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Cascaded Control System of the Modular Multilevel
Converter for Feeding Variable-Speed Drives

Johannes Kolb, Felix Kammerer, Mario Gommeringer, and Michael Braun

Abstract—The modular multilevel converter (MMC) is an up-
coming topology for high-power drive applications especially in the
medium voltage range. This paper presents the design process of
a holistic control system for a MMC to feed variable-speed drives.
First, the design of the current control for the independent adjust-
ment of several current components is derived from the analysis
of the equivalent circuits. Second, the current and voltage com-
ponents for balancing the energies in the arms of the MMC are
identified systematically by the investigation of the transformed
arm power components. These fundamentals lead to the design of
the cascaded control structure, which allows the balancing task
in the whole operating range of a three-phase machine. The con-
trol system ensures a dynamic balancing of the energies in the
cells of the MMC at minimum necessary internal currents over
the complete frequency range. Simultaneously, all other circulat-
ing current components are avoided to minimize current stress
and additional voltage pulsations. The performance of the con-
trol system is finally validated by measurements on a low-voltage
MMC prototype, which feeds a field-oriented controlled induction
machine.

Index Terms—Control theory, modular multilevel converter
(MMQC), variable-speed drives.

1. INTRODUCTION

HE modular multilevel converter (MMC) was introduced
T in 2002 [1] as dc—3ac configuration for high-voltage dc
power transmission. The use of this topology for feeding elec-
trical drives in the range of medium voltage was proposed in [2]
and [3]. First, experimental results with low-voltage prototypes
of MMC-based drive converters are shown in [4] and [5]. The
most challenging issue of operating the MMC at low frequency,
which is necessary for variable-speed drives, was first solved
in [6]. The increasing amount of the energy pulsation in the
capacitors of the cells at low frequencies or even standstill is
reduced to acceptable values by the use of an ac common-
mode voltage with corresponding inner currents. An appropri-
ate control scheme, especially for this low-frequency mode, is
presented in [7] and [8]. Here, a cascaded structure with subordi-
nated current control loops and filter-based energy control loops
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Fig. 1. Schematic of the MMC with the definitions of voltages and currents.

is proposed. The optimization of the modulation [9] as well as
the dimensioning process of the MMC [10] allow an efficient
and high dynamic operation of the MMC for feeding three-phase
machines. In [10] and [11], experimental results based on this
control scheme and optimizations are shown. For an operation at
nominal torque of the machine even at low frequencies, see [12],
the MMC has to be overdimensioned with respect to the addi-
tional current stress of the inner balancing currents compared
to the operating point at nominal speed. The authors of [12]
proposed a new method for reducing the energy pulsation in
the range of intermediate-speed and present extensive measur-
ing results of steady-state operations at different frequencies. A
further improvement for reducing the peak values of the inner
currents by using square-wave currents for the balancing task
is shown in [13]. This method causes large ac-contents in the
dc voltage respectively in the dc current. A dynamic control of
the MMC for feeding electric drives is proposed in [14] and
demonstrated by experimental results. However, in [12]-[14],
no waveform of the dc current is shown, which is also an impor-
tant aspect regarding additional current stress of the dc-voltage
source due to a possible harmonic content.

A. Structure, Fundamentals, and Definitions of the MMC

The complete system including the dc-voltage source, the
MMC itself, and the three-phase machine is illustrated in Fig. 1
[11]. The MMC includes three phases, each with an upper arm
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p and a lower arm n. The currents in the arms are defined as i,
(upper or lower arm: x € {p,n}, no. of phase: y € {1,2,3}).
One converter arm is built by m cells (no. of cell: z € {1---m})
connected in series plus a coupled inductor L. One cell of this
dc—3ac configuration consists of a single half bridge with a
capacitor C',. By switching the half bridges of the cells, each
arm is able to generate an adjustable arm voltage ., with m+1
voltage steps. Due to the half bridges in the cells and a pulse-
width modulation (PWM) of at least one cell, the range of the
specific arm voltage is

m m

0< Ugy = § Ugyz < UCzy = E UCzyz-
z=1 z=1

ey

Here, uc,, is the sum of the capacitors’ voltages of all cells
in the arm xy. These voltages uc,, correspond to the arm
energies w,, which are stored in the capacitors C. of each
arm. Both can be separated into constant components (¢,
w¢), which have to be equal in each arm, and the individual
time-variant parts ¢, and w,,. The time-variant arm ener-
gies 10, (t) are determined by the integration of the arm power
Dzy assuming that the balancing task will ensure constant arm
energies wc

t

=Pay (7)

Hence, the components of the capacitor voltages and the corre-
sponding arm energies become equal by

2m
C.

Uy, () = (e + ey ()’ = 22 - (W0 + By (t). ()
—_———

—w. (1)

On the three-phase ac side, the MMC generates the phase volt-
ages u,yo related to the midpoint O of the dc source. The
common-mode voltage uy of the neutral point of the three-
phase machine is also related to the reference potential of
the dc-voltage source. The phase voltages u,,o as well as the
phase currents 4,, are transformed to the o30-components of
the corresponding space vectors by the Clarke-transformation
of (43)

Ugo Ua10 Z-a,(y ia,l
Ugp | = C- | Ua20 Za3 =C- | ta2 (4)
(X Uq30 iq0 i3

These Cartesian components could also be expressed by their
polar coordinates (,, la: amplitudes of voltages and currents,
respectively, v, : phase angle of three-phase voltage, ¢, : phase
difference of voltage and current)

lga = lq COS(’Y{L - Qpa)

&)
(6)

Ugq = Uq - COS(’Y(L)

Ugp = Uq - SIN(Ve) lap = ia sin(vy, — @a)-
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Fig. 2. Equivalent circuit of one phase of the MMC.

II. DECOUPLED CURRENT CONTROL OF THE MMC

A. Analysis and Transformation of the MMC Network

Each arm current ¢,, consists of the components belonging
to the dc side 4., and half of the phase current ¢,, (see Fig. 2)

i(],1 . . 7:(1,7
= lny = ley — =4
2 2

)

lpy = ley +

The differential equations of 4., and i,, follow from the
analysis of the equivalent circuit of one phase of the MMC in
Fig. 2, see [7], [8], and [15]

1

"L.eg/ = ﬁ : (Ue — Upy — Upy — 2R - iey) (8)
. 1 .
tay = 7 (—2uqy — Upy + Uny — R+ iay). €)

The impedances of the p- and n-arms are assumed to be equal
(R=R,=R,,L=L,=1L,).

The transition from the single-phase equations according to
(8) and (9) to the transformed three-phase system of the MMC
is performed by expressing the six-arm voltages u,, and the
current components 4., of the dc side by their ov/30-components
from the Clarke-transformation

Uz Uz iea Z‘(,\l
Upp | = C - | Uz2 i(’ﬂ =C- 169 (10)
Uz0 Uyg3 L0 13

Replacing the arm voltages and the e-currents in (8) by these
a80-components yields to the following differential equations,
which are illustrated as equivalent circuits in Fig. 3:

Z’(i(){ 7:({1 —Upa — Upa — 2R - i(’,a
leg | =C- | L2 | = 5 —Ups — Upg — 2R - i
10 1e3 Ue — Upo — Upo — 2R - i

The same procedure is performed with the currents at the 3ac
side of (9) by the use of the transformation of the phase values
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Fig.3. Resulting equivalent circuits of the transformed e-current components.

according to (4)

—Upa + Upa — Rigq — L-igq

uU/(/Y
Uap |, = % —Ups +tnp — R -dap — L-dap (12)
Up —Upo + Uno

The voltages —L - iaa/g will be zero if magnetically coupled
inductors are used in the phases of the MMC (see Fig. 1). The
voltage drops of the resistance —R - i,,/5 are neglected. They
will be compensated by the current controllers of 7,3.

B. Voltage Components for the Current Control

The voltages across the impedances are summarized to the
three control voltages ur, /3 of the corresponding e-currents,
see Fig. 3

Urap = 2L eassn + 2R - deassp- (13)

These control voltages allow a specific and independent ad-
justment of the internal currents ., and 7.3 (often denoted as
circulating currents) as well as the current of the dc-side i.pc.
This current corresponds to the zero sequence component .,
which is the mean value of all six-arm currents, by i.pc = 3.
The composition of the six-arm voltages u,, is achieved by
solving the system of equations of (11) and (12). The inverse
transformation of the a/30-components of the p- and n-arms
yields to the reference values of the arm voltages

- - 1 -
u;)l —3ULa — Uaa
u) -1 ~Lurs — uqp
p2 | =C - 2ULp af (14)
1 1
Upg FUe — FULO — U
- - -1 n
Uy QuLa Ugo
Uy, -1 —Lups +u
n2 | =C 2 LB af (15)
* 1 1
Up3 FUe — 3ULO + Uy

These six reference values have to be converted to the corre-
sponding switching states for the cells by the modulator, which
has to include the energy balancing of the cells inside of each
arm [7], [10], [16], see Figs. 5 and 7.

This approach enables, in addition to the decoupled control
of the internal currents i.,/3 and the dc current ico / icpc,
the independent and individual adjustment of the three-phase
current system 7,/ by the corresponding voltage system /3,
see (12).

error current sed-forward process, control palh
value controller —  deadtime am
amms disturbance |
ML max ” % impedance
Ko Tuw ¥ ;‘ T, T2 _“' /2R _L/R
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voltage limitation deadtime
feedback measuring
Fig. 4. Current control loops of the e-currents in transformed components.
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The common-mode voltage ug can be freely adjusted within
the limits of the arm voltages u,,,, which depend on the instan-
taneous sum of the capacitor voltages uc,, see (1). It consists
of two components

1
uy = _gaa - c08(37,) + o - cos(wp - 1) . (16)
———
—7/_’ =g,
=U0q

The part u,, is used for increasing the output voltage by factor
2/\/§ with the third harmonic of v, for the overmodulation. The
part ug. is used as degree of freedom for the balancing task
at low-frequency operation [6], [7], which is described later.
Here, an ac component with the amplitude %, and an arbitrary
frequency wy is set.
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Fig. 7. Signal flow path of complete MMC control system with subordinate current controllers, arm energy balancing, motor control unit, and modulator.

C. Function of the Arm Inductances

The inductances L decouple the six voltage sources realized
by the arms of the MMC. In this approach, the inductances
allow the individual adjustment of the several currents by the
respective current control loops with the voltage components of
(12) and (13). In [2] and [17], it is proposed to use the induc-
tance for damping the internal currents in the range of the output
frequency. This feature is not necessary by using the presented
decoupled current control, because only the desired internal cur-
rents are adjusted and the arm voltages u,, are independently
generated by the modulator [7], [10], [16]. Therefore, the in-
ductance L has to be dimensioned on the basis of the switching
states of the cells and accordingly with the modulation scheme.
In [10], the design process of the inductance is described in
detail. To sum up, the inductance L is determined by the maxi-
mum allowed ripple content of the dc and inner currents A, .
It depends on the switching frequency fpwwy of the PWM, if
one cell per arm and switching cycle is modulated, and on the
cell voltage uc .. Consequently, the value of the inductance
L is determined by the voltages on the level of the cells and
not by the voltages or currents of the arms. This yields to a
relative small value of the inductance L. To change the desired
currents .o and 4.,/ in the control loops, only small voltage
components are necessary. Because of this, the parts of ur, .30
are neglected in Section III-A.

D. Current Control Loops of the MMC

The three current control loops, see Fig. 4, for i, , .3, and i,
are derived by the equivalent circuits of Fig. 3 and their equations
(11). Each control loop incorporates the impedances (L, R) of
the arms, in which the current components have to be controlled
by the corresponding voltages wr,. , 11,5, and u g, see Fig. 3. The
measured value of the dc voltage u, is used as feedforward in the
control loop of 7., see Fig. 4. Each current controller is realized
by a time-discrete P- or PI-controller (P: proportional, I: integral)

with the sampling time 74 . The dead times of the measurement,
signal processing, and PWM are included by the sum of the
small time constants 7, ;. =274 . Then, the maximum gain of
the proportional part of the controller is [18]

L

R _ L _
2Ty 2Ty

— (17)
2R
Vs.ie=1/2R is the gain of the control path and Ts;,.=L/R
the corresponding time constant. Due to the fact, that the en-
ergy controllers will be superposed, a P-controller will be suf-
ficient. The I-part of the current controller could be used es-
pecially for the dc-current ¢, for compensating the time con-
stant T ;o =Ts ;e = L/R. Consequently, the dynamic behav-
ior of the closed control loops corresponds approximately to a

first-order time-delay element with the equivalent time constant
Teq‘,ie = 2Ta,ie =4TYy.

III. BALANCING OF THE ARM ENERGIES
A. Transformation of Arm Power Components

For the balancing of the six-arm energies w,,,, the values of
the corresponding arm power p,, are transformed comparable
to Section II-A. First, the upper and lower power components
are converted to their mean value and difference

2

PAy = Ppy — Pny

5 (18)

19)

Py = 5(Ppy + Pay) (Upyipy + Unyiny)

= Upylpy — Unylny-

Second, these power components are transformed by the Clarke
matrix C to the a30-components

Pra Pl PAa PA1
pep | =C- | Po2 pag | =C- | Pa2 (20)
Pxo Px3 PAO PA3
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The following transformed power components result by replac-
ing all voltages and currents by their «/30-components:

1 . 1 . 1 ) 1 .

Pya = 5”@%& - 5”010,(1’ - Zuuuzau + Zuaﬂzaﬂ (21)
1 . 1 1 . 1 .

Prp = iuezeﬁ - §u(ﬂaﬂ + Zuaalaﬁ + Zuaﬂzaa (22)
1 . 1 . .

Pxo = 5“67’(’0 - Z(Ucmla(y + Uaﬂlaﬂ) (23)
[ . . . .

PAa = §uelaa _2uaa 2e0 _QUOZEU.' —Ugalea +uaﬂze§ (24)
1 . . . . .

PAp = §Uezaﬁ_2uaﬂ7f€,0_2uozeﬁ +uaazeﬁ+uaﬁ7f€a (25)

pPAo0 = _211’02.60 - uaaieu - uu@ie;[)’- (26)

B. Energetic Analysis of the Arm Energies in Transformed
Values for the Identification of the Balancing Currents

The mean value of each power component psa /50 has to
be zero for a symmetrical energy distribution in steady-state
operation, according to the desired constant value of the arm
energy wc, see (3). Therefore, the specific currents and voltages
for a directed influence on the transformed arm energies have to
be identified by these transformed power components of (21)—
(26).

Here, two methods of energy balancing have to be distin-
guished depending on the frequency w, of the three-phase cur-
rents 4, . If w, is high enough, which yields to the rotation of the
phase angle by v, =wj, -t over the time ¢, only the mean values
of the power components respectively the active power com-
ponents have to be considered (high-frequency mode/hf mode).
Consequently, the ac power components are buffered by the ca-
pacitors of the cells, which yields to the voltage pulsations ¢,
in the arms.

At lower output frequencies, the amount of the energy pul-
sation increases inversely proportional to w, [1]. Because of
this, a compensation of the instantaneous power components in
the arms, which are caused by the three-phase load, is needed
(low-frequency mode/lf mode) [6], [7]. This allows the stable
operation of the MMC even at standstill respectively at fre-
quency w, =0.

1) Horizontal Balancing: The energy transfer between the
three phases of the MMC for the balancing in horizontal direc-
tion, see Fig. 5, is achieved by the dc-components of the inner
currents i.,pc and i.gpc. They generate together with the dc-
voltage 1, active power components in py, and py g according
to (21) and (22), see Table I.

In each phase of the MMC occurs a dominant energy pulsation
with the second harmonic of the output frequency w,. This
power component could be compensated by additional inner ac
currents 4.q.j r2 and i.g 5, ro for reducing the energy pulsation
in the arms (hf2-mode), see [19]

) R P
ZeaAC2‘4’§a:’ua‘la'cos(27b — ¥a)
1

Z'e/JACQ = _ﬁ' Aa"za'Sin(Q’Va - @a)'
e

27)

(28)

TABLE I
OVERVIEW OF THE POWER COMPONENTS FOR BALANCING THE ARM ENERGIES
IN TRANSFORMED VALUES

power voltage | current | frequency | comment
horizontal | psq Ue/2 teaDC DC

Pxp Ue/2 tegpc | DC
mean/total | Psg Ue/2 1e0DC DC
vertical DAa,hf Uq =3l Wa neg. seq.
(hf) DABRS Uq Fleg— | Wa

DAO,hf Ug —led+ Wa pos. seq.
vertical PAagpof | o Lea/B)0 wo Zero seq.

At low-output frequency or stationary space vectors (w, =0),
the power components —ug %,q/3 and £qq/314q/3 have to be
compensated. This yields to the following internal dc-current
components in the If-mode:

. 1 . . .

leaDC = ﬁ(uau oo — Uaf lap + 2u0a 'Zaa> (29)
e

. 1 . . .

lefDC = ﬁ(fu,m a8 — UaB laa + 2Uq 1ap). (30)
e

2) Mean Energy Control: The total energy stored in all cells
of the MMC is influenced by the difference between the dc
power and the 3ac active power P,, see (23). The dc current
for the power exchange with the dc-voltage source u, will be
without losses

1

. . . 1.
le0DC = '(uaa lga T uaﬁ'zaﬂ) = Z%DC-

1
2, 3 D

2
=3P

3) Vertical Balancing: The vertical balancing task ensures
an energy equilibrium between the upper and lower arms of
the MMC, see Fig. 5. The power components +uqq/3 *tca/s Of
(24)—(26) generate active power if the e-currents contain an ac
current with the same frequency as u,,/3. These methods can
be used in the hf-mode, if the output frequency is high enough.

The internal 3ac-current system is divided in its symmetrical
components (positive and negative sequence components), [20],
where D is the rotation matrix of (44) according to the phase
angle v,

[T~ pg) [ 1] 4D ) [f“’

LeSAC leq+ loq—

] .32

pos.seq.comp. neg.seq.comp

The positive as well as the negative sequence components of
the current system are expressed by their dg-components of the
corresponding amplitudes. The mathematical analysis of the pa -
power components yields to the relations between the specific
current components of (32) and the output voltage 1, for the
corresponding power components pa /g0, f» se€ Table 1. The
current component ¢, causes only reactive power in the arms,
so it is set to zero. At low-frequency operation (If-mode), all
power components pa of (24)—(26) caused by the 3ac side have
to be compensated. Corresponding active power components
have to be independently generated by the common-mode volt-
age ug and the e-currents ¢,,/3/. This is realized by the ac com-
ponent wug, according to (16) together with the three ac current
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Components i3 at the same frequency and phase [6], [7], [21]

lea/Bj0AC = %w/ﬁ/o -cos(70)- (33)

The transformation of the pa /g power of (21) and (25) de-
livers the values of the amplitudes for the internal currents at
stationary space vectors for a balanced energy distribution in
vertical direction

A 1 1 . . .

lea = =% '(_ue'laa — 2Ugq *te0DC — 2Uga teaDC (34)
UQe 2
— Ugo 'ieaDC + Ua B 'ieBDC)

. 1 1 . , .

leg = = -(—uwaﬂ — 2Uqp - le0DC — 2Upq *TefDC
Ue 2

+ Uga " legDC + Uag 'ich)- (35

The pag power of (26) causes a superposed ac component in
the current of the dc side i.pc respectively 7.

te0 = — (—2UoDC 1e0DC —Uga teaDC —Uag GegnC). (36)

el

This ac current occurs only in the If-mode and is comparatively
small, but has to be tolerated by the dc-voltage source ..

IV. CONTROL SYSTEM OF THE MMC FOR VARIABLE-SPEED
DRIVES

The complete control system for the MMC drive system is
illustrated in Fig. 7. The six sums of the capacitor voltages uc .,
of each arm as well as the six-arm currents 7, are measured and
transformed according to Section III-A to their related compo-
nents, see Table I (here: © € {uc,i})

Ty o Tp1 +Zn1 TAa Tp1 —Tpl
1

Ty p :§C - | Tp2+Tpo TAap | =C - | Tp2 —Tp2

Txo Tp3+Tp3 TAO Tp3 —Tn3

The five-current components are routed to their current con-
trollers, which are described in Section II-D. The a-current con-
troller of the three-phase machine receives its reference values
in d- and g-components from its superposed speed controller.
The machine model in the speed controller has to calculate the
reference angle 7, and the corresponding electrical frequency
w, for the dg-current controller as well as for the phase angles
of the internal ac balancing currents. The control voltages of the
current controller are converted to the reference values of the
arm voltages u;, by the inverse transformation, see (14) and
(15). The modulator (see block PWM in Fig. 7), which includes
the cell balancing task, generates the pulse patterns for the tran-
sistors in the cells. The used modulation method is described
in [7] and [10].

A. Switchover of the Current References

The current references have to be switched over between the
If- and hf-mode according to the generation of the active power
components for the balancing tasks (see Table I). This is realized
by a linear switchover between the effective current components
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depending on the weighting factors k;; and kj, ;. These factors
are calculated by a linear relation to the electrical frequency w,

0 if Jwy| < wa1

kng(we) = |wal = war ifwe < |we| <wg2  (38)
W2 — Wql
1 if wee < |wal

kip(wa) =1 —kny(wa). (39)

The frequencies w,; and w,s define the range of the linear
switchover. The three reference values of the dc and internal
currents i, ., are calculated as illustrated in Fig. 6. Here, the
feed-forward values of (29)—(31) and (34)—(36), the parts from
the subordinated energy, and balancing controllers (ac: iéa 15/0°
dc: z’m /3/0D o) as well as the components for the reduction of
the pulsating energy in the hf2-mode [i.4/34c2, see (27) and
(28)] are joined and switched over [8].

B. Control of Arm Energies

The resulting control loops for balancing the arm energy com-
ponents ws;/a o/3/0 according to their six transformed power val-
ues of (20) are shown in Fig. 8. The several controllers are
designed based on these control loops, which include the trans-
fer functions of the relevant components. The measured and
transformed voltages ucx/aq/s0 are converted in their arm en-
ergies, comparable to (3). The reference value of the total energy
controller (wy) is calculated by the desired mean voltage of the
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This reference value is twice the desired mean values wg of
the arm energies, due to the calculation in transformed values.
The mean value of the references of the other five balancing
controllers have to be zero to achieve a symmetrical energy
distribution in the arms. The ac content of the arm energies w,,,,
respectively their transformed components would cause several
ac currents in the corresponding currents (compare to [8], where
filters in the feedback are used). To avoid this issue, the pulsating
parts of the energies are calculated by an ac energy model on the
basis of the measured currents, reference voltages, frequencies,
and phase angles, see Fig. 8. In contrast to the analysis of the
active power components in Section III-A, these reactive power
components are calculated by the integration of the ac power
components of (21)—(26) to their respective instantaneous values
of the time-variant energies ws/a o/5/0-

The maximum gain Kp,y of the energy controller (ws)
and the horizontal balancing controllers (wsy/3) is estimated
compared to the design of the current controllers

Kp s = (41)

0.8 1.0 1.2 1.4 1.6

Run-up of a field-oriented controlled induction machine fed by the MMC prototype, short time averaged values at T4y = 1/fpwar =1/ (8 kHz).

In the vertical balancing control loops, the different voltages of
U, and 1, as well as the dominant mean dead time due to the
generation of the active power by the ac voltages and currents
have to be included in the gain of the controllers

1 Wa w
KP,MAz;(khf-%Jrklf.%). (42)

a

An additional integral part of the controller could be used to
improve the tracking performance at steady-state operation.

The amplitude 7 of the common-mode voltage for the ver-
tical balancing in the l1f-mode is calculated on the basis of the
residual part of the arm voltages u,,,. Here, the voltages ur, /30
for the e-current control are subtracted in consideration of the
necessary voltage amplitude u, for the machine and the over-
modulation by ug, according to (16), which yields to the limits
Uqy0,max and @, max in Fig. 7.

V. PROTOTYPE AND MEASUREMENTS

The process of the dimensioning of the MMC regarding the
necessary cell capacitance C, for buffering the pulsating ener-
gies in the arms as well as the resulting current stress are ex-
tensively described in [10], [22], and [23]. A low-voltage MMC
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prototype, see [9] and [11], is designed based on these funda-
mentals to demonstrate the effectiveness of the control system
for feeding three-phase machines. It consists of m =5 cells per
arm with the maximum cell voltage of uc - max =150 V and
the cell capacitance of C, =4400 pF. The MMC is supplied
by a voltage source with u, =600 V and feeds a 15-kW three-
phase induction machine. The reference voltage of the energy
controller is set to g =650 V.

The measurements in Fig. 9 of the arm voltage u,1, of the
corresponding arm current 4,1, as well as the voltage waveforms
on the 3ac-side at the hf-mode demonstrate the high-quality
waveforms with very low-harmonic content.

The run-up of the field-orientated controlled induction ma-
chine is illustrated in the measurements of Fig. 10. The machine
is magnetized by iy and a step in the torque is initiated by %,
at t=0.05s. The fast dynamic response of the controlled MMC
after this step causes no overshoot, neither in the currents nor
in the capacitor voltages ¢ . During the low-speed operation
of the machine, the MMC is balanced by the 1f-mode until the
mode is switched to the hf-mode in the range of t~[0.5..0.7]s.
This is visible on the significant ac component of the common-
mode voltage 1, and the corresponding inner balancing currents
ica/3- The magnitude of the energy pulsation in the If-mode
can be freely adjusted by wy. The choice of wy =27 x 100 Hz
causes the desired effect in the capacitor voltages u¢,., to keep
them in the allowable range around the desired mean value of
ttc =650 V. The phase currents ¢,, respectively i, and 7, are
reduced during the If-mode to keep the inner balancing currents
ica/p and, therefore, the arm currents 4, in acceptable limits.
This is necessary, because the MMC is dimensioned on the basis
of the current stress at the nominal operating point. During the
switchover between the If- and hf-mode, the motor currents are
increased to their nominal values, because the additional cur-
rent stress of the inner currents is decreased to nearly zero. The
switchover between the If- and hf-mode is set in the range of
wq1 =27 x 20 Hz and w,9 =27 x 30 Hz. In the hf-mode, only
a very small current ripple remains in the internal balancing
currents due to the simplification of the calculated arm energies,
where the control voltages are neglected. The dc-current ¢.pc
obviously contains no ac component not even in the If-mode.

VI. CONCLUSION

A cascaded control system for the MMC to feed variable-
speed drives is derived on the base of the analysis of the equiv-
alent circuit as well as of the active power components in the
arms. The realization by the transformation of all relevant val-
ues allows a dynamic control of the arm energies over the com-
plete operation range of the drive at minimum internal currents.
The systematical design process of the several controllers and
feed-forward components for the balancing tasks are presented.
Finally, the measurement at a MMC prototype combined with
a field-oriented control of an induction machine validates the
approach and illustrates the performance of the control system.
The proposed control and balancing system of the MMC allows
the supply of three-phase machines independent of their type
and motor control system.
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APPENDIX

Clarke-transformation with matrix C

2 1 1
Yo a1 3 73 3 T1
yi|=C- e | =0 & —F| || @)
Yo x3 T 3 3 x3

rotation matrix D(7y)

cos(y) —sin(7)
D(y)=| . (44)
sin(y)  cos(y)
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