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Abstract—This paper presents a new control method for
a Modular Multilevel Converter (MMC) fed by a push-pull
converter via a medium frequency (MF) transformer. Application
of this topology is a universal high-precision 3AC voltage source
for a Power Hardware-in-the-Loop Emulator with a frequency
range from DC up to almost the medium frequency. Advantages
are high efficiency, very low harmonic distortion and high
dynamics of the output voltage which can be used e.g. for
simulation of electrical machines. Due to the medium frequency
input of the MMC the transformer size for the galvanic isolation is
much smaller compared to a low frequency input. Additionally,
the required cell capacitance for the MMC is reduced which
saves cost and space. The delivered medium frequency square-
wave voltage requires an alternating input current of the MMC.
For the square-wave powered 1AC-3AC MMC an energy and
current control is proposed. Due to very high current dynamic
requirements a dead-beat controller as subordinated controller
is used to achieve a trapezoidal input current which allows zero
current switching (ZCS) at the push-pull-converter. The design of
the superposed energy and balancing controller is also shown. For
the coupling between the superposed and subordinated control
loop the arm power is analyzed and a calculation scheme is given.

Keywords—Modular Multilevel Converter (MMC), control the-
ory, energy and balancing control, galvanic isolation, zero current
switching (ZCS)

I. INTRODUCTION

Fig. 1 shows the investigated topology of a Modular
Multilevel Converter (MMC) fed by a push-pull converter [1].
At the primary side a DC voltage source/sink supplies the
H-bridge working as a push-pull converter. The DC voltage
source/sink is usually an Active Front End connected to the
power grid. A galvanic isolation between the primary and
secondary side is achieved by a medium frequency (MF) trans-
former. At the secondary side the MMC converts the power
into a three phase output voltage with adjustable amplitude and
frequency. Due to the multilevel topology the output voltage
contains very low harmonics. For even lower harmonics in the
switching frequency range a small optional low-pass filter can
be installed.

MMCs are already used for galvanic isolation as shown
in [2]. There, an indirect conversion from 3AC over DC to a
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square-wave voltage is realized using two MMCs. The square-
wave voltage supplies a transformer with a diode rectifier. In
[3] a direct conversion from 3AC to a square-wave voltage is
realized using one MMC which also feeds a transformer with
a diode rectifier. Both solutions allow a unidirectional power
flow.

An Advantage of the investigated topology is a bidi-
rectional power flow due to the H-bridge at the push-pull-
converter. Furthermore, by use of a proper current control in
the MMC, zero current switching in the push-pull-converter
can be achieved. Therefore, switching losses are reduced. This
is realized using a trapezoidal current in the H-Bridge which
also leads to a high current utilization of the used semicon-
ductors. Due to the medium-frequency AC input voltage of the
MMC there is no singular point in the MMC operation over
the output frequency range from DC up to almost the medium
frequency. A singular point occurs at the MMC topology if the
output frequency equals the input frequency. Additionally, the
transformer size and the cell capacitance can be reduced [4].
Considering the very low harmonics of the output voltage this
opens a whole area of applications for e.g. Power Hardware-
in-the-Loop Emulators [5], controlling Epstein frames [6] and
test equipment for measurement of sinusoidal fed electrical
machines [7].

The basic principle of operation is shown in Section II.
Section III presents the design of the current and energy
controllers and the conversion formulas from power to current.
Section IV shows simulation results. Section V summarizes the
simulation and results of this paper.

II. FUNDAMENTALS

This Section presents the basic idea for the operation of
the Modular Multilevel Converter (MMC) according to Fig. 1.
The complete system includes a DC-source/sink, an H-bridge,
a transformer, the MMC and an optional output filter, as shown
in Fig. 1. The H-bridge of the push-pull-converter generates a
medium frequency square-wave voltage at the transformer and
thereby also at the input of the MMC. To achieve a high current
utilization in the H-Bridge the input current should be a square
wave. Due to inductors in the circuit the current is controlled
trapezoidal by the MMC. With a trapezoidal current, zero
current switching in the push-pull converter can be achieved.
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Fig. 1.

Therefore, switching losses are reduced which is a benefit.
The MMC produces a variable three phase output voltage with
adjustable amplitude and frequency. A low-pass filter can be
installed at the output to further reduce the harmonics of the
output voltage. The low-pass filter can be considered as a part
of the load and is controlled using the output voltage of the
MMC. Therefore, all derivations are made without a low-pass
filter at the output.

The MMC consists of three phases [8]. Each phase has an
upper arm p, a lower arm n and a coupled inductor L with a
resistance R. Every arm consists of /N series-connected cells
(z = cell number, z € {N|1 < z < N}). All cells contain
an H-bridge with a cell capacitor C,,, and can generate
the voltages 0V, +ucgy., —Ucey. (upper or lower arm:
x € {p,n}, number of phase: y € {1,2,3}). With this every
arm is able to generate a variable arm voltage uy, within the
following range:

N N
—UCxy = — § UCzyz < Ugy < E UCzryz = UCzy (D

z=1 z=1

UCgy 18 the arm capacitor voltage of the arm xy which equals
the sum of all cell capacitors in this arm. Each arm capacitor
voltage can be converted to a corresponding arm energy wcgy,
using

1

WCzy = icly : u%my @

Modular Multilevel Converter (MMC) with series connected full-bridge MMC cells fed by a push-pull converter and an optional output filter [1]

with Cpyy = C'j\}’z as resulting arm capacitance. Since there
are only capacitors and no power sources in each arm, the
arm energy wcgy can only be influenced by the arm power
Doy = Ugy * igy. The arm energy wc,, can be split into a
constant average value w¢ and a time-dependent value Wcy,

[8]:
WCzy = W + UN}Cmy = wc + /pxydt 3)

The average of p,, must be zero to keep a constant average
arm energy and, therefore, a constant arm capacitor voltage

UCxy-

A. Calculation of transformed equivalent circuits

The analysis of the MMC as a decoupled system is
described in this Section according to [8]. The analysis of the
voltage loop (see orange dashed line in Fig. 1 for arm p1l) for
each phase is given by:

]t e ] i

2 ny dt | Y/2(ipy + iny)
. ipy uayo _ 0
ere [ ] 2 =10 @

ue is representing the input voltage of the MMC, ugy, the
arm voltage and u,,o the output voltage. Additionally, the arm



currents i, can be expressed as a superposition of the input
current 7., and the output current i,,,.

ipy _ oy L1 Hiay 5

[iny] {iey}r?[i%} ®

By using the amplitude invariant «[30-transformation matrix
C«po (6) and the definitions of eq. (7), the voltages and

currents in (4) and (5) can be expressed for all six arms by
the equations (8) and (9).

2/3 —lf3  —1/3
Cupo = [O V3 13
1

1/3 1/3 1/3
Uy Ui To

[UB OocBO'[“Q]a [iﬁ CocBO'["é] @)
UQ us iO i3

The eq. (8) and (9) are describing the decoupled MMC in
the «f30-transformed system. With this representation the cur-
rents concerning the MMC control ¢« /g /0 can be controlled
independently from the output voltage w,«/p /0. The currents
teo/p /0 are influenced by the inductor voltages ur,«/p /0-

(6)

[y

teo d (7
2R | iep | +2L — | iep
Z.eO dt 1/3 : Z‘eO

®)

—Upp — Unp
FUe — Upo — Uno

iaa
iag ] ©
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UL —Upx — Unax
= | uLp =
ULo

Ua 1 —Upx + Una
Uap | = 5| —Upg T+ Ung

1
2 —ft
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In Fig. 2 the equations (8) and (9) are represented as equivalent
circuits for the e-currents and a-voltages for a decoupled
control of the MMC. The e-currents are used to balance the
arm energies and also can be used to reduce energy pulsations
in the arm capacitors. The current i.q is the input current of
the MMC. The currents i, /p are inner currents and do not
appear at the input side nor the output side.

B. Arm power analysis

The occurring arm powers are analyzed in this Section.
Each instantaneous arm power can be calculated by using
Day = Ugy - Loy. For example, the calculation of the arm power
Dp1 results in (neglecting the voltage uy,; and the resistance I?):

. 1
“Ue — Uato) * (o1 + 3 “1a1) (10)

Eq. (10) shows that the arm power is composed of multiple
parts of different voltages and currents. The equation can be
written down for all six arms. To simplify the representation,
as shown in [8], a mean value px, and a difference value pa,
of the power components is introduced in eq. (11). The mean
power affects the upper and lower arm power with the same
signs and, therefore, increases or decreases the arm energy
in the according phase. The difference value affects the upper
and lower arm power with different signs and, therefore, shifts
energy between the upper and lower arm of the according
phase.

. 1
Ppl = Up1 " 1p1 = (5

1
Py = i(ppy +pny)7 Pay = (ppy _pny) 11
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Fig. 2. Resulting equivalent circuits of the transformed e-currents (a) and

a-currents and a-voltages (b) [8]

Eq. (11) are 30-transformed into px« /g /0 and pa« /g /o USing
eq. (12) and (13) to simplify energy control and balancing.

Pz pP=1

lpzrs ] = Capo- [ P2 1 (12)
Pxo =3
PAx PA1

[pAB 1 = Cupo- [ PA2 ] (13)
PAO DA3

The expression ps.q/p /0 is also referred as horizontal direction
and shifts energy between the three phases. pa«/g /o is referred
as vertical direction and shifts energy between the upper and
lower arms (see Fig. 1). For a simplified representation the
output voltages and output currents were defined as a polar
coordinate system according to eq. (14)-(17). They describe a
symmetric and sinusoidal output voltage u, and output current
1, with the output angle yo = wa -t and a phase shift ¢,
between output voltage and output current:

Unw = Uy - COS(7Va) (14)
Uap = Ua-sin(7a) (15)
fae = fta-C0S(Ya — ¥a) (16)
lap = ;a - 8in (Ya — @a) (17)

Furthermore, eq. (18)-(20) are used to describe the e-currents
tea/p/0- The currents icpq/p/0 are used for controlling the
horizontal direction. The vertical direction is influenced by the
currents ievp and icyyn with the angle v, and phase shift ..
%eVp represents a positive sequence, %eVn represents a negative
sequence.

lew = fTeHa

+ievp - €08 (Ye) + devn - €08 (—7e + o) (18)
lep = IleHB

+iovp - Sin (Ye) + devn - 8in (=76 + @e)  (19)
le0 = leHO (20)
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Fig. 3. Overall cascaded control scheme for MMC with a square-wave input voltage

The complete transformed arm power equations are shown
in the eq. (48)-(53) in the Appendix. According to eq. (3) the
arm energies are controlled with an active power component at
the arm capacitors. A reactive power causes only an oscillation
of the arm energies. Therefore, ps«/p /0 and pay/p /o must be
searched through for controllable terms. The following values
are fixed by the application and not controllable: e, Uy, %a, Va
and ¢,. The remaining values can be controlled independently
as shown in the last chapter: tc«, %ep, %co and uag. Preferably,
u,0 should not be used to balance energies because under some
circumstances it is possible that a load is connected with its
star point at the transformer center tap. The following terms
are chosen to generate active power at the arm capacitors:

(482) :  puab =12 - UeleHu (21)
(49a) :  pspb =12 - Uelenp (22)
(50a) :  pxobp =Y/2 - Uelero (23)
(51b) : pacb =+ fadevn - sin (—Ye + pe) - sin(7a)

(51¢) : — ligleyn - €08 (—Ye + @) - cO8(Va) (24)
(52b) 1 pagp =+ Gatoyy - SN (=7e + o) - cos(7a)

(52¢) : + Gaievn - €08 (—Ye + @e) - sin(ya) (25)
(53a):  paop = — alevp - €08 (Ye) - €08(7a)

(53b) — Talevp - 50 (7o) - sin(7a) (26)

According to Eq. (21) to (26), power in each direction can
be generated by using one of the currents icru/ps0 O the
currents ’ZeVp /n With the angle v, with the appropriate voltage.
To achieve a horizontal power, the currents icpq /g /0 must be
in phase and have the same frequency as the input voltage u,
and, therefore, should be a square-wave. Vertical active power
is produced with the currents 7qvp/ and an angle of ve = 7.
Simplifying eq. (24)-(26) with 7, = 7y, results in:

PAxb = +ﬁa'zeVn : (7 Cos Soe) 27)
pagb = +ﬁaieVn - sin Pe (28)
paob = _ﬁaieVp (29)

The direction of the vertical power pa« p/p,5 i determined by
the phase shift .

III. CASCADED CONTROL SCHEME

Fig. 3 shows the cascaded control scheme which is derived
from the arm power analysis in Section II-B. First, the arm
energies wg,y are calculated from the measured arm capacitor
voltages ¢y, according to (2). Then the arm energies wgy,y
and the measured arm currents 4, are x(0-transformed.

The arm energies are fed to the superposed energy con-
troller which calculates the requested power for each of the six
components (pgm/ﬁ/0 and p*A“/ﬁ/O). In Fig. 4 the control loop
for the energy controllers is shown. It consists of a dead time T}
from the subordinated current controller and an integrator with
a gain of 1. An optional filter 7} can be placed in the feedback
loop for damping the AC part of the energy oscillations. A PI
controller is chosen to control the energy and is designed by
using the symmetrical optimum according to the formulas (30)-
(32) with T, as total of the minor time constants. a describes
the damping factor of the closed loop control system and is
chosen to 2 [9].

Fig. 3 (energy controller)
; Kp

T: 1

T¢

=

A

Fig. 4. Resulting control loop for superposed energy controller

Tow = Ti+T: (30)
1
K, = 31
p Tooa (31)
1
K = —- 32
Tgw -ad ( )

All reference values for the energy controllers are chosen
to 0 except for wgys,, = Wc to accomplish a symmetrical
distribution of the energies.

In the next step the power reference values are converted to
current reference values ZZ /B0 for the subordinated current



controllers. Therefore, eq. (21)-(23) and (27)-(29) are solved
for the according current respectively angle:

. 2
leHoe = — 'PXa,b (33)

Ue

. 2
leHp = — "DPB,b (34)

Ue

. 2
leHO = — *Psob (35)

Ue

A 1
lovn = = \/PAab T PApb (36)

a
Yo = arctan LPAap.b (37)

—PAx,b

A 1

levp = == PA0D (38)

a

Horizontal active power is generated by using the input
voltage u. and one of the currents icq/p /0. Vertical active
power is achieved by using the output voltage u,,,p and a
positive or negative sequence current ey /. For each power
component one current component is calculated and all current
components must be summed up to obtain the reference value
for the current controller according to eq. (18)-(20).

The current icyy/p/0 cannot be an ideal square-wave
because the controlled system is an RL load (see Fig. 2a).
Therefore, the current 7.1/ /0 iS trapezoidal and that fact re-
duces the active power, resulting in a lower energy transferred,
shown as AW in Fig. 1. 71 is the period of the input frequency,
t, is the duration for reversing the current i.o. The according
components of the e-currents which are generated by the input
voltage u. are multiplied by the correction factor {r:

Ti

é.T:T’I_tr

(39)

To achieve zero current switching (ZCS) the input voltage
ue and input current iey have to be synchronized. For this
purpose a control block is introduced which modifies the
reference value for the input current using ¢; to a trapezoidal
shape, see Fig. 3. The reference value is for one control period
0 to generate an input current of 0 A. Then the zero current
switching (ZCS) of the push-pull-converter H-bridge occurs at
the end of a control period. Simultaneously the input voltage
at the MF-transformer is switched. ZCS at the primary side H-
bridge is achieved when the magnetizing current is delivered
from the MMC side of the transformer. It must be pointed out
that the synchronization of the input voltage u, and the MMC
voltage up,/no (see Fig. 2a) is crucial. Due to the low arm
inductor L a displacement between ue and uy, /o during the
voltage reversal results in an unwanted increase of the input
current 7q(.

The current controller is fed by the reference values 4, /8/0
and the actual current values icq /g /0. Due to the fact that e.g.
Pxyo 1s generated using ue - teo and u, is a square-wave voltage,
10 1S controlled as a trapezoidal current. Therefore, the current
controller needs a very high dynamic. The current controller
is designed as a dead-beat controller [10], see Fig. 5.

A dead-beat controller was chosen because a continuously
designed and in digital domain implemented PI-controller is
too slow, especially when the frequency of the input voltages

Fig. 5.

Dead-beat current controller [10]

comes to the same order as the control frequency. The con-
trolled system for each current iqn/p/0 is an RL load (see
Fig. 2a). The controller is identical for all three currents if the
input voltage is fed-forward (see Fig. 3 and Fig. 5). The current
controller is parameterized with the following equations (40)-
(45). T's represents the control period, Ty, is the time constant
of the closed control loop and is chosen to O's to achieve dead-
beat behavior. 77 is the integration time constant and is chosen
to 10 ms. The integrator is used to eliminate any DC offsets in
the currents. The load is considered using the resistance R and
the time constant of the load 7 = Z/R. The resulting dead-time
of the closed-loop current control is chosen to 7} = 2 - T'y.

TaA

Zw = € 7w 40)

q = e (41)
1—e" =

ki = (1—z1)-m (43)

kr = l—zg—zte 2 (44)

kp = ((1 ~ ) (1= 2)

(45)

TaA
1—e =

The final step is the back transformation of the voltages into
the 123-system. The resulting voltages to control the MMC are
sent to a modulator which balances and selects the according
cells in the six converter arms [8]. The polarity of the input
voltage u, is sent to the modulator of the H-Bridge.

IV. SIMULATION

This Section presents the simulation results of the proposed
topology using MATLAB/SIMULINK. In the simulation the MF
transformer was replaced by a controlled square-wave voltage
source. Each arm was modeled as a variable voltage source
to reduce simulation time. Therefore, a model for the arm
capacitor voltage is implemented. The following parameters
were chosen for the simulation (see Table I):

Fig. 6 shows simulation results of the proposed current con-
trol concept for the square-wave powered Modular Multilevel
Converter under full load. The output power is about 52kW.
As it can be seen, the dead-beat controller works properly and
reverses the input current during two control periods according
to the current reference. The input current and input voltage
are completely synchronized and, therefore, only active power



TABLE I SIMULATION PARAMETER

Symbol Value Description

N 8 cells per arm

Cryz 4400 pyF cell capacitance
u}";zy 800V set point arm capacitor voltage
Ue 700V input voltage
L 100 uH arm inductance
R 10 m&2 arm resistance
/1y 1.25kHz  input frequency
/Ty 10kHz control frequency
1/1¢ 10Hz cut-off frequency for feedback filter at energy controller

Input current ij,(blue), i¢0(red)

100

i/A
o

100 -u-- - : - e RS
1 2 3 4 5 6 7 8 9
Input voltage u,

500}
Z o}
]

~500}

1 2 3 4 5 6 7 8 9
Upper arm voltages uy (blue), uy, (green), uy; (red)

> — 1 —
F Y |_._;_
-500 } — ]

1 2 3 4 5 6 7 8 9
Lower arm voltages u’, (blue), ul, (green), u’;(red)

sof=— ]
> SN
> 1
soof oo
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s Inductor voltages ug, (blue), uf z(green), uf,(red)
25t
Z 0
=
251t
-50 - - - - - - -
1 2 3 4 5 6 7 8 9
Control period
Fig. 6. Simulation results of the subordinated current controller during one

period of the input voltage 4e = 700V and peak input current ¢co = 100 A.
Output amplitude is chosen to %, = 325V and the output frequency is chosen
to fa = 1kHz.

is transferred. It must be noted that the demanded arm voltages
uy,, do never exceed the maximum arm voltage ug,, . This is
important for current reversal because if this is not ensured
the input current i,9 would not be zero at the end of the
control period and, therefore, no ZCS at the H-bridge could
be achieved. The inductor voltage ug,, shows that the current
reversal under full load needs only about 35V and is small
compared to the arm capacitor voltage.

Fig. 7 shows an output frequency sweep from —1000Hz
to +1000 Hz. As load a 3-phase resistor was chosen, hence no
phase shift between output voltage u,, and output current i,
can be observed. It must be pointed out, that the capacitor
voltages are balanced over the complete output frequency
range properly. No additional balancing action is needed for
an output frequency of 0 Hz due to the fact the input frequency
is an AC voltage. Between an output frequency of —300 Hz
to +300 Hz a compensation to reduce energy pulsations in the
arm capacitors is enabled [8]. The responsible terms for high
energy pulsations in the arm capacitor voltages at low output
frequencies are eq. (48b) and (49b). Assuming v, = w, -t the
power terms have a low frequency when the output frequency
is low. According to eq. (3) the amplitude of the reactive power
is proportional to 1/w,. To eliminate the energy pulsations the
opposed powers from eq. (48b) and (49b) are used:

1.4

Py, LF = +Zuaza COS(2 *Ya — ‘pa) (46)
1. 4 .

pepLr =~ lala sin(2 - ya — ©a) 47)

The currents are calculated using eq. (33) and (34). An increase
of the arm currents in the according output frequency range
can be observed.

V. CONCLUSION

In this paper a control concept for a Modular Multilevel
Converter (MMC) fed by a push-pull converter via a medium
frequency transformer is introduced. The advantages of the
topology are galvanic isolation of the MMC, no limitation
of the output power at DC output voltage and a reduced
transformer size and cell capacitance. Due to the push-pull
converter the input voltage of the MMC is a medium fre-
quency square-wave voltage. To control the required medium
frequency trapezoidal input current, a subordinated dead-beat
current controller for the MMC is introduced. The current
reference values are calculated with the help of the transformed
arm power analysis. The transformed arm power reference
values are obtained from superposed PI controllers which
performs the balancing of the arm energies. The excellent
performance of the presented cascaded control scheme is
demonstrated in a simulation. A prototype with 50 kW output
power is under construction and will be used for power
grid emulations, Power Hardware-in-the-Loop Emulators and
testing and measurement of electrical components.

APPENDIX

Complete transformed arm power equations for the square-
wave powered 1AC-3AC MMC:

1
PSa =+ SUeleHa (48a)

2
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— UaleHa - SIN(7a) (53e)
— filevy - COS (Ve — pe) + cO8(Ya) (53f)
- aaieVn : Sin (/Ve - Soe) : Sin(%) (53g)

lin represents the amplitude of the output voltage, i, the
amplitude of the output current, v, the angle of the output
voltage space vector and ¢, the phase shift between output
voltage and output current. u, is the zero sequence component
of the output voltage and u, is the input voltage.
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