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Abstract—The influence of the coupling of the arm inductors
of a modular multilevel converter has been investigated through
transient simulations. In particular, positive, negative and zero
coupling coefficient were considered for both steady-state and
transient operating conditions. The effect of the coupling on the
transient response, the capacitor voltage ripple, the circulating
current, the DC short-circuit current and the switch power losses
has been closely examined. The possibility to reduce either the
circulating current or the DC short-circuit current has been
demonstrated, opening the door to improved performances of
modular multilevel converter with only minor modifications.

I. INTRODUCTION

The Modular Multilevel Converter (MMC) is a promising
solution when it comes to the constitution of High Voltage
Direct Current (HVDC) grids because of its modularity, low
frequency operation and good harmonic performance [1]-
[3]. One of the problems nowadays associated with MMC
and HVDC grids is the DC fault. Given that the half-bridge
MMC does not provide protection against DC faults [4], DC
breakers have been proposed [5], [6] but they are not yet
commercially available. Also, the full-bridge MMC has been
proposed but it is more expensive due to a larger number
of components and higher power losses [3], [4], [7], [8].
Another problem with MMC is the circulating current which
impacts the power losses [3]. Circulating Current Suppression
Controllers (CCSC) have been proposed as a solution [3].
The influence of the inductance on the circulating current
amplitude was proposed in [9] testifying that the increased
inductance can diminish the circulating current amplitude. On
the other hand, big inductance would result in bigger cost and
size of the inductor. For this, coupling of the arm inductors
has been proposed in [10]. The coupling reduces size, weight
and the cost of the magnetic components in the comparison
to the non-coupled inductors of a traditional MMC [10].

The coupling of the arm inductors of an MMC has been
studied in [10]-[12]. Shi et al. presented the design of the
inductors and the overall operation of the MMC with different
types of modulation. Kucka et al. considered an MMC with all
the arm inductors placed on a single magnetic core. Finally,
Yuan et al. proposed an improved method of capacitor voltage
sorting across the phases of the MMC with coupled arms
inductors. However, none of the above considered the influence
of the coupled arm inductors on the DC short-circuit current.

Furthermore, the coupled inductors also affect the module
capacitor voltage ripple and the switch losses.

This article deals with the coupling of the arm inductors in
each phase of the half-bridge MMC. The mathematical model
and coupling coefficient definition are elaborated in Section
II, along with the capacitor and inductor design. Section III
presents the simulation results for positive, negative and zero
coupling coefficient. It focuses on the impact of the coupling
of the arm inductors on the capacitor voltage ripple, the
circulating current, the DC short-circuit current and the switch
power losses. This section demonstrates the reduction of the
DC short-circuit current and the circulating current as well.

II. MODELING OF THE MMC WITH COUPLED ARM
INDUCTORS

A. Mathematical model

The considered MMC is a 3-phase AC/DC converter
(Fig. 1). Each phase consists of 2 arms. Each arm consists
of 5 modules connected in series with an inductor. Each
module consists of a half-bridge and a capacitor (Fig. 2). The
subscripts ”a”, ”’b” and “c” denote the phases whereas the
subscripts ”u” and ”1” denote to the upper and lower arms.

Omitting the phase subscript, the equations for one phase
are [12],
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where v,, and v; are the voltages across upper and lower arm
respectively, vq. is the DC side voltage, R is the resistance of
the arm inductor, L is the arm inductance, M is the mutual
inductance between the two inductors in the same phase, and
i, and 7; are the upper and lower arm currents, respectively.
The AC grid current i, and the differential current ig; ¢ are
defined as,

Z‘s = Z.u - Z.l (3)
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Fig. 1. 3-phase MMC with coupled arm inductors

It is assumed that the triphasic system is symmetric and that
the DC grid current 4. divides equally across the three phases
of the converter. It is possible to rewrite the differential, upper
and lower arm currents as [3],
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where i, is called circulating current”. This current does not
influence the AC nor the DC currents as it stays within the
converter phases, but it has a significant second harmonic
component that contributes to the losses.

Fig. 3. Coupled arm inductors (a) k. > 0, (b) ke < 0

B. Control of the MMC

The control of an MMC with coupled arm inductors is
similar to the one of a conventional MMC [3]. A cascaded
control in the dq reference frame is adopted here. The inner
loop controls the d- and g-axis current while the outer loop
controls the active and reactive power. The decoupling of the
d- and g-axis takes into account the mutual arm inductance M.
The PI controllers are tuned using the symmetrical optimum
method, similarly to [13] but modified to account for the
influence of M. The converter is synchronized with the grid
using a Phase Locked Loop. The control scheme also includes
Nearest Level Control (NLC) and Capacitor Voltage Balancing
(CVB) algorithms [3]. But, no Circulating Current Suppression
Controller (CCSC) has been implemented in order to underline
the influence of the arm coupling on the circulating current.

C. Coupled arm inductors

There are two possibilities to magnetically couple the in-
ductors as shown in Fig 3. Following the dot convention, if
both currents enter the dotted terminals, the mutual inductance
is positive. The coupling coefficient k. is defined as [14],

he = ®)
VLL

where L is the arm inductance and M is the mutual inductance
between the two inductors in one phase. Theoretically, —1 <
k. < 1. In a traditional MMC, the coupling coefficient is equal
to zero. With the conventions for currents from Fig. 1, k. is
positive in Fig. 3a and negative in Fig. 3b. This article deals
with cases of positive and negative coupling coefficient k..
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D. Capacitor and inductor design

The module capacitance C' is calculated according to the
desired maximum voltage ripple [15], [16],
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where S is the nominal apparent power, f is the grid fre-
quency, V. is the average capacitor voltage and Aw, is the
peak-to-peak fluctuation of the capacitor voltage in per unit.

The inductance value is determined according to the desired
maximum circulating current amplitude. Adapted from [9] to
include the arm coupling,
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where I, is the amplitude of the circulating current.

III. RESULTS
A. Test case

Simulations have been performed with Matlab/Simulink
SimPowerSystems using a detailed MMC model with coupled
arm inductors. The simulation parameters are summarized in
Table I. To design the converter, the maximum peak-to-peak
voltage ripple Av, is taken equal to 0.6 p.u, and the maximum
circulating current amplitude I. is set to 2 A corresponding
to 10 % of the AC grid current amplitude /. The simulation
sequence is the following. During the first second of operation
there is no power transfer. At t = 1 s, the nominal active power
is transferred from the DC grid to the AC grid. Att =3 s, a
pole-to-pole short circuit fault of 300 ms duration occurs.

B. Influence of the coupled inductors on the normal operation

To demonstrate that there is no degradation of the perfor-
mances in normal operation, simulations with zero, negative
and positive coupling coefficient have been conducted. The
active power and DC grid current are shown in Fig. 5. For
k. = 0, the operation corresponds to the traditional MMC
without arm coupling. The active power reaches its reference
value thus showing the proper operation of the converter.
During the transient, the DC current overshoot is equal to
23 %. For k. = —0.5, the operation is satisfactory. Note that
there is no DC current overshoot but that the DC current has

TABLE I
MMC PARAMETERS

Parameter H Symbol H Value
AC grid SCR SCR 3
AC grid X/R ratio Xratio 10
AC grid voltage Vg 60 V
AC grid frequency f 50 Hz
DC grid voltage Vde 150 V
Apparent power S 2000 VA
Switching frequency Sfsw 2000 Hz
Average capacitor voltage Ve 30V
Number of modules per arm N 5
Arm inductor resistance R 1Q
Modulation index m 0.8
Module capacitance C 1960uF
Arm inductance L 10 mH

larger ripples than without coupling. For k. = 0.5, the DC
current overshoot is equal to 36 %. This is larger than the
overshoot observed without arm coupling.

C. Influence of the coupled inductors on the circulating cur-
rent

Remind that no Circulating Current Suppression Controller
has been used. For steady state operation, the AC grid currents,
the capacitor voltages and the circulating current are shown in
Fig. 7. For the traditional MMC with k. = 0, the circulating
current amplitude is I, =2 A, in agreement with the design.
For k. = —0.5, the circulating current amplitude is increased
to 7.5 A. A theoretical value of 8.1 A is obtained from the
Eq. (10). For k. = 0.5, the circulating current amplitude is
reduced to 1.5 A. A theoretical value of 1.22 A is obtained
from the Eq. (10).

This behavior can be explained from Eq. (10). In Fig. 6, the
circulating current amplitude is plotted as a function of k.. For
k. < —0.7 the amplitude would be negative for the considered
converter parameters (Table 1), and therefore this value is the
limit for the inductor design procedure. Above this limit, when
k. increases, the circulating current amplitude decreases. A
reduction of the circulating current amplitude reduces the arm
currents harmonic distortion, and thus decreases switching and
conduction losses of the switches.

Another way of explaining the observed behavior is to look
the equivalent impedance Z. ., viewed from the circulating
current point of view,

Zeeq =2¢/ R+ (2nf(L + M))? (11)

An increase of the coupling coefficient results in an increase
of Z..q, and therefore in a diminution of the circulating
current amplitude. Therefore it is desirable to have a positive
coupling coefficient between the inductors.
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Fig. 5. Active power transfer and DC current for (a) k. = 0, (b) kc = —0.5 and (c) k. = 0.5
10 between the arm inductance and the capacitor voltage ripple.
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Fig. 6. Circulating current amplitude versus k., according to Eq. (10) for the
parameters in Table I

D. Influence of the coupled inductors on the capacitor voltage
ripple

For steady state operation, the AC grid currents, the capac-
itor voltages and the circulating current are shown in Fig. 7a.
For k. = 0, the capacitor voltage ripple is equal to 0.5 p.u.,
thus respecting the design constraint. For k. = —0.5, the
capacitor voltage ripple is equal to 0.83 p.u. This is larger
than the design constraint. For k. = 0.5, the capacitor voltage
ripple is equal to 0.48 p.u..

The observed variation of the capacitor voltage ripple with
the coupling coefficient proves that there is a direct link

This behavior can be explained considering the equivalent
impedance Z., that consists of the grid impedance in series
with the MMC [3], [17],

Vyrr 1 R
Rey = 2 + = 12
S SCRVI+XZ,. 2 (12)
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where Vyrr is the amplitude of the line-to-line AC grid
voltage, SCR is the AC grid Short Circuit Ratio and X4+,
is the AC grid X /R ratio. From above expressions, it is clear
that Z., decreases when k. increases. So a negative coupling
coefficient is desirable in to reduce the value of the DC short-
circuit current because the equivalent impedance seen from
the DC grid is increased.
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Fig. 7. AC currents, arm capacitor voltages and circulating current for (a) k. = 0, (b) k. = —0.5 and (c) k. = 0.5

F. Influence of the coupled inductors on switch losses

Conduction and switching losses are calculated for both
IGBTs and diodes [18], [19] in steady state operation. For
k. = 0, the losses are estimated to be equal to p;,ss = 222 W.
For k. = 0.5, the losses stay similar (217 W), whereas for
k. = —0.5 they increase to 264 W. This shows that when k.
decreases, the circulating current increases together with the
losses.

IV. CONCLUSION

This article summarizes the influence of arm inductor cou-
pling of an MMC. We studied the behavior of the MMC with
positive and negative coupling coefficients and compared them
to the traditional MMC with non-coupled arm inductors. The
following conclusions have been reached:

« With minor alterations a conventional control scheme can
be used to regulate the power flow,

o A positive coupling coefficient decreases the amplitude
of the circulating current and does not significantly affect
the capacitor voltage ripple,

o A negative coupling coefficient augments the amplitude
of the circulating current together with the capacitor
voltage ripple,

o The switch losses are increased for negative coupling
coefficient.

o During a DC short-circuit, a negative coupling coefficient
reduces the value of the DC short-circuit current.

This study shows that the objectives of decreasing both DC
short-circuit current and circulating current by using coupled
arm inductors are contradictory. But, this could be solved with
an adapted control strategy for circulating current suppression.
Then an improved operation of an MMC can be obtained with
only minor modifications.
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