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Abstract: The modular multilevel converter (MMC) has emerged as a suitable topology for high power drive applications.
However, the voltage fluctuations of its floating capacitors increase the control complexity of the converter. In this study, the
MMC dc-port voltage is manipulated to regulate the amplitude of these fluctuations to a constant value during the whole
frequency range. The proposed approach has several advantages when compared with the conventional ones since it
minimises the voltage fluctuation in the capacitor cells. Additionally, it decreases the common-mode voltage at low frequencies
and the capacitor rms current, increasing their expected lifespan and reducing the winding insulation damages and the leakage
currents in the bearing of the machine. The effectiveness of the proposed control strategy is validated with a laboratory-based

prototype composed of 18 power cells, feeding a vector-controlled induction machine.

1 Introduction

Since the invention of the modular multilevel converter (MMC),
this topology has been proposed for applications such as rail train
[1], high-voltage dc transmission (HVDC) [2] and machine drives
[3-16]. Although the MMC has several advantages over others
high power modular converters (mainly for quadratic torque-speed
profile loads [3, 4]), significant efforts are still required to improve
its performance for drive applications. The MMC topology is
shown in Fig. 1. The converter is composed of six ‘clusters’
connected to form an ac port that feeds the machine and a dc port.
Each cluster has an inductor L and n cascaded half-bridge modules.
The energy in each cell is stored by a ‘flying’ capacitor C.
Consequently, the proper operation of the MMC-based drive
requires a control system to maintain the capacitor voltage
balanced. This target is complex to achieve when the machine is
operating at low speed because large voltage fluctuations occur in
the capacitors. For this reason, in the so-called ‘low-frequency
mode’ (LFM), mitigating variables (circulating currents and
common-mode voltage) are used to reduce the voltage fluctuations,
maintaining them within an acceptable margin [7, 8, 13, 17]. On
the other hand, when the mitigating signals are no longer required,
the ‘high-frequency mode’ (HFM) is enabled.

As is well known, the lifetime of electrolytic capacitors is
nominally below semiconductors lifetime. Regarding reliability,
this fact represents a significant drawback of MMC family because
its capacitors are always subjected to voltage fluctuations. In
consequence, several control strategies have been proposed to

decrease the voltage capacitor oscillations. Another approach is
developing new dielectric material capacitors, such as film
capacitors, to extend the lifespan of cell capacitors, and there is an
important ongoing research being carried out and new material
capacitors, such as film capacitors, represent an excellent
alternative to extending the lifetime of the cell capacitors [18, 19].

A novel control system for the MMC-based drive is proposed to
solve the problems mentioned above. This new control scheme
considers the manipulation of the dc-port voltage as a function of
the capacitor voltage fluctuations. The major advantage of this
methodology is that the capacitor voltage fluctuations are regulated
within a pre-defined margin during the whole frequency range.
Accordingly, contrary to the conventional approaches, the
amplitude of the capacitor fluctuations is not dependent on the
machine frequency, and it can be minimised as much as possible,
reducing the rms current in the capacitors and increasing their
expected lifespan. What is more, this work shows that the
common-mode voltage and circulating currents are reduced at the
start-up of the machine when the dc-port voltage is regulated as
proposed, eliminating problems such as winding insulation
damages, leakage currents in the bearing etc.

The remainder of this paper is organised as follows. The
modelling and analysis of the MMC-based drive is discussed in
Section 2, while the effect of applying a dynamic dc-port voltage to
the MMC-based drive is discussed in Section 3. Several
experimental results are presented in Section 4 by using a vector-
controlled induction machine being fed by a MMC in the whole
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Fig. 1 MMC-based drive
(a) Converter topology. (b) Cluster
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frequency range, including start-up and zero-crossing speed.
Finally, Section 5 presents the conclusions of this work.

2 Dynamic modelling and analysis of the MMC

Recently, a modelling approach for the MMC has been reported in
[12, 14]. In these papers, the XAaf0- transformation is used to
represent the cluster currents and total capacitor voltages (the sum
of the capacitor voltages in a cluster) into a new coordinate system,
allowing a decoupled control of each variable. To perform this
modelling, the dynamics of these signals are derived as follows
(see Fig. 1):

=Iohe = Vahe
P P P P P P
dlla » Vg Up U E + 1 1 1]
al~y o~ N7 TN N N 2
dr AR AR A (DA VAR A 20111 (1)
—U; —Up —U.
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where vc is the algebraic mean value of the voltage in all
capacitors of the MMC, p? = ifvf , ph = i{: vE, etc., are the cluster
power flows and

P _ P P P N _ N N N
VCa = VCa1 + VCa2 + *** + VCans VCa = VCa1 + VCa2 + *** + VCan»

etc., are the total cluster voltages. Expression (1) is based on
Kirchhoff's voltage law applied into the converter depicted in
Fig. 1. On the other hand, (2) denotes the energy balance in the
MMC clusters, assuming that the total cluster voltages are close to
an operating point, as is in a well-controlled MMC.

As discussed before, to achieve a decoupled control of the
converter currents and voltages, the XAqf0- transformation is
utilised. This transformation is given by

Xojo = C™ - Xk - Capo 3)

where X2 represents the matrix to be transformed (e.g. Iipv. or
VSZZ) and the matrices C=* and CZ/;O are

2 -t -1ff
3 3 3
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Hence, applying (3) to (1) and (2) and simplifying leads to
= IE/%U = VE/%O
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where the machine currents (i, and ig) and voltages (v,, v5 and vy)
are expressed in af0-coordinates, i> and i,? are the circulating
currents and i¥ is the dc-port current. Based on (5), each current
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can be easily controlled manipulating only one voltage in the
matrix Vf/%, achieving a decoupled control.

As discussed in [14], the vector representation of (6) improves
the implementation of high-dynamic control strategies using vector
control algorithms. Specifically, defining the power flows and the
total cluster voltages as vectors (e.g.
pEﬁ =pr+ j p;g, vé,/} = uga + jugﬂ, etc), the vector model of (6) is
obtained as (see [14] and Appendix A for details):

_ dvEap s 1. 1.
Coc—q = Pop = 5l — Z(laﬂvaﬂ)c — S Volap (72)
_ dvéa/i A 1. . 2 P Z +Z

Cch ~ Pap EElaﬂ — 3 Vap— (Vaplap)” — 20oigp  (70)
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Cocg, = i = = R]vaplizy) | - 5w (7d)

where the superscript ‘“° stands for the complex conjugated
operator.

For a proper operation of the MMC, the oscillations of the total
cluster voltages (indicated by the super-script ‘~‘) have to be
within an acceptable value. In previous works it has been shown

that the term 17%0,/; produces a fundamental w, fluctuation, which
amplitude is proportional to w, ", 17%,,/; produces a double frequency
oscillation and 5}80, as well as 5%0, do not produce fluctuations in
the MMC capacitors. It straightforward to demonstrate setting the
signals i§,, and v, to zero and integrating (7a)—(7d), resulting in

3 -1 . .
VCap = jgwe—cﬁc(loz/zvaz/f)c (8a)

A 1 1. 2,
YCap = ja)eCﬁC(ZElaﬁ 3! Vap (8b)
Dro e, ey~ 0 (8¢)

Based on the inverse XAaf0-transformation, the total capacitor
voltages in P N abc coordinates can be expressed using the vector

voltages of (6). For example, the voltages v5, and vy, are
expressed as follows:

1 1
06 = 5 R[Veapl + RvEap] + 5000 + 050 (9a)

1 1
08 = 5RIVeapl + RIvEapl = 7000 + 060 (9b)
Consequently, the maximum amplitude of the oscillating

~X .
04|, can be approximated

with the vector voltages véaﬁ and v%,,,, as follows:

component of the total cluster voltages,

- 1
|56 = 511 veap | + 11 VZa | (10)

where x = {a, b, ¢} and X= {P, N}. Notice that (10) represents the

worst case situation for |6§X, since the amplitude of véa/; and vgaﬁ

are summed.

3 Influence of the dc-port voltage E in the MMC
electrical variables

In this paper, a new control methodology is proposed to operate the
MMC as a machine drive. This strategy manipulates the dc-port
voltage E to maintain the fluctuations of the total cluster voltages
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Fig. 2 Required value of the voltage E to regulate |5}ér| to a constant value

within a voltage margin in the whole frequency range. The effect of
modifying the dc-port voltage E is analysed below.

3.1 During low-frequency mode

In the LFM circulating currents and common-mode voltage are
needed to maintain the fluctuations of the vector voltage véa/;
within an acceptable value. Due to its oscillating frequency w,, it is
straightforward to analyse the regulation of véaﬂ representing (7b)
into a dg-coordinate frame rotating at w, rad s~! as follows:

d A
Cﬁc ‘iicld

q 1 e 2.P . A 5
= Eigy — 30 Vag — JCOcwe¥Cag — 2004y

=Po,

(n

=Pm :=Pc
Considering ideal conditions, the set-point values of ;Eﬂ and v, can
be defined as

T«
ldq =

57 Boe = P (), (12)

0y = Visign[f(1)] (13)

where 7V, is the amplitude of the common-mode voltage.
Consequently, the power term p, can be expressed as:

Pe = (Po, — PWIS O (14)
Hence, pw, and p,, are eliminated from (11) if f{r) is a high
frequency signal compared to @, during LFM, such that the mean
value of |f(#)] = 1 (considering one period of f(¢) see [7, 8, 13]).
Notice that if p,, is defined as a non-zero vector (i.e. a fundamental
oscillation is allowed in vé,ﬂ) the circulating currents decrease as
the machine frequency increases [see p,, in (11)]. A discussion
regarding this methodology is addressed in [20].

Based on (12), it is concluded that the mitigating circulating
currents are inversely proportional to V. Neglecting the inductor
voltage drop and considering that the output cluster voltages has to
be positive, it is straightforward to demonstrate that the maximum
amplitude of the common-mode voltage can be approximated as

[see (1)]:

1

VU:E

E— |l vaq |l (15)

where vy, is the machine voltage in a dg-rotating frame. At the

machine start-up, w, ~ Orads ' and || Vag |l = 0V;  therefore,
i?q* and 0 as defined in (12) and (13) results in:
Tg (@, = 0) = ig, f 1), (16)
1
Vi(w, = 0) = 5 E (17)

The importance of this result is that the amplitude of the circulating
currents is not affected by variations in the dc-port voltage E or the
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voltage vé,,ﬂ during the machine start-up. However, the amplitude
of the common-mode voltage is modified at the same ratio of the
de-port voltage. In this manner, it is an attractive solution to
maintain a low value of the dc-port voltage during the LFM to
reduce the required common-mode voltage to eliminate the high-
voltage fluctuations in the MMC capacitors.

3.2 During high-frequency mode

The voltage E cannot be maintained in a low value during the
whole frequency range because the output cluster voltage would
reach negative values as w, increases. For this reason, £ has to be
manipulated from its minimum value in LFM, E.;,, until its
maximum/nominal value in HFM, E,ax.

In this paper, a simple method to achieve this task is proposed.
What is more, the presented methodology ensures a constant
voltage fluctuation in the total cluster voltages during the HFM. Of
all the possible values for this fluctuation, the minimum value is
preferred since it increases the lifespan of the MMC capacitors.

Consequently, the value of |5)C<; can be determined using (10) for

the nominal machine conditions.

From (11), the HFM is enable when | p.| ~0 (ie. the
mitigating variables are no longer required to reduce the voltage
fluctuations of véaﬁ). Therefore, in steady-state conditions pw,=
P Supposing that the MMC is balanced

G.e. va,,, = ﬁ%a,, and i¥ ~ %%{vdqiﬁq}), the amplitude of the

power fluctuations pw, and p,, can be expressed as follows:

1. .c | Vd
1 P Il = || 5Eigg — R (Vagid) 2L | (18)
Il pul[585 |) I = 2CHcme |55 | = I ¥Eap I (19)
where || va,ﬁ =1 véaﬁ || has been written as a function of

Il vZap Il and [5¢; | by using (10). Finally, based on (18) and (19), it
can be concluded that the dc-port voltage E can be manipulated to
achieve a desired value of |5)é)C 7
Fig. 2 shows the dc-port voltage E as a function of w, to

achieve the minimum value of |5)C(x| during the whole frequency

range in an MMC as the one utilised in the experimental results of
this paper. In the figure, the electrical torque was defined as

(20)

) a
Te(@e) = Teo + (Tenom — Teo)(w Ne )
'eNom

where T, is the starting-torque, Tonom iS the nominal torque,
@eNom 18 nominal machine frequency and a is a parameter to define
the machine torque-speed profile.

4 Experimental results and setup

Experimental results of the proposed control methodology have
been obtained using an 18-power cell MMC-based drive. The
experimental setup is shown in Fig. 3, while its parameters are
given in Table 1. The MMC is driving a 7.5 kW vector-controlled
induction machine connected to a permanent magnet generator
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Fig. 3 Photograph of the laboratory experimental system

Table 1 Set-up parameters for the 18 cells MMC-drive

Parameter Symbol Value Unit
dc-port voltage E 450 \%
cluster inductor L 2,5 mH
cell capacitor C 4700 uF
cell dc voltage Ve 150 \Y
switching frequency per cell fs 5000 Hz

(PMG). A resistor bank has been connected to the PMG output
providing a 4 kW load at nominal speed. Hall-effect transducers
are used to measure the dc-port voltage, the capacitor voltages and
the cluster currents. To control the system, a platform based on two
field-programmable gate array boards (Actel ProASIC3) and a
digital signal processor (TI TMS320C6713) is wused. A
programmable AMETEK power supply model CSW5550
generates the dc-port voltage as discussed in Section 3. In a
commercial implementation, this voltage can be generated using a
medium voltage source as those presented in [21, 22] or another
MMC with full-bridge cells [23, 24].

Considering that the contribution of this paper is to analyse and
show the effect of a dynamic variation of the dc-port voltage in the
MMC-based drive, the converter cluster voltages and machine
currents have been controlled by using conventional control
strategies [12, 14, 20]. The vector voltage vé,ﬁ is regulated in a dg-
rotating frame during LFM. This task is carried out by using an ac-
component in the circulating currents that creates a power flow
with the common-mode voltage [see the term —21)01'5/; in (11)].
During HFM, this ac-component creates a power flow with the
machine voltages to regulate vé,l/; [see the term (v,lﬂifﬂ)” in (7b)].
Additionally, the vector voltage v%,,ﬂ is controlled by adding a dc-
component in the circulating currents for both, low- and high-
frequency modes to manipulate the power flow (1/2)Ei§/, in (7a).
On the other hand, the dc-port current i is manipulated during
LFM to regulate v, by using an ac-component in-phase with the
common-mode voltage [see (7d)]. In HFM, the power flow
—m[vaﬂ(ifﬂ)"] in (7d) regulates 08 A complete description of the
control diagrams utilised in this work can be found in [12, 14, 20].

Fig. 4 depicts the dynamic performance when the MMC drives
the induction machine from 0 to 2000 rpm for constant (left) and
manipulated (right) dc-port voltage. The speed profile for both test
is shown in Figs. 4a and b. Notice that this profile includes the
machine start-up and the zero-crossing condition, what represents
the worst case situation for an MMC-based drive. The machine
currents are shown in Figs. 4c and d, demonstrating that the same
mechanical load was applied during the tests.

The dc-port voltage (blue line) and the desired output voltage of
a cluster (red line) are depicted in Figs. 4e and /. As shown, the
MMC cluster has to synthesise a high common-mode voltage

J. Eng., 2019, Vol. 2019 Iss. 17, pp. 3618-3623

during the LFM because the nominal dc-port voltage is applied
during the machine operation. This is concluded based on the high-
frequency signals of the output cluster voltage at low-frequencies
[see (17)]. However, the required common-mode voltage is
naturally lower when the dc-port voltage is reduced as in Fig. 4f.
Notice that in these experimental results, the voltage E was
regulated to a 50% of its nominal value in LFM, which represent a
feasible reduction for the aforementioned input converters [21-24].

The total cluster voltages are shown in Figs. 4g and h. As
discussed in Section 3, a margin-based control strategy maintains
their amplitudes constant during LFM [20]. Notice that their peak-
to-peak value for a constant dc-port voltage is 40 V; however, it is
possible to reduce this fluctuation to 20 V peak-to-peak applying a
manipulated dc-port voltage, increasing the expected lifespan of
the capacitor cells and decreasing their rms current [23]. What is
more, this amplitude is maintained constant by manipulating £ as
the machine speed increases in HFM. Figs. 4i and j depict the
obtained circulating currents during these tests. It is important to
mention that the peak value of both currents is similar, and then the
converter current rating has not to be increased when the proposed
strategy is implemented, as demonstrated in Figs. 4k and /, where it
is shown that the cluster currents have a similar peak-value for both
tests.

5 Conclusions

This paper has demonstrated that the dc-port voltage of an MMC
can be manipulated to maintain constant the amplitude of the
capacitor voltage fluctuations in drive applications. It has been
shown that this methodology allows a reduction in both, the rms
current and voltage fluctuation of the capacitor cells, increasing its
expected lifespan. Additionally, a low common-mode voltage at
the machine start-up is required since the dc-port voltage is
reduced with the proposed scheme; therefore, problems such as
winding insulation damages, leakage currents in the bearing etc.
are also minimised.

Extensive experimental results for a laboratory prototype have
been presented in this work. Dynamic experiments in both
operating modes (high- and low-frequency modes) have been
realised and thoroughly discussed. The performance considering
ramp variations in the speed and zero-crossing speed transitions
have been experimentally investigated and good performance has
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Fig. 4 Comparison of the dynamic performance of the MMC-based drive for constant (left) and manipulated (right) dc-port voltage.
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currents, (k)—(1) Cluster currents

been demonstrated. The experimental results have demonstrated
the effectiveness of the proposed strategies.
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8 Appendix A

8.1 Derivation of the power flows in >AafB0-coordinates

The power flows of the MMC in XAof0-coordinates are derived in
this appendix. Based on the definition of the ZXAaf0-
transformation:

Pl = C™* - PN - Chpy = C™* - [VEL X0 - Clyy @21

where ‘0’¢ denotes the element-by-element multiplication of two
matrices. Moreover, the inverse LAaf0-transformation of Vfl?o and
IE/QO is given by

Vo = (C™)™" - Vg - (Cago)” (22)
I = (C™ Ly (Cago)™ - (23)

VE/% is approximated in (5) by neglecting the inductor voltage
droop, i.e.:

T 0 r 3 1
VZA _ Uy l)ﬂ Uy ~2 0 0 —ZE (24)
A VN i O
o P Uy a /7 0o

Finally, inserting (24), (23) and (22) into (21) and rewriting the
result in vector form, the power flows of the MMC are derived as
those presented in (7a)—(7d).
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