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Optimization method based on simplex algorithm
for current control of modular multilevel converters

Abdelkader Bouarfa
LAPLACE, Université de Toulouse,
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France
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Abstract— The paper proposes an optimization formulation
of the control problem for modular multilevel converter
(MMC). The main control stage computes arm voltages on
average over a fixed switching period by minimizing control
errors in order to satisfy as best as possible the desired refer-
ences of input, circulating and output currents, while taking
into account arm voltage limits. Then, mean-values of required
arm voltages are achieved by phase shift pulse-width modula-
tion (PSPWM) by computing duty cycles for each submodule
while taking into account the issue of active balancing of the
capacitor voltages in a secondary control stage. The proposed
optimization problems are solved by using a numerical method
based on the simplex algorithm and simulation results are
shown in order to support the validity of the approach.

Keywords— Modular multilevel converter, current control,
control allocation, numerical optimization, simplex algorithm.

I. INTRODUCTION

Multilevel converters are now recognized as a major so-
lution for medium-voltage high power applications [1], [2].
Multilevel conversion makes it possible to reach high voltage
ranges by using low or medium-voltage switches while im-
proving considerably the harmonic quality of output currents
and voltages.

Among multilevel conversion topologies is the MMC [3].
A 3-phase modular multilevel inverter is illustrated in Fig. 1.
Thanks to its modular structure, MMC is appreciated for its
simple scalability, flexibility in design, its simple assembling
in construction, its excellent harmonic performances, and
improved availability in practice. The main control objec-
tives of the MMC are the obtaining of the output currents,
the correct choice and regulation of the input current in order
to provide the needed output power and to keep the converter
energy constant, and the balancing of the submodule capaci-
tor voltages. Dynamics and control of the MMC have been
the topic of several studies [4]-[9]. Control strategies are
mainly based on the use of linear controllers and multilevel
modulation. Due to the high number of available control
variables, constraints to respect and objectives to satisfy,
control of MMC is quite complex and is still a wide axis of
research.

In this paper, we propose a new approach for the con-
trol of the MMC. The main aim is to achieve an optimized
control of the converter thanks to the computation of sim-
ple linear variables by taking into account existing ranges
of operation. Such approach has been already illustrated for
the 4-leg 2-level inverter and the flying capacitor inverter
under the control allocation framework [10]-[13]. We pro-
pose an optimization problem of the control of the three-
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phase modular multilevel inverter to be solved in real
time.
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Fig. 1. Illustration of a 3-phase modular multilevel DC-AC converter.

The main problem does not depend on the number of
submodules per arm as control variables are the mean-values
of arm voltages over the control period. The proposed nu-
merical optimization method is based on the use of the sim-
plex algorithm. Additionally to the main control problem, in
the same way, a second optimization problem is developed
on a per-arm basis for the determination of duty cycles satis-
fying required arm voltages while enabling an active balanc-
ing of capacitor voltages. Computed values of duty cycles
are realized by Phase Shift Pulse-Width Modulation
(PSPWM). Input current reference is basically determined in
order to control the mean- value of arm energies to a com-
mon reference value. The control strategy is evaluated in
simulation and results consolidate the validity of the two
control stages.

In section 2, the modelling of the MMC is detailed. In sec-
tion 3, we develop the proposed optimization formulation for
the control of the MMC currents. Finally, the control strategy
is evaluated in simulation in section 4.
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II. MODELLING OF THE MMC

A. Converter arms

Each leg is comprised of two arms [4], denoted here as
positive and negative, respectively. Each arm is constituted
by a series-connection of 75y submodules. As illustrated in
Fig. 2, each submodule has a capacitor that plays the role of
a DC-source and that can be inserted in the arm x of the
leg K thanks to the associated j-th switching cell of state
Skxj. The switching state is 0 for by-pass, and | for insertion
of the capacitor. Dead-times are neglected and ideal opera-
tion of switching cells is assumed. High voltage levels can be
reached by adjusting the number of submodules inserted.

B. DC source

The DC-side voltage is denoted E;- and is assumed con-
stant here. The line impedance is modelled by inductance Lg.
and resistance Rq.. The ground reference is taken to be the
mid-point of the DC-bus.

C. Load

The load is assumed to be balanced and with star-
connection, as illustrated in Fig. 1. The load impedance is
modelled by inductance L and resistance R.

D. Dynamics of currents

Positive and negative arm currents ip and in are often de-
composed [4]-[9] similarly to the form

e s . . _ idc in ic
lp_(lAp pr lcp)r —?"'E"'E (1)
. . . .\ id i i
ln z(lAn an lCn) Z?_En-i-é (2)
where iq4 s the input current, satisfying
idc = iAp + in +iCp = iAn +iBn + iCn (3)
where i, is the output current vector of the 3 load currents,
. . . .\
L= (lA lg lc) )
and where ic is the circulating current vector,
. . . . \T
lc = (lAc ch lCc) (5)

The input current provides active power to the load and
compensates for losses in the converter. Circulating currents
are inner currents flowing through the legs of the converter,
and do not affect the AC side or the DC side. Therefore, a
control possibility is to minimize circulating currents in order
to reduce losses.

By defining the following parameters and matrices

R =R+R /2 L =L+L,/2 (6)
R =R, +2R /3 L=L,+2L /3 (7
R. =R, L =1L, (®)

2 -1 -1
HDMzé -1 2 -1 9)

-1 -1 2

H., =1/3(1 1 1) (10)

SMK,XJ

. ’ ic,K,x,j

Fig. 2. Tllustration of the leg-K arm-x j-th half-bridge submodule.

the dynamics of output, input and circulating currents can be
described by

d
L —i =—Ri +v 11
0 dt 0 070 o,mmc ( )
L ii =—Ri +vV (12)
c dt c cre c,mme
d
L —i 'Z_Rvi c+vv mme 13
s dt de s d S, ( )
where
1
vo,mmc = _E HDM (vp - vn) (14)
1
vc,mmc _E HDM (vp + vn) (15)
vs,mmn =Edc _HCM(Vp +vn) (16)

In (14)—(16), Vomme are MMC output voltages that drive the
output currents, Vemme are MMC inner circulating voltages
that drive the circulating currents, vyum. is MMC input volt-
age that drives the input current, and vp = (v.4p v, v)T and
Vo = (Van VBaven)T are the positive and negative arm voltages,
respectively. Arm voltages are functions of switching states
Sky and capacitor voltages Vegy;:

Vi = ZSK,x,jVC,K,x,j (17)
J

MMC voltages are components of the positive and negative
arm voltages. The control of MMC currents by MMC volt-
ages is achieved by the selection of suitable arm voltages.

E. Dynamics of capacitor voltages

The evolution of the voltage Vg of the leg-K arm-x j-th
capacitor of is given by

d 1 )
E VC, Kaxj — E SK,x,le,x (18)

F. Arm energies
The energy Ek. of the leg-K arm-x is given by

1
EK,x = E CZVC,K,x,jz (19)
J

Let assume that output current references are achieved,

Lo sin2rft
iot)=| 15, (()=1| sin2zft-27/3 (20)
i sin2zft+27/3

where /, is the desired peak amplitude and fis the fundamen-
tal frequency. The power provided to the arm on average
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Fig. 3. Diagram of the proposed general control strategy.

over the fundamental period 7= 1/f can be derived from (1),
(2), and (14)—(16), and is given by

d .
< E Ey  >p=<B >p=<vg iy >p

21
g+ 2 Edc . R[, 2 ( )
z_ildc + ldc_i 0

6 6 4
The first term corresponds to losses due to the input current,
the second term is the contribution of input power and the
third term corresponds to the output active power consump-
tion in the arm. So, ideally, in order to keep constant energies
in the arms, the input power must compensate for losses and
for the active power required by the load.

III. PROPOSED OPTIMIZATION FORMULATION FOR THE
CONTROL OF THE MMC

A. General control strategy

A diagram of the general control strategy is available in
Fig. 3. The control of the MMC is divided into two stages.
The main control stage is dedicated to the computation of
required arm voltages in order to satisfy the given current
references while automatically taking into account the limits
of arm voltages. Then, the secondary control stage is respon-
sible for the realization of the previously computed arm volt-
ages by means of PSPWM. This is done on an arm-per-arm
basis. Duty cycles are determined primarily in order to obtain
the desired arm voltage and secondarily to minimize the dif-
ferences of capacitor voltages for keeping them close to their
mean value.

For both the control stages, linear optimization problems
are derived for each control problem, respectively, in order to
find a feasible solution while respecting the existing con-
straints. The linear programs are to be solved for each control
period thanks to a numerical optimization method based on
the use of the simplex algorithm.

B. Discrete state-space model of currents

The main objective is to control the output, input and cir-
culating currents to their references values. The control vari-
ables are the mean-values of positive and negative arm volt-
ages over the control period 7s. In the following of this pa-
per, the mean-value notation is omitted for simplicity.

From (6)—(16), a continuous state-space model of MMC
currents is given by

d 0 (1] v
—| i, |=A] i, |[+B,| * |+H, (22)
dt v,

ldc ldc

where

—R /L, xI,,

As = _Rc /Lr ><I3><3 (23)
~R//L,
—-1/(2L,)xHyy,  1/2L,)xHyy
B, =| -1/Q2L)xHy, -1/QL)xHy,, | (24)
_I/LSXHCM _I/LSXHCM
H =0 0 E,/L) (25)

and where Isxs denotes the order-3 identity matrix. As the
sum of output currents is zero, as well as the sum of circulat-
ing currents (deductible from (1)—(5)), quantities of interest
can be chosen as the first two output currents, the first two
circulating currents and the input current. So, define the fol-
lowing matrix Cs as

Interesting quantities to be controlled are now given by the
product Cs(io fc iuc)”.

A first-order Euler prediction over the control period Ts
gives the discrete equations

i i
00 00 v
N RN [N TN IR
v
idc idc "
C. Common mode voltage equation
An idea is to exploit available degrees of freedom in or-
der to choose preferred value of neutral voltage or common
mode voltage, vas. This voltage is given by
Yy = —1/2><HCM(Vp —vn) (28)

We will choose a preferred value of vyg,or=0 V.

D. Constraints

Arm voltages must be positive and are limited by the per-
leg sums of capacitor voltages

T
0<SV, <V = ( e Y Vekws J (29)
7

E. Input and circulating current references

The input current reference is basically determined in or-
der to keep the mean-value E,, of arm energies

1 1 1 2
E,=—>E, = Z{ CVe ks } (30)
6 6 2
at a constant reference value E,, e

E, E, . =ng CI2:V. ./ 31)

xref T m
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where
VC,rf;f =E, /ng, (32)

Ideally, in order to bring the mean-value of arm energies to
its reference value over a given fixed time 73, from (21), the
ideal reference of input current iy e is

5 1/2
e ((Ea) _gp(Rep2, Ban ~En
2 2 | 4 T, (33)

de,ref = R

s

I

This reference will be held during 73 before being updated.
The circulating currents should be ideally zero.

F. Formulation of the current control optimization problem

In order to find a feasible solution that will satisfy both
constraints and current references and result in an optimized
operation of the converter, an idea is to formulate an optimi-
zation problem. Define a criterion J that has to be minimized.
Control errors are defined for each objective as

e, = C,i, [k +1]-C,i, o[k +1] (34)
e =Ci [k +1]-Ci . [k]=Ci[k+1]  @35)
e = Ciy [k +1]- Cpiye o [K] (36)
€ =Vl 4 1V (k] = vyl +1] (37)

and are gathered into the criterion J. Thus, an associated op-
timization problem is

minJ, J=g,e,|+e&.[e.+Eillell T Eml€on

Yot (38)

uc. 0O<v, <v 0<v,<v

p,max n,max

where u.c. means “under constraints”, where || || is a norm,
and ¢’s are weighting factors that make it possible to define
priorities between control error terms. A possibility is to tune
these factors by a trial & error process such that &,>> ¢. >>
&dc >> ew. The choice of the {1 norm in the expression of the
criterion J enables the formulation of a linear program (LP)
and the use of the simplex algorithm [10].

As a LP requires positive decision variables, add new ar-
tificial variables that are the negative part e, and the positive
part e," of any variable e, that may be negative as

+

e =e —e,

_=e, 0<e, '  0<e, (39)

Finally, a linear program in standard form is defined from
the optimization problem as
minJ, J=c'x
uc. Ax=b, 0<x<x

All matrices and vectors of the LP are given at the end of the
paper. A is of size 6x18, b is of size 6x1 (column vector),
and ¢, X, and Xmax are of size 18x1 (column vectors).

(40)

max

G. Active balancing of the capacitor voltages

Additionally to the main control objective, it is proposed
here to realize the reference arm voltages, computed previ-
ously by the current control stage, by PSPWM while taking

into account the issue of the active balancing of the voltages
of the submodule capacitors. For simplicity, this control
stage is performed arm by arm, as the 6 resulting control
problems are independent.

First of all, duty cycles denoted Dx,; are defined to be
the mean value of the switching states Sk, over a switching
period Ts equal to the control period:

DK,x,j =< SK,x,j >, (41)

In order to obtain the desired arm voltage, duty cycles of the
corresponding arm must satisfy

sy

ZVC,K,x,jDK,x,j =Vkx (42)

J=l

Then, a first-order prediction of the capacitor voltages gives

VC,K,x,j [k + 1] = VC,K,x,j [k]+ iK,x [k]‘Ts /C‘DK,x,j (43)

Ideally, the active balancing should regulate the capacitor
voltages to their reference value, which is Ey/nsy. However,
in practice, voltage ripple occurs inevitably, due to at least
the output current component in the arm current. Note that
the available duty cycles give nsy control variables but there
are ngartl control equations: the global problem is over-
determined. Consequently, here, the objective is to bring the
capacitor voltages close to their mean value, so all the capac-
itors contain nearly the same amount of energy at each time.
For this purpose, it is proposed to compute duty cycles that
minimize the differences of the predicted capacitor voltages,

Y, 1<j<ng, -1, Vc Kx,j+ [k + 1] - Vc Kxj [k + 1] =
VC,K,x,jJrl [k]_VC,K,x,j [k]+ iK,x [k] ' ]iv /C- (DK D,

K,x,j
while primarily satisfying the reference arm voltage.

) (44)

RN

Both the objectives of realization of the arm voltage and
active balancing of the capacitor voltages can be gathered
into the following control problem:

Vewalk] = Versslk] o1 Verauny K]} ( Dy
1 1 :
X DK,x,j
—1 1 K,x,ngy,
¢ %
C VC,K,x,l [k]_ VC,K,x,Z [k]
- i [T (45)

VC,K,x,nﬂ,fl [k]_ VC,K,x,nsw [k]

i [T

Here, the problem is fully determined, but the constraints
must be respected:

C

0<Dy ;<1 (46)

Moreover, when the arm current is close to zero, the capaci-
tor voltages cannot be controlled anymore. In order to keep
the differences of duty cycles small for obtaining regular
switching patterns, a maximum threshold value is indicated.
For example, it is possible to limit the absolute values of the
differences of duty cycles up to 0.1.
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TABLE L SIMULATION PARAMETERS
Symbol Meaning Values
Ts Control period 0.5 ms
Ts Control period for Em, see (33) 10-7s =5 ms
f Fundamental frequency 50 Hz
R L Load resistance and inductance 10 Q, 1.3 mH
Ry, Ly Arm resistance and inductance 10 mQ, 100 pH
Rac, Lac DC-bus resistance and inductance 100 mQ, 2 mH
Eac DC-bus voltage 1000 V
C Submodules capacitances 5 mF
nsm Number of submodules per arm 3
Tstep Simulation step Ts/1000 = 0.5 ps

Finally, in order to find a feasible solution of duty cycles
that reaches the desired arm voltages while minimizing dif-
ferences of capacitor voltages as best as possible, a LP is
formulated similarly to the previous one, and more particu-
larly the one derived in [13]. In practice, this LP is to be
solved in real time thanks to the simplex algorithm.

IV. SIMULATION RESULTS

Simulations were carried out thanks to the MATLAB-
Simulink environment. Simulation parameters are given in
Table I. The first reference value of the output current ampli-
tude 1, is 25 A. At 400 ms, a step change occurs and the ref-
erence value becomes 38 A. Circulating current references
are 0 A. In all following figures, dashed lines correspond to
reference values of shown quantities.

Fig. 4 shows output voltages and currents. Desired output
currents are correctly obtained. The algorithm responds
quickly to the step of reference amplitude. Arm voltages are
illustrated in Fig. 5. Output voltages depend on differences
between positive and negative arm voltages. Input current
results from MMC input voltage that is increased when the
mean value of the sum of positive and negative arm voltages
decreases. When the step of current reference amplitude oc-
curs, input current reference has to increase to furnish suffi-
cient active power to the load, see Fig. 7. Thanks to the op-
timization formulation, limits of arm voltages are intrinsical-
ly taken into account, and optimized waveforms of arm volt-
ages are flattened to achieve the desired output voltages and
input current while keeping arm voltages positive.

In practice, as shown in Fig. 6, it is difficult to avoid cir-
culating currents because of the ripple of capacitor voltages
mainly due to the output current component in arm currents.
Moreover, the control problem is formulated only on average
over Ts, and due to the instantaneous differences between the
real arm voltages and their computed mean values, due to the
low impedance represented by the parameters R. and L., and
due to the low number of submodules per arm used in this
simulation (for high performance and quality of conversion,
nsy 1s usually much higher), high harmonics are present in
the circulating currents. However, circulating currents are
maintained the nearest to 0 A thanks to the corresponding
control error in the criterion to be minimized.

Capacitor voltages of leg A are shown in Fig. 8. They are
kept near to their reference thanks to the second optimization
problem derived similarly to the one introduced in section 3
and in [13]. Neutral potential is shown in Fig. 9. The con-
trolled quantity is the average value over the switching peri-

Voltages (V)

Currents (A)

- 0.36 0.37 0.38 0.39 0.4 0.41 0.42 0.43 0.44
Time (s)

Fig. 4. Phase voltages and currents.
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Fig. 6. Circulating voltages and currents.

od, represented by the dashed line. It is a relevant illustration
of the ability of the method to automatically exploit degrees
of freedom in order to satisfy the primary current references.

When the amplitude step occurs at t = 0.4 s, the neutral
potential is used to overcome arm voltage limits for achiev-
ing the needed MMC voltages. Due to PSPWM, the instan-
taneous values are different from the computed mean values.
Nevertheless, current references are tracked efficiently.

V. CONCLUSION

In this paper, a control strategy based on online optimiza-
tion is proposed for control of MMC that feeds an inductive
three phase balanced load. The main control stage is dedicat-
ed to the tracking of references of output currents, input cur-
rent and circulating currents. An optimization formulation is
developed in order to automatically compute mean-values of
arm voltages on average over the control period that satisfy
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Input voltage and current

400 required arm voltages by PSPWM while achieving active
s balancing of capacitor voltages. Thanks to this strategy, dif-
& ferences of capacitor voltages of a given arm are minimized
s to maintain balanced energies for all submodules over time,
siii . Y S N and capacitor voltages are kept close to their reference values
03 032 034 036 038 04 042 044 046 048 05 over a fundamental period.
40
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