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Abstract— The operation and applications referred to the modular multilevel converter (MMC) have been a subject of increas-
ing interest and research by the scientific community. However, the recently studied application areas for this converter topology
are mainly high voltage dc transmission (HVDC), with medium/high power. This paper proposes to use a model predictive con-
trol (MPC) as a control strategy to regulate the ac-side currents and circulating currents. Also a suboptimal algorithm which uses
a reduced number of considering states to implement the task of maintaining the submodules capacitor voltage balanced is pro-
posed. The performance of this control strategy applied to a five-level MMC connected to the medium voltage distribution grid is
analysed based on simulation results conducted in the environment of circuit simulations PSIM.

Keywords— MMC, Multilevel converters, Distributed Generation, MPC, Voltage Balancing.

Resumo— O funcionamento e aplicagdes referentes ao conversor multinivel modular (CMM) vém sendo, cada vez mais, objeto
de interesse ¢ pesquisa por parte da comunidade cientifica. Entretanto, as aplicagdes estudadas para essa nova topologia de
conversor sdo, em sua maioria, sistemas de transmissao em corrente continua de alta tensdo (CCAT), de média/alta poténcia. Este
trabalho propde utilizar o modelo preditivo (MPC) como estratégia de controle para regular a corrente no lado CA, bem como as
correntes circulantes no CMM. Ainda, é proposto um algoritmo sub-6timo, e que considera um niimero reduzido de estados, para
realizar a tarefa de balanceamento dos capacitores. A performance dessa estratégia de controle aplicada a um CMM de cinco
niveis de tensdo fase-neutro conectado a rede de média tensdo, é avaliada com base em simulagdes feitas no ambiente de

simulagdo de circuitos PSIM.

Palavras-chave— CMM, Conversores multinivel, Geragdo Distribuida, MPC, Balanceamento das tensdes.

1 Introduction

The Modular Multilevel Converter was first in-
troduced in (Lesnicar, 2003), and since then it has
been a subject of great interest in power electronics
researches. This converter topology has been consid-
ered attractive in medium and high voltage applica-
tions since, as compared with the conventional two
or three-level converters, they provide high power
quality at the ac-side, higher output voltages with
extremely low distortion and reduction in the device
average switching frequency without compromise of
power quality, which allows operation with lower
switching frequency (Rodriguez, 2002) and (Kouro,
2010). All these features are possible due to its
scalability and modularity, which is also important
when it comes to maintenance, once it is easier to
replace individual submodules in case of failure, then
to replace the converter itself (Lesnicar, 2003).

Strategies to the current control in MMC are the
same applied to two-level voltage source converters
(VSCs), such as the decoupled dq reference frame
control (Guan, 2011), the pq theory (Akagi, 2007) or
using the model predictive control (MPC) (Cortés,
2008), which has been largely used recently due to
its fast dynamic response, possibility to include the
nonlinearities of the system and ease in digital im-
plementation (Rodriguez, 2007), (Vargas, 2007),
(Kouro, 2009) and (Perez, 2012). Besides current
control, the MMC needs a proper voltage balancing
technique in order to keep the submodule capacitors
on their nominal voltage value. And also a circulat-
ing current control, to eliminate these current com-
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ponents generated from the voltage difference among
the three phase legs, and which contains negative
sequence components with the frequencies twice the
fundamental one (Debnath, 2015).

Reference (Qin, 2012) proposed a control strate-
gy based on the MPC algorithm. The method used
there defined a cost function to control the ac-side
currents, circulating currents and also to implement
the capacitors voltage balancing task. However, it
considered all possible C2™ switching states configu-
rations, given a number of » submodules per arm,
which would require higher computer effort as the
number 7 of submodules increases.

Reference (Moon, 2015) proposed a MPC meth-
od with a reduced number of considered states for ac-
side current control, capacitor voltage balancing
control and circulating current control for a MMC.
The developed method used three MPCs with differ-
ent cost functions to each control goal.

This paper also proposes a MPC control strategy
to regulate the ac-side currents and the circulating
currents based on (Moon, 2015). However, the algo-
rithm to implement the submodules capacitor voltage
balancing task uses concepts of a sorting algorithm,
like the one presented by (Saeedifard, 2010), together
with the cost function idea used in MPC methods.
Still, the control proposed methods not only reduces
the required number of states in each cost function,
but also reduces the computational load presented in
common balancing tasks methods. Also, once MPC
will be used, a discrete-time model of the MMC will
be developed. At last, the simulation results will be
presented in order to verify the effectiveness of the
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proposed MPC strategy applied to the case study
system.

2 System Model and Control

2.1 MMC Topology and Mathematical Model

A diagram of the system in analysis is shown in
Figure 1. The MMC consists of N = 4 half-bridge
submodules per arm, resulting in a total of 24 sub-
modules in the converter, and a reactance per arm
(Lirm)- Each half-bridge submodule consists of two
IGBT switches with antiparallel diodes, and a capaci-
tor. When the upper switch is turned on, the submod-
ule capacitor voltage is applied to the terminals of the
submodule. Otherwise, when the current flows
through the lower switch, the voltage applied to the
terminals is equal to zero, and the submodule is con-
sidered turned off.
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Figure 1. Distribution grid-connected MMC.

Based on Figure 1, the equations which govern
phase-a are

Vac dlua _ dza

> Vya — larm =Ri at L—=+ Usa» (l)

Vac dlla _ d

> Via — larm at _Rla - Ld_ — Usa» (2)
g = lyg = lia- 3)

For phases b and c, the equations are identical.
Also, the currents in the upper and lower arms can be
calculated as follows

. i i .

lya = ?a + % + L0 “4)
. i i .

lig = _;a-l'%'i'lza: Q)

where i,, is the circulating current flowing through
phase-a. Again, the equations for phases b and c are
identical. These equations will be necessary to im-
plement the MPC algorithm.
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2.2 MPC Strategy for the ac-side Currents

The MPC Strategy is based on the discrete-time
model of the system. Then it was used the Backward
Euler approximation in the system equations as fol-
lows:

Verr, = Ve + Tsf Otarg teary)s (6)

where T is the sampling period.

First, it is necessary to control the currents on
the ac-side according to their reference values. In
order to do that it is needed to predict the current
value in the following step, each step. Combining
(1), (2) and (3), it results in

dla

+ 2Rig + 2L 5% + 204 (7)

Via = Vya = larm
Then, using (6), the predicted current can be cal-
culated by

ia(t+T,) == (0.5 (vig(t +T) - vua(t +Ty)) —

Voa (£ +Ty) + 2 = la (), (8)

where K, =la%+L and K= %+R. Vea(t + Tg)

is the estimated grid voltage and can be approximat-
ed by the measured value of vg,(t). Also, the term
0.5%(v(t + Tg) — vya(t+ Ts)) corresponds to the
predicted converter output voltage, Vgyue o(t+ Ts).
Then, as the goal is to regulate the predicted current
with respect to the reference one, then the first term
in the cost function is

91 = abs (iaref(t +T) = (ot +TY)),  (9)
where abs(*) is the absolute value function.

From (9), if it is considered all possible combi-
nations of switching states to determine the value of
Vout(t + Ts) in the cost function, the necessary num-
ber of combinations is C&N, according to (Qin, 2012).
In order to reduce this number, the approach based
on (Moon, 2015) considers the possible voltage out-
put levels N+1 instead, which is inside the range:

N VdC <v NVgc

2N_ outa—ZN (10)

Therefore, from the regulation of the ac-side cur-
rents, it is determined the necessary output voltage
level, which can be expressed in terms of the lower
and upper arm voltage output references

_Va
vzja - TC - 17;u1:_a (1 1)

*

v *
Vig = % + Vout_a (12)
which are inside the range

Yderg 1,...,N]. (13)

* *
Vuar Via = N
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This algorithm to control the ac-side currents is
summarized in the block diagram presented in Figure
2. But it is still necessary to control the circulating
currents and the submodules capacitor voltages.

Sampling i(t), vs(t)

Vout(t+T5) = k*(Vae/N) based on (10) |
1

Calculate i(t+Ts) based on (8),
considering v (t+Ts) predicted.

1A
‘ Calculate g; based on (9) |
1)

If (gi < Gmin)
{gmin=gi;
Vut = Vour(t+Ts)}

¢
@ no
yes '
Calculate vy, v, based on (11) and (12) ‘

Figure 2. MMC-MPC ac-side currents control algorithm (N=4).

2.3 MPC Strategy for the Circulating Currents

This section presents the MPC algorithm used to
minimize the circulating currents, which is important
to reduce the submodules capacitor voltage ripples
and converter losses.

The ac-side currents control, shown in the previ-
ous section, calculated a reference signal for the
lower and upper arm output voltages. In the circulat-
ing current control method, these output voltage
references are modified in order to accomplish this
second goal of the overall control. Then, it is neces-
sary to find an equation which relates the circulating
current and the arms output voltages for a given
phase-leg. First, (4) and (5) are added resulting in:

ipq = M — e, (14)

Then, adding (1) and (2), and substituting (14),
the dynamic of a MMC arm circulating current in
terms of the arms output voltages is expressed as

di Vdac Vig+Vua
l 28 — —ac_ e ud 15
arm dt 2 2 ( )

Using the Euler approximation equation (6) in
(15), it is obtained the discrete equation need to con-
trol the circulating current component in each phase,
and already considering the reference voltages calcu-
lated previously

Ts

iza(t + Ts) = (Vdc - vl*a(t + Ts) -

Vit +T5)) + iz (). (16)

2larm

However, according to (Moon, 2015), it is need-
ed to add a voltage level V,, in each arm output volt-
age in order to control the circulating current compo-
nents. This level addition does not interfere in the
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converter output voltage Vgt 5, nor does it in the ac
current i,. It only appears in the circulating compo-
nent equation as shown bellow

Ts

iza(’vL + Ts) = 2larm {Vdc - [(vl*a(t + Ts) + Vza) +

Vet + T5) + Vo)1) + 150 (8). (17)
In this paper, only two voltage levels are allocat-

ed to V,,, and so this voltage component can assume
the values

Vo = “[-1,0,1]. (18)

The cost function for the circulating current
components has the goal to minimize its components
values, and so can be defined as

9z = abs(iz(t + Ty)). (19)

Then the voltage references for the upper arm
and lower arm, considering the circulating current
control, are

Viaz = Vua(t + T5) + Vg (20)
vl*a_z = Ul*a(t + Ts) + Vo 21

which are inside the range
* * 14
Viaz Viaz = 4 [0,1,..,N]. (22)
This algorithm to control the circulating current

components is summarized in the block diagram
presented in Figure 3.

Sampling iy(t), ij(t)

| V,(t+Ty) = k*(Vae/N) based on (18) |
v

Calculate i,(t+Ts) based on (17),
considering V,(t+Ts) predicted.

’ Calculate g, based on (19) |
v

If (92 < Gmin)
{gmin=9z
V= V(T

@J/ no

yes
Calculate vy, 4 vy, , based on (20) and (21) |

Figure 3. MMC-MPC circulating currents control algorithm.

2.4 Submodule Capacitor Voltage Balancing

Similar to other multilevel converter topologies,
the MMC needs an active voltage balancing strategy
in order to maintain the submodule capacitor voltag-
es regulated at their nominal value Vy./N. The most
widely accepted voltage balancing strategy is based
on a sorting method (Debnath, 2015).
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To perform the voltage balancing task based on
a sorting method, it is necessary to measure all ca-
pacitors voltages, and sort them, and the upper and
lower arms currents. Then, if the upper (lower) arm
current is positive, a determined number of submod-
ules Nu,, (Nl,,) with the lowest voltages are insert-
ed, and the submodules are charged. On the other
hand, if the upper (lower) arm current is negative, a
determined number of submodules Nu,, (Nl,,) with
the highest voltages are inserted, and the submodules
are discharged. Regardless of the direction of the arm
current, if a submodule is bypassed, the correspond-
ing capacitor voltage remains the same. Although the
sorting method guarantees a proper capacitor voltage
balancing, it produces unnecessary switching transi-
tions and it is necessary to implement the sorting
algorithm for each leg every sampling period. Then,
as higher the number of submodules, higher is the
computing time to implement this task.

This paper proposes a balancing task which uses
both concepts of a sorting algorithm, but without
implementing the complete sorting every sampling
time, and a MPC control where a cost function is
used. However, it is proved that in the method pro-
posed it is not necessary to predict the submodule
capacitor voltage to accomplish it.

To determine whether the submodule is on/off, it
is used the voltage references calculated previously
as shown as follows

Ny, = ;’:“/N =[0,1,..,N], (23)
v*a 4
Nlp, = m =[0,1,..,N]. (24)

Then, instead of using the exact number of sub-
modules to be turned on/off, it is used the variation
ANu,, and ANl,, in order to avoid unnecessary
switching transitions and computational time. Then,
if ANu,,, ANy, > 0, the submodules whose switch-
ing states are off are analyzed based on a cost func-
tion gc, that is presented as follows, and the mini-
mum value is chosen. However, if ANuy,, ANy, <
0, the submodules whose switching states are on are
analyzed based on a cost function gc and the maxi-
mum value is chosen.

The cost function gc is usually based on the pre-
dicted values of the capacitor upper and lower volt-
ages, which can be calculated based on the predicted
switched-on/off submodules, according to

Vona(t +T) = Vena () + T, (25)
where n is the number of the submodule per phase
and i(t) will be equal to i,,(t) or ij,(t) to the sub-
modules in the upper arm or lower arm, respectively,
if the submodules are on. If the submodule is turned
off, then the term referred to the current in (25) is
equal to zero. And the cost function is usually given
by the absolute value of the sum of the submodules
predicted capacitor voltages. However, when using
this cost function it is necessary to consider all possi-
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ble switching states. To avoid it and reduce the num-
ber of possible switching states to be considered,
only one submodule is selected at each loop and the
number of loops is determined by the value of
ANug,y,, ANl,,. The cost function used to compare
them, based on the concepts of the sorting method
explained previously, is given by

ge = i) Vena(t +T5) =759, (26)

where the current is multiplied to determine whether
the submodule is charging or discharging, if its value
is positive or negative, respectively.

However, the algebraic difference between the
submodule capacitor voltage and its nominal value is
being used, instead of the absolute value. And to
always choose the minimum value of gc, (26) can be
simplified based on the inequalities:

ifasb, thena+c s b+c, Ve, (27)
ifz20andifa <b, thenza s zb. (28)

And so, the new cost function is given by
gc = dec* i(t)Vena(t +T5), (29)

where dec = +/-1, for ANu,,, ANl,, = 0/< 0.

’ Sampling iy(t), ij(t), Ven(t) ‘

ANgp= ANugy, AN,

X
< BNgpl=0 e

if (ANgp = 0)
{Son/off =1;dec=1;}
else {Sop/off = 0; dec = -1;}

N2

Imin = ®

4>«i,/:f;o/r k=1 :I::/‘)

—

no
Calculate g, based on (30) ‘
pr— ey

If (gc < Gmin)

SMkmin = Son/off;
ANgp=ANg,- dec;

Figure 4. Submodule capacitor voltage balancing algorithm (N=4).

Still, as the submodules to be turned on and off
are compared separately, the current term in equation
(25), used to compare the submodules to be turned
on, does not interfere in the comparison, as shown in
equation (27), and gc can be even more simplified to

gc = dec* [i(t)Vcna(t)]a (30

proving that the predicted values of the capacitors
voltages are not necessary. Then, the number of
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computational operations is reduced, just as the
number of considered switching states. At last, the
capacitors voltage balancing method presented is
summarized in Figure 4.

2.5 Control of a grid-connected MMC

As mentioned in the Introduction section, there
are different methods presented in the literature to
calculate the reference currents used in the MPC
algorithm exposed previously. This paper proposes
the utilization of the pq theory (Akagi, 2007) togeth-
er with the ap-frame.

According to the pq theory, the real and imagi-
nary power can be calculated as follows

P = Vglg + Vg, 31
q = Vglg — Vqlg. (32)

Then, the currents in af-frame are calculated as

P Vg 74
la - pVaZ+UBZ + q Ua2+1]ﬁ2' (33)
- vB _ Vg
=P v +vp? q vg2+vp?’ (34)

After calculating the reference currents, given a
specified p and q, it is then transformed these af-
frame reference values to the abc-frame using matrix

K.
1 0
|2 2|
K=\E 2 2 | (35)
-2 -]
2 2
labe = Kigg- (36)

A complete scheme of this control is shown in
the block diagram of Figure 5.

P* q* Ven Vs iy 11
2n
) P33
Vabe [zpc ] B pa theory iZB oB i;bc MPC |, Switching
—#>) —#> based on |-4>| > for [7> pulses
Bl Jan.as | Lokl | vve | SO

Figure 5. Block diagram of the system control scheme.

3 Simulation Results

In this section the performance of the system in
analysis, shown in Figure 1 and whose parameters
are given in Table 1, is evaluated. Simulations were
conducted in the environment of circuit simulation
PSIM, and the results proving the MPC control capa-
bility of controlling the ac-side currents, circulating
current components and maintaining the submodules
capacitor voltages balanced are shown. The simula-
tion routine starts in standby mode, which means that
real and imaginary power references are equal to
zero, and submodules capacitors are already charged
to their nominal values.
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Table 1. System Parameters.

Parameter Value
MMC nominal power 5kVA
Nominal frequency 60 Hz
Transformer (150 kVA) 13.8 kV/220 V
Transformer leakage reactance 3.5%
R 2Q
L 15 mH
Lirm S mH
Submodule capacitor C 6mF
DC Source Voltage 500V
Sampling period 50 pus

Att= 0.2 s a power transfer command from dc
side to ac is activated and its reference value is p* =
5 kW, in this case, imaginary power is kept q* = 0.
Then, at t = 2.5 s the real power reference suffers a
step change to p* = 7 kW value, while q* is again
maintained the same. At last, when simulation time
reaches t = 3 s, imaginary power reference is step
changed to q* = -4 kW, whereas real power refer-
ence is kept with p* =7 kW value. Simulation results
for this routine are shown in Figure 6.

Power (kW)

Current {A)

Vcna (pu)

Current (A)
o

Time (s)

Figure 6. Simulation results: (a) real and imaginary power
components of the grid-connected MMC; (b) ac-side currents of
the MMC; (c) submodules capacitor voltages of MMC phase-a;
and (d) circulating current component of phase-a.
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Figure 6(a) illustrates real and imaginary power
components and the control capability of regulating
them to their reference values. Figure 6(b) and (c)
show the ac-side currents of the MMC, controlled to
their reference values, and phase—a submodule ca-
pacitor voltages of the MMC balanced to their nomi-
nal value. At last, Figure 6(d) shows the circulating
current component minimized.

When real time practical implementation is de-
sired, problems related to the delay between signals
acquisition and the effective commutation of the
switches may occur due to the execution time of
control algorithms. In order to evaluate this matter,
simulations considering delays in switching com-
mand signals were implemented, and it was not ob-
served instability problems for delays up to half of
the controllers’ sampling period. However, it re-
quires that the execution time of control algorithms is
limited to intervals of that magnitude. To overcome
this limitation when the MMC has a high number of
submodules, it may be necessary to implement the
controllers in a hardware structure capable of paral-
lelizing the execution, such as FPGA.

4 Conclusion

This paper proposes two MPC strategies, one to
control the ac-side currents components and other to
minimize the circulating current components. Also, it
proposes a capacitor voltage balancing algorithm
based on both sorting and MPC methods. The three
of them together have shown to be very efficient,
accomplishing the goals defined for each one. Be-
sides, they need a reduced number of switching pos-
sibilities and less computational effort, which is
extremely important for real time experimental im-
plementation.
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