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Abstract. With the constant increase of power converters in industry, the study
and comparison of control techniques for these converters are of paramount im-
portance to optimize their functioning, as well as to improve their efficiency. This
paper presents a comparison of the most relevant digital control techniques of
pulse-width modulation and current control for a modular multilevel converter
(MMC), which is a power converter that is increasing in popularity among re-
searchers, and with a steady growth in its literature. Beginning with a theoretical
presentation of each control technique and using explanatory figures and compu-
tational results, the focus of this paper is the understanding of the modulation and
control techniques for the MMC. Since the MMC has a modular structure, the
power is distributed among the different submodules, which increases the com-
plexity of the control system. Furthermore, a balancing strategy for the voltage
across the capacitor of each submodule of the MMC is also presented. Along with
the paper, computer simulations are presented, which were carried out to validate
the functioning of the MMC and the control techniques, as well as to understand
the differences in the obtained results.
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1 Introduction

Nowadays, the number of applications that requires power electronics converters is
continuously increasing with a specific preponderance for electric vehicles, renewables,
storage systems, power conditioners, and power grid systems [1]. In terms of power
converters, several topologies can be considered, including traditional topologies, mul-
tilevel topologies, and interleaved topologies, both in terms of voltage-source or cur-
rent-source [2]. Since the importance of multilevel topologies for a wide range of ap-
plications, this paper deals with the analysis of the modular multilevel converter
(MMC). When connected to the power grid, the MMC requires dedicated control algo-
rithms, including current control in the power grid interface, voltage control of the DC-
link capacitors, and the modulation, aiming to optimize the performance of the con-
verter, and mitigate power quality problems [3]. Along the last decades, relevant digital
control strategies were proposed with different levels of complexity [4]. In this context,
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this paper presents a comparison of pulse-width modulation and current control tech-
niques for the MMC.

The rest of this article is organized as: section 2 presents a comparison between phase
shift carrier PWM and level-shift carrier PWM; section 3 presents a comparison be-
tween current control techniques, namely the Pl and model predictive, as well as the
control strategy for the capacitor voltage balancing; section 4 presents a computation
validation of the power converter and discussed techniques; and section 5 finalizes the
paper with the conclusions.

2 Modulation Techniques for MMC

When it comes to PWM techniques for power electronics converters with 2 or 3 voltage
levels, the options available in the literature are extensive. However, regarding in spe-
cific the PWM techniques for MMC, and since it requires different stages for each sub-
module, it results in more complex techniques for synthesizing the desired multilevel
waveform [5]. The modulation consists of a comparison between a modulator wave-
form, which takes the form of the desired signal, and one or more triangular carrier
waveforms, where their disposition varies depending on the technique. In this section,
it is presented a comparison between the most conventional, namely the phase-shift
carrier PWM and the level-shift carrier PWM [6].

2.1 Phase-Shift Carrier PWM

In phase-shit carrier PWM, all the triangular carrier signals have the same: frequency;
peak-to-peak amplitude; and offset value. However, varies the phase disposition of the
triangular carriers. The carrier signals are disposed with a 2n/N phase-shift between
them, where N represents the number of submodules in each arm of the MMC.

Fig. 1 illustrates the referred modulation technique for a MMC with two submodules
in each arm, therefore with N = 2. For a better understanding of the technique through
visualization of the waveforms of the carrier signals and the modulator signals, the
modulator signals were disposed with 50 Hz frequency and the carrier signals with
500 Hz frequency. In a practical implementation, typically, this frequency would be
higher, in the order of kHz to a few tens of kHz. In this figure, Vit up cOrresponds to the
reference of the up arm, Vrer doun t0 the corresponds to the reference of the down arm,
while Viir and Viiz corresponds to the reference of the necessary two carriers with a
phase disposition of 180 degrees. The variables Vpumz_up, Vpwmz_up, Vpwm1_down, Vpwmi_down,
as well as the corresponding complementary values, corresponds to the gate pulse-pat-
tern of the switches that constitute the MMC with 2 submodules.

The phase-shift technique is very interesting for MMC due to some unique charac-
teristics, such as: even power losses across the submodules of the converter; minimizes
DC-link voltage ripple; and provides a natural balancing of submodule capacitors volt-
age at the carrier frequency [7]. Although being very advantageous for multilevel to-
pologies, this technique does not possess sensibility to DC-link voltage fluctuations [8].
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Fig. 1. Phase-shift carrier modulation technique for a MMC with 2 submodules in each arm.

2.2 Level-Shift Carrier PWM

In level-shift PWM, the required number of triangular carriers is the same when com-
pared with the phase-shift, with all the triangular carrier signals sharing the same fre-
quency and peak-to-peak amplitude, however, varying in the offset value since they are
vertically disposed. There are many variants of this technique, where the phase dispo-
sition of the triangular carries varies.

Similar to the figure presented to the phase shift carrier technique, Fig. 2 presents the
level-shift modulation for a MMC with 2 submodules in each arm. Also in this tech-
nique, with the objective of facilitating the understanding, 50 Hz modulator signals and
500 Hz carrier signals were considered.

This technique is very popular in conventional multilevel converters, not being very
advantageous however for the MMC, since it causes uneven power losses across the
submodules, resulting in voltage ripple in the submodule capacitors and high circulat-
ing currents [9].
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Fig. 2. Level-shift modulation technique for a MMC with 2 submodules in each arm.

3 Current Control Techniques

Regarding the control of power electronics converters, digital control schemes allow an
efficient, safe, and reliable operation, with higher dynamic and steady-state perfor-
mance. In Fig. 3 is presented a block diagram where the different steps for controlling
the MMC are shown.

This section focus lies on the control of the output current, as well as the balancing
of the capacitor voltage across every submodule since the functioning of the power
converter depends on these two controls. Regarding the circulating currents, it is con-
sidered a secondary control since the function of the converter does not depend on it.
However, it is also important because the circuiting currents lead to higher RMS values
on the arm currents, resulting in power losses and decrease of efficiency.

3.1 PI1 Current Controller

The PI controller aims to control the MMC current according to a current reference. In
a first stage, it is calculated the error between the reference current and the output cur-
rent of the MMC and then, such error serves as input for the PI controller, which con-
sists of a proportional and integral gains, and an integral parcel, presented in the fol-
lowing equation [10]:
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t
Vinoa = Kp(iref - iout) + KiJ- (iref - iout)dt (1)
0

This technique requires the tuning of the proportional and integral gains for a better
performance of the system, keeping in mind that the dynamic response is limited by the
P1 gains as well as the steady state error, which can be mitigated, but never fully extin-

guished[11].

Digital
Control

S

Output

Current

Control

~

) ——
SM

Capacitor

MMC

S

J(}}
N

Y

i

o

Voltage
Control

Y

Circulating
Current
Control

~—

Gate
Signals

J(}}
~—

Y

J(}}

~—

Fig. 3. Block diagram of the MMC control system.

The output of the PI controller corresponds to the input of the modulation block,
Vmod, Whose output results in the command signals for the switching power devices, as
presented in Fig. 4. As the command signals, vcom, are generated by a modulation tech-
nique, the switching frequency of the semiconductors has a fix value, making it easier
for the dimensioning of the passive filters of the converter.
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Fig. 4. PI controller with PWM.
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3.2 Model Predictive Current Control

The model predictive control calculates the desired control variables based on an elec-
trical model of the converter in study, without any integral error associated as appear
in the PI controller [3]. This type of controller, typically, presents fast transient re-

sponse, and small-steady state error, due to its fast dynamic response [12].
iu

Udc/ 2 T

vac/ 2 T

Fig. 5. MMC equivalent circuit.

In order to be able to obtain the electrical model of the MMC, its equivalent circuit
is presented in Fig. 5. The circulating current will be neglected for a simplification of
the model. Applying Kirchhoff’s voltage law on the equivalent circuit, and disregarding
the conduction and switching losses on the semiconductors, the equations obtained are
the following:

diy, )
Vo = —Ly E — vy — Ry 2
di .
vV, = LlE + 14 + llRLl (3)

The predictive control is a current based controller, in which the control variable in
each equation is the current flowing in the arm.

iuerror = iuref - iu (4)

ile‘r‘ror = il‘ref - il (5)

The voltage drop in the internal resistance of the inductive filters of the arms of the
MMC can be neglected (ijR;; and i,,R;,), due to the low value that they have, thus
resulting in a simplification of the equations without any significant error associated.

d (iuref B iuerror) 0 (6)

Vo = —Ly dt u
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d (ilref B ile'r'ror) + (7

170 = Ll dt 17[

Separating the differential part in the previous equations:

diy, i
ref error
Vo = ~hu—g thu udt ~ ®)
di, i
ref lerror
Vy = Ll dt - Ll 7 + (%] (9)

Since the control is performed by a microcontroller, the equations need to be in dis-
crete time, instead of linear time. The discretization of the derivative can be done using
Euler’s method:

dx x(k)—x(k—1
dx _x() —x(k—1) 10)
dt At
where k indicates the present sample and k-1 the previous sample. By substitution in
the previous equations, it is obtained:

%ML=—%ﬁwﬁwk4%ﬂk—ﬂ—mmMMD—%M] (11)
L. . .
0ulk] = = 50 (it ] =ty [k = 11 = iy, [K]) + v, K] (12)

Simplifying the previous equations:

Luf, oo
vl = = 57 (k] = by [k = 11) = v, [K] (13)
wlid] = (i, e — 11— 4141 + v, 4] (14)

Disregarding the circulating currents, according to the current direction arbitrated in
the equivalent circuit, the current in each arm are described by the following equations:
W=-2 =2 (15)
Substituting in the previous equations, and introducing Ts as the sampling period, the
final equations are obtained:

v, k] = _L_“<M

5 +mm0—%m1 (16)
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i, k-1
v[k] = %(# - iz[k]) + v, k] 17

The final equations for the reference voltage across each arm, in each sampling pe-
riod, are used as the modulator signals for the PWM signals generation, adding the
necessary offsets for the capacitor balancing in each submodule.

3.3  Capacitor Balancing

Regarding the control of the voltage balancing across the capacitor of the submodules
for a single phase MMC with only one arm, as is the case of study, two different steps
must be contemplated: the individual voltage control across each submodule, and the
arm voltage control [13]. Fig. 6 presents the individual voltage control of the capacitor
in each submodule of the MMC.
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Fig. 6. Individual voltage control of the capacitor in each submodule.

The individual voltage control consists of a proportional control of the voltage of
each submodule to follow the voltage reference. Depending on the current direction,
the output of the controller is multiplied by 1 if the current in the arm in which the
submodule is integrated is positive, or by -1 if the current is the arm is negative. As
such, there is a controller unit for every submodule of the MMC. Fig. 7 presents the
voltage control across each arm.
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Fig. 7. Voltage control across each arm.
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Regarding the arm voltage control, it is similar and works as a complement to the
individual voltage control, as it consists of a proportional control of the sum of the
submodule voltages across each arm, in order to keep the voltage in each arm balanced.
Identical to the individual voltage control, the output of the controller is multiplied by
-1 if the current in the arm is negative. Regardless the number of submodules per arm,
there are two controller units for arm voltage control.

For the control of the output of the MMC, two different approaches are discussed in
this chapter: using a PI controller for the current control, as presented in Fig. 8; and
using the predictive model control, as presented in Fig. 9.
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Fig. 8. Gate signal generation for each submodule using a P controller.
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Fig. 9. Gate signal generation for each submodule using model predictive control

Regarding the PI controller, the value of the actual current is subtracted to the refer-
ence current value and goes through the proportional and integral gains. Using model
predictive control, the final equations are used instead, thus generating the reference
signals in both approaches. Then it is summed the output of the arm voltage controllers,
followed by a gain of 1/(N -1), where N relates to the number of submodules in each
arm. Finally, the output of the controller of the voltage of each submodule is summed
to the reference signal, having created the modulators for the phase shift PWM.

4 Computational Validation

Regarding power electronics, computer simulation is a powerful tool that allows the
validation of both the power and control circuits of the power converters. In this section,
computer simulation results are presented for an MMC with 2 submodules in each arm,
as follows in Fig. 10. The simulation was carried out in the software PSIM, a tool that
allows the simulations of both power converter circuits and control schemes for the
controllers.

The simulation model presented in Fig. 10 contains 4 Half-Bridge submodules, 2 in
the upper arm and 2 in the lower arm. Each submodule is equipped with a voltage sensor
for the monitoring of the voltage across the capacitors in each submodule, in order to
keep them balanced to mitigate circulating currents across the power converter, thus
reducing power losses and increasing system efficiency. The model is also equipped
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with current sensors in both arms for current protection, and a current sensor in the
load/grid side to control the converter, using either the PI or the model predictive con-
troller.

Eae

L

(ST &

Fig. 10. Schematic of the power circuit of an MMC with 2 submodules in each arm recurring to
PSIM simulation software

Table 1: Relevant values used in computer simulation of the MMC

Power Rating P 1 kw
DC-Link Voltage Vdc 400 V
Inductive filters Ly, Lt 5mH
Submodule capacitors Csm 1.6 mF
Output Voltage (Electrical Power Grid) Vout 230V
Switching Frequency fs 20 kHz

In Table 1, some relevant values for components and ratings, starting with P, the
power rating of 1 kW. Each DC-link voltage is 400 V, a necessary value for the inter-
face with the electrical power grid of 230 V, 50 Hz. The power semiconductors switch-
ing frequency was arbitrated to 20 kHz. Regarding passive components, the inductive
filters used were 5 mH, and the capacitors for the DC-link of each submodule were
1.6 mF.

The modulation technique used was phase-shift carrier PWM since it allows a simi-
lar stress level across all the submodules. Regarding the control of the system, results
are presented to both techniques, in order to better understand the differences in the
results.
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Fig. 11 is divided in two parts, both regarding the output of the converter with a Pl
controller. The first waveform presents the output voltage of the power converter, using
line impedance of 5% to better simulate real conditions of power grid interface. The
output voltage is 230 V, 50 Hz. The second waveform relates to the output current of
the converter for a power rating of 1 kW. The obtained value for the total harmonic
distortion of the current waveform is 2%.

Vout -

lout
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Fig. 11. Output of the MMC using PI controller: voltage and current.
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Fig. 12. Output of the MMC using Model Predictive Controller: voltage and current.

In the exact same conditions, changing the control from PI to model predictive, the
output of the converter has a similar behavior, as presented in Fig. 12 possessing how-
ever a better quality in the waveform of the current, with a total harmonic distortion of
only 0.2%

In Fig. 13 are presented the voltage waveforms across the 4 submodules that integrate
the MMC. The figure is also divided in graphics, each presenting two signals. This first
graphic present the waveforms of the upper arm capacitors, and the second graphic



12 EAI SESC 2022 — 4th EAl International Conference on Sustainable Energy for Smart Cities

present the lower arm capacitors. As the figure suggests, the voltage across the capaci-
tors of each submodule remains controlled around 400 V, as expected, with approxi-
mately 4 V of ripple, corresponding to1% of the steady state value.
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Fig. 13. Submodule voltage across the capacitors of the submodules. Upper arm with V¢ and
Vez, and lower arm with Ves and Vea.

5 Conclusions

In this paper two different modulation techniques and controllers were discussed,
presenting advantages and disadvantages, specifically for MMC applications. Regard-
ing the modulation techniques, the MMC phase-shift carrier allows better results in the
functioning of the power converters, due to enabling even power losses across the sub-
modules Regarding control techniques, the PI controller is presented as a simple and
intuitive controller, possessing however a larger error in steady-state. The model pre-
dictive controller presented suffered some simplifications, such as disregarding the in-
tern resistor of the inductive filters and the circulating currents, due to the complexity
of this controller. However complex, this controller possesses a better dynamic re-
sponse and smaller steady-state error. Recurring to computer simulations, it was possi-
ble to verify the behavior of the power converter with both controllers, thus validating
the functioning of both the power converter and the control techniques, with differences
clearly noticeable in the outcomes. It was also possible to observe that the ripple in the
voltage across the capacitor of the submodules is only 1% of the steady state value in
both controllers thus mitigating the circulating currents in the MMC and increasing the
efficiency of the converter.
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