 75 ms, which underlines the quality
of the voltage control allocation.

Fig. 6-7 show the quality of the arm voltage reference
tracking and the evolution of the associated duty cycles in the
#pyr; arm. When the faulty arm loses 5 SMs at ¢t = 5 s,
the arm voltage reference tracking is lost, but in a single
sampling step, the control allocation readily redistributes the
control effort optimally so that the arm voltage keeps tracking
its reference. As expected, a surge in the duty cyles of the
healthy remaining SMs is observed.

About the computational resources needed to run the real-
time optimization CA, the simulation computer has an Intel
Core i7 with 2.20 GHz frequency and a 16 GB RAM. For
N = 50, running the LP algorithm takes 30.4 iterations per
arm and a total of 340 ps per sampling period on average over
the entire simulation.



CONCLUSIONS

A new control approach was proposed for the MMC.
First, a control-oriented model of the MMC was derived that
described the dynamic behavior of the electrical quantities to
be controlled. Then, a multi-loop architecture was developed
where the inner core was a novel voltage regulation algorithm
using control allocation. The approach made it possible to
combine in an optimal and coordinated fashion the objectives
of output voltage reference tracking and of capacitor balanc-
ing. The procedure takes advantage of each of the multiple
submodules in an optimal manner. A useful feature of the
methodology is that the dynamics of the closed-loops can be
conveniently set using reference models. In the last section, a
testing procedure was implemented in simulation. Very good
control performance was observed in steady state as well as
in transients.

Control allocation methods have found applications in a
wide range of air, land, and sea vehicles. This paper pushes a
new frontier with power electronic converters requiring much
higher sampling frequencies and control variables. A benefit of
the CA approach in MMC:s is not only that an optimal strategy
is obtained for the multiple and conflicting objectives to be
achieved, but also that the same algorithm can be used with
any number of phases and submodules. Also, the algorithm is
able to reconfigure the system for fault-tolerance with almost
no changes needed to the control software: when a fault
appears, CA immediately reconfigures the use of the SMs,
and arm voltage reference tracking is promptly recovered.

The approach of this paper may yield a new generation
of resilient MMCs benefiting many electrical power systems,
including the integration of renewable sources in the grid.
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