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ABSTRACT Medium-voltage connected ultra-fast chargers are getting more popular for charging electric
vehicles with large battery capacities. Here, the solution based on a modular multilevel converter is more
promising, since the isolation stage can be realized as a single medium-frequency transformer interconnecting
the modular multilevel converter to a single-phase ac/dc converter. A new operating scheme is proposed
for this converter, enabling zero-voltage switching and nearly zero-current switching across the entire load
range. In contrast to the conventional phase-shift control method, the proposed scheme effectively reduces
the reactive power through the ac/dc converter, leading to decreased turn-off switching losses in the ac/dc
converter and a lower RMS current stress in the power path. A control scheme, integrating the operating
principle, is developed for the modular multilevel converter. The method is verified through simulation
and measurements on a scaled-down prototype. The results validate the theoretical analysis and practical
feasibility of the proposed operating principle and the developed control scheme.

INDEX TERMS Charging infrastructure for EVs, grid-connected converters, modular multi level converters,
ac/dc converter, isolated, bi-directional, soft-switching.

I. INTRODUCTION
Medium-Voltage (MV) connected ultrafast chargers are in-
dispensable for charging EVs with a large battery capacity,
such as electric trucks and ships. Conventional solutions con-
sist of a low-voltage ac/dc converter connected to the MV
grid by means of a Low-Frequency (LF) step-down trans-
former. A notable reduction in system size can be achieved
by increasing the operating frequency of the transformer [1].
This, however, requires a MV-connected converter to interface
the MV-grid to a Medium-Frequency Transformer (MFT). In
this regard, solutions based on Modular Multilevel Convert-
ers (MMC) are gaining more attention mainly because of
the scalability and the added functionality (e.g. grid support)
and power density [2]. Fig. 1 shows an ac/ac-MMC-based
ultrafast charger, where the MMC converts the grid voltage
to a MF AC voltage [3], [4]. The MFT is used to isolate and
step down the MMC voltage to a suitable voltage level for
EV charging. Finally, the Low-Voltage Converter (LVC) is
responsible for the conversion to a dc output voltage. One
of the advantages of such a configuration is that the voltage

FIGURE 1. Circuit configuration of an ac/ac-MMC-based ultra-fast charger.

and current waveforms supplied to the transformer can be
chosen freely and used to optimize the performance. Typ-
ical choices would be a sinusoidal or rectangular voltage
waveform. However, due to the inherent power fluctuation
of single-phase systems operating with a sinusoidal wave-
form, a rectangular waveform is preferred to transfer the
power [5].

Vehicle-to-grid operation requires bi-directional power
flow control. Conventionally, this is achieved in MMC-fed
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converters by means of phase-shift control [6], [7], [8]. In
this method, the transferred power is controlled by the phase-
shift angle between the ac-terminal voltages of the MMC
and LVC. Nonetheless, similar to conventional dual active
bridge converters, phase-shift control leads to a limited region
of soft switching operation and a considerable amount of
reactive power, which causes large switching losses during
turn-off transitions, and excessive conduction losses in the
power path [9].

In typical phase-shift-controlled converters, both the ac-
tive and reactive components of the transferred power are a
function of the phase-shift angle. In MMC-fed ac/dc con-
verters, on the other hand, the active and reactive powers
can be controlled independently, due to the multilevel volt-
age output that the MMC can generate. To do so, the MMC
acts as a controlled voltage source whose interaction with
the ac-terminal voltage vs of the LVC, the arm inductance
Larm, and the leakage inductance Ll of the MFT shapes the
current through the MFT. In [10], closed-loop current con-
trol is presented for an MMC-based HVdc-MVdc system,
resulting in sinusoidal currents through the MFT and loss-
less switching in the ac/dc converter. However, this method
leads to a large amount of pulsating power and low current
utilization of components. The current is not limited to sinu-
soidal waveforms, but can have any other shape. In [11], a
current control method is introduced that achieves a purely
active trapezoidal current through the MMC-fed LVC, and
therefore high current utilization of the components. Since
this current lacks a reactive component, it does not pro-
vide the commutation current necessary for Zero-Voltage
Switching (ZVS) of the power switches. Consequently, only
Zero-Current Switching (ZCS) can be realized, resulting in
switching losses during the turn-on transitions of power
switches, attributed to the switch-node capacitance. This
can also lead to an impaired electromagnetic interference
performance.

The authors have first proposed the Pulse Amplitude Con-
trol (PAC) method for MMC-based converters and studied
its advantages over the conventional methods in [4]. In this
method, the MMC output voltage is built up out of three
pulse-shaped voltage components, producing a trapezoidal
current with an adjustable reactive component through the
LVC. This results in ZVS and nearly-ZCS operation of the
power switches and minimizes the RMS current and therefore
conduction losses. Due to the trapezoidal current, the pro-
posed method yields a high current utilization of the MFT and
LVC. In this paper, a dedicated control scheme that addresses
the proposed operating principle and the stable operation of
the MMC is developed and discussed in detail. Simulation
results are provided for an MMC-based charger. Further-
more, experimental validations of the MMC-based charger
converter is done using a scaled-down laboratory prototype.
These simulations and experimental measurements confirm
the performance and functionality of the proposed operating
principle and developed control scheme for the MMC-based
charger.

FIGURE 2. (a) Simplified representation of the MMC-connected LVC
applying PAC, (b) ac-terminal voltages and the resulting current through
the equivalent inductance L and magnetizing inductance Lm of the MFT.

II. PROPOSED OPERATING PRINCIPLE
Fig. 2 represents the interconnection of the MMC and the LVC
and the voltage and current waveforms of the converter using
the proposed method. Applying the PAC method, the LVC
switches with a constant duty cycle of 50%, thereby produc-
ing a rectangular voltage across its ac terminals. The MMC
produces a voltage vMF comprised of the primary referred of
the rectangular voltage vr = n vs and two other pulse voltages.
The first component vd is a pulse waveform with a pulse width
of Tδ = δ/2π fs, amplitude Vd, and phase shift π /2 with regard
to vs. The series inductance L is composed of two third of the
arm inductance Larm, the primary-referred leakage inductance
of the transformer Ll, and the external series inductance Ls,
if any are added. Since the MMC and the LVC are connected
through the inductance L, the resulting trapezoidal current id
through the MFT is phase aligned with vs. Its amplitude is

Îd = Vd δ

4π fsL
. (1)

Averaging n vs·id over the switching period gives the output
power

PMF = 1

T

∫ T

0
n vs · id dt

= Vd nVDC

4π fsL

δ

π

(
π − δ

2

)
. (2)

The transferred power can be adjusted by changing Vd and/or
δ. The second voltage component vq is a square waveform
with an amplitude Vq and phase shift π with regard to vs so as
to produce a purely reactive current iq through the MFT. The
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amplitude of the resulting reactive current

Îq = Vq

4 fsL
(3)

can be adjusted by changing Vq. In addition to the MMC,
the magnetizing inductance of the MFT introduces a reactive
current component. As can be seen from Fig. 2(a), the mag-
netizing current will have a triangular waveform with peak
amplitude equal to

Îm = nVDC

4 fs Lm
, (4)

where Lm represent the magnetizing inductance of the MFT.
The switching current Isw of the power devices is determined
by the total reactive current delivered to the LVC by both the
currents iq and im and, using (3) and (4), is found to be

Isw = n
(
Îq + Îm

) = 1

4 fs

(
nVq

L
+ n2VDC

Lm

)
. (5)

The first term of (5) is adjustable through the voltage com-
ponent vq of the MMC voltage vMF to change the switching
current at the LVC. As a prominent advantage, the switching
current can be set to the minimum commutation current re-
quired to charge or discharge the switch-node capacitance and
maintain ZVS operation of the LVC. As a result, the switching
current should fulfill

Isw ≥ C VDC

td
, (6)

where C and td represent the switch-node capacitance and the
dead time in each leg of the LVC [12]. Unlike the phase-shift
control method, the current of the bridge is switched off at a
very low value when applying the PAC method. Therefore, by
minimizing the switching current Isw, all the power switches
of the LVC experience ZVS and nearly ZCS over the full load
range.

III. CONTROL OF THE MMC
A. GENERAL CONTROL APPROACH
In the MMC, each arm consists of a series connection of
several sub-modules, whose ac-link voltages are a function of
their dc-link voltages and switching functions. Hence, each
sub-module, and therefore the aggregate of all sub-modules
in one arm of the MMC can be modeled by a controlled
voltage source, as shown in Fig. 3. Common-mode (�) and
differential-mode (�) components of the arm voltages and
currents can be defined as⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

v�
y = vu

y+vl
y

2

i�y = iuy+ily
2

v�
y = vu

y−vl
y

2

i�y = iuy−ily
2

, where y ∈ {a, b, c} (7)

Analyzing the leg current and voltage components illustrates
that the MMC and LV grid interact through the differential-
mode components. On the other hand, the interaction between

FIGURE 3. Equivalent circuit of the ac/ac MMC.

FIGURE 4. (a) LF-terminal model of the MMC (b) MF-terminal model of the
MMC.

FIGURE 5. General control scheme of the MMC.

the MMC and MF side is governed by the common-mode
components [3]. As a result, two terminal models can be
defined for the MMC as shown in Fig. 4.

For the MMC to function stably, it is crucial to implement
an appropriate control strategy for its terminal variables. The
mismatch between the average power of the input and output
ports of the MMC should be controlled to the power losses of
the MMC, otherwise it will disturb the total energy balance
within the MMC [13]. As a result, the implementation of
the MMC requires a control algorithm to regulate the input
and output terminal powers, thereby ensuring the total energy
balance within the MMC as shown in Fig. 5. In this context,
V �

Cy
corresponds to the total energy stored in the sub-module
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capacitances of an MMC leg, while V �
Cy

is related to the energy
discrepancy between the upper arm and its corresponding
lower arm. These variables are expressed as follows

V �
Cy

=
V u

Cy
+ V l

Cy

2
(8)

V �
Cy

=
V u

Cy
− V l

Cy

2
(9)

where V u
Cy

and V l
Cy

are sum of the sub-module capacitor
voltages in the upper and its corresponding lower arm, re-
spectively. The grid-side current controller regulates the active
and reactive power exchanged with the grid, and the arm
balancing controller ensures total energy balance, as well as
an equal energy distribution among the MMC arms. Here,
circulating currents between legs are intentionally generated
to exchange energy between arms and legs and reach an equal
distribution of energy across all of them. The circulating cur-
rents are generated as common-mode components, since the
grid-side terminal variables (differential-mode components)
are supposed to be balanced and with the lowest harmonic
content as possible. To this end, the common-mode voltage of
the arm can be expressed as

v�
y = v�

0y
+ v�

�y
, (10)

where v�
0y

is meant to regulate the total energy of the MMC

and, therefore, is the same for all three legs. v��y
, however, is

supposed to regulate the energy difference between the arms
by generating circulating currents and its value may differ
among the three legs [13]. It is noteworthy that the grid-side
current controller is similar to that of grid-connected voltage
source converters. Since the integration of the PAC method
does not involve any alteration in this controller, it will not
be studied here, and the detailed discussion can be found
in [3]. On the other hand, with the aim of integration of the
PAC method in the MMC control, the analysis of the MMC
(internal and total) energy will be provided. The dynamic of
the arm energy follows from [13]

dW u
y

dt
= vu

y iuy =
(
v�

y + v�
y

) (
i�y + i�y

)
(11)

dW l
y

dt
= vl

yily =
(
v�

y − v�
y

) (
i�y − i�y

)
(12)

The differential- and common-mode components of the arm
energy can be defined as follows

W �
y = W u

y + W l
y

2
(13)

W �
y = W u

y − W l
y

2
(14)

Differentiation of W �
y and W �

y using (11) and (12) gives

dW �
y

dt
= v�

y i�y + i�y v�
y (15)

dW �
y

dt
= v�

y i�y + v�
y i�y (16)

These equations illustrate the set of the variables that can
be altered to adjust the total energy of a leg and the energy
difference between upper and lower arms. Using (10) and
substituting (13) and (14) into (15) and (16) provides

dW �
y

dt
= 1

2
iyv

�
y + v�

0y

ip
3

+ v�
�y

ip
3

+ v�
0y

i��y
+ v�

�y
i��y

(17)

dW �
y

dt
= 1

2
iyv

�
0y

+ v�
y

ip
3

+ 1

2
iyv

�
�y

+ v�
y i��y

(18)

where iy, ip, and i��y
represent the grid phase current, the pri-

mary winding current of the MFT, and the circulating current
of leg y. Averaging (17) and (18) over one grid cycle in steady
state, given the fact that the circulating voltage component and
corresponding current component are 90◦ out of phase (due to
the arm inductance), gives

dW �
y

dt
= 1

2
iyv�

y + v�
0y

ip
3

+ v��y

ip
3

+ v�
0y

i��y
(19)

dW �
y

dt
= 1

2
iyv�

0y
+ v�

y
ip
3

+ 1

2
iyv��y

+ v�
y i��y

(20)

The sum of the first two terms of (19) are supposed to be
zero in steady state, since it is proportional to the sum of
the power going to the grid and to the MFT. In other words,
these terms are controlling the power flow through the MMC
and cannot be used for internal energy balancing. Assuming
different frequencies for the grid and MFT voltages, the first
two terms of (20) are zero. This provides one with

dW �
y

dt
= v��

ip
3

+ v�
0y

i��y
(21)

dW �
y

dt
= 1

2
iyv��y

+ v�i��y
(22)

In order for W �
y and W �

y to be controllable, v��y
must include

MF and LF components. Therefore, v��y
is composed of

v�
�y

=
LF︷ ︸︸ ︷

v�
�,1y

+
MF︷ ︸︸ ︷

v�
�,2y

(23)

Substitution of (23) into (21) and (22) and then ignoring os-
cillatory terms when averaging gives

dW �
y

dt
= v�

�,2y

ip
3

+ v�
0y

i��,2y
(24)

dW �
y

dt
= 1

2
iyv�

�,1y
+ v�i��,1y

(25)

From the last two equations, it can be concluded that the
total energy mismatch between the legs can be controlled by
adjusting v�

�,2y
, and the energy mismatch between the upper

and lower arms can be corrected using v�
�,1y

. Therefore, v�
0y

,
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FIGURE 6. Integration of the PAC method in the control scheme of the MMC.

v�
�,1y

, and v�
�,2y

are the three variables that are adjusted by the
arm balancing controller.

B. INTEGRATION OF PAC
An arm balancing controller is developed here to integrate the
PAC method and ensure an equal energy distribution between
the arms. Fig. 6 shows the arm balancing controller that inte-
grates the PAC method. The common-mode capacitor voltage
of the leg V �

Cy
is measured and then compared to the reference

value V �
Cy

∗
, which equals the sub-module capacitor reference

voltage multiplied by the number of sub-modules in each arm
according to (8). The result then is fed into a PI controller
which generates a power error �PMFy to counteract the dis-
crepancy in the common-mode capacitor voltage. To obtain a
quick control action, the grid-power reference P∗

g is also added
as a feed-forward term to the output of the PI controller to
yield the MF power reference P∗

MFy
for each MMC leg. These

reference along with the required reactive current reference Î∗
q

are translated into v∗
dy

and v∗
q , respectively. The reference for

vr is synthesized using the output dc voltage and modulation
signal of the ac/dc converter. v∗

r and v∗
q are the same for all

three legs, while v∗
dy

can be different due to possible unequal

discrepancies in the common-mode capacitor voltage V �
Cy

of
the legs. Hence, this control loop adjusts the power flow be-
tween the MMC and the LVC and the total energy mismatch
between the MMC legs using v�∗

0y
and v�∗

�,2y
, respectively.

The second control loop regulates the difference of the up-
per arm and lower arm capacitor voltages (differential-mode
capacitor voltage V �

Cy
) to zero. To this end, V �

Cy
is first com-

pared with its setpoint V �
Cy

∗
, which is normally zero, and then

fed into a PI controller. The output of the PI controller is
multiplied by the corresponding normalized phase voltage,
since v�∗

�,1y
must have a frequency equal to the grid volt-

age. Summing up the derived variables gives the references
for the common-mode voltages. The references for the arm
differential-mode voltages are generated by the grid-side cur-
rent controller. The common- and differential-mode voltage
setpoints v�

y
∗

and v�
y

∗
are then transformed to upper and

FIGURE 7. Rearranged MF terminal model.

lower arm voltage setpoints vu
y
∗ and vl

y
∗

which are fed to the
PWM and sort-and-select algorithms.

Under balanced circuit parameters, the circulating terms are
zero in steady-sate and are not present in the arm common-
mode voltage v�

y . Hence, the MF terminal model of the MMC,
shown in Fig. 4(b), can be rearranged using Thevenin’s the-
orem, as depicted in Fig. 7. In the rearranged MF terminal
model, the voltage 2v�

0 is equivalent to vMF (in Fig. 2(a)),
which serves as a control parameter for adjusting the ac-
tive and reactive power exchange between the MMC and the
LVC.

IV. SIMULATION RESULTS
The converter is modeled and simulated in PLECS with the
circuit parameters given in Table 1. The simulated converter
uses an averaged model to model the MMC arms [3]. Fig. 8
illustrates the steady-state operation of the converter for power
flow from an ac grid to a dc source. The phase voltage of
the grid and the corresponding lower arm voltage is plotted,
where the arm voltage is composed of the LF and MF voltage
components. The MF voltage components are the same for all
arms, while the LF components inverted for the upper arms,
and shifted by 120◦ in-between the phase legs. The primary
winding current is a trapezoidal current with a small reactive
component to minimize both conduction and switching losses.
This also decreases the peak-peak value of the dc-link current
compared to phase-shift control [4], as shown in Fig. 8. The
small negative current seen in the dc-link current corresponds
to the switching current of power devices in the LVC.
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TABLE 1. Simulated Circuit Specifications

FIGURE 8. Simulated steady-state operation of the converter for power
flow of P∗

g = +1 MW.

Changing the control variables, such as Vd and δ, can re-
sults in imbalance of the volt-seconds applied to the magnetic
components of the circuit. Left unchecked, these imbalances
generate dc-bias currents and can impair the performance the
arm inductors and the MFT which interconnect the MMC and
the LVC. In phase-shift controlled converters, this problem is
in principle inevitable, and requires dynamic changes in the
control variables to suppress the volt-second imbalance [14].
Fig. 9 presents two possible strategies to update the control
variable Vd upon a change in the power reference. In Fig. 9(a),
the voltage Vd is updated directly, corresponding to the desired
steady-state current. This causes the current id to rise above its
desired level, resulting in a dc current component. As can be

FIGURE 9. Transient waveforms with two possible strategies to update
control variables: (a) updating Vd upon updating the power reference PMF

∗

and (b) updating Vd at the middle of the first pulse upon updating the
power reference PMF

∗.

FIGURE 10. Simulation results for a step change in the power reference P∗
g

from −0.5 MW to −1 MW and some of the results in the zoomed time
interval centered at t = 0.2 s.

seen from Fig. 9(b), the proposed operating principle (PAC)
can prevent the occurrence of imbalances by updating the
control variable Vd at the zero crossing of id.

Fig. 10 shows the case of a power step from −0.5 MW
to −1 MW. As can be seen, the average capacitor voltage of
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FIGURE 11. Test-bench of the MMC-based charger.

sub-modules are well-balanced during the step change in the
power, and the dc-link current reaches its steady-state value in
a few grid cycles. By virtue of the proposed strategy to update
the control variables, no dc-bias currents are generated during
the step change of the power.

V. EXPERIMENTAL VERIFICATION
The experimental results are obtained from the MMC-based
ac/dc test-bench which is shown in Fig. 11. The test-bench
comprises three main components: a modular multilevel con-
verter, a medium frequency transformer, and a full-bridge
ac/dc converter. The MMC consists of 24 sub-modules, with
each arm consisting of 4 sub-modules (IMPERIX PEH2015).
These sub-modules are implemented as full-bridge converters
utilizing IGBT switches. The MFT constructed using Metglas
AMCC (2605SA1) series cut cores, since this material suits
the chosen operating frequency of the transformer. Further-
more, the ac/dc converter is realized as a full-bridge converter
using two half bridges (IMPERIX PEB8038), which employ
SiC MOSFETs. The circuit parameters of the prototype are
given in Table 2. For both power-flow directions, the reactive
power setpoint for the grid-side current controller is set to
zero. The ac-terminal waveforms of the ac/dc converter are
measured for both power directions.

Fig. 12 depicts the ac-link waveforms of the LVC for the
power flow of ±2000 W. To show that full soft-switching
operation is obtained, the ac-link voltage and current within
the switching transition are shown on the right hand side of
Fig. 12. As can be seen from Fig. 12(a), for the positive di-
rection of the power, the commutation current is large enough
to fully charge or discharge the switch-node capacitance. The
waveforms for the reverse power-flow direction are shown
in Fig. 12(b), where the delivered power to the grid is set
to 2000 W. By doing so the power losses of the MMC are
compensated through the MF-side power, so that the ampli-
tude of the current is larger compared to that of the positive
power flow in Fig. 12(a). The ac-link voltage and current

TABLE 2. Experimental Parameters

FIGURE 12. Measured ac-link waveforms of the LVC for the power flow of
(a) +2000 W and (b) −2000 W and the results in the zoomed time interval
centered at t = 1 ms (right).

waveforms within the switching transition confirms the full
soft-switching operation of the ac/dc converter as shown on
the right hand side of Fig. 12(b).

As discussed in the previous sections, the switching current
Isw can be controlled using the PAC method. The switching
current, in turn, governs the charging and discharging of the
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FIGURE 13. Measured ac-link voltage and current waveforms during the
switching transition.

FIGURE 14. Measurement results for a step change in the power setpoint
P∗

g from −1000 W to −2000 W and some of the results in the zoomed time
interval centered at t = 0.2 s.

switch-node capacitance. Fig. 13 shows the ac-link wave-
forms of the LVC during the switching transition for different
switching currents. For the lowest value of Isw, it can be seen
from the voltage vs that the switching current is not sufficient
to have natural commutation of the switch-node voltage, and
it experiences hard switching when the high-side switch is
turned on. Although larger switching currents ensure ZVS
turn-on of power switches, they increase the hard turn-off

losses of power devices in the LVC and dv/dt across the
transformer windings. As a result, the switching current ref-
erence should be kept to the minimum required commutation
current.

Fig. 14 shows the case of a power step from −1000 W to
−2000 W. As can be seen, the average capacitor voltage of
sub-modules are well-balanced during the step change in the
power, and the dc-link current reaches its steady-state value in
a few grid cycles. During the step change of the power, there
is an almost imperceptibly amount of dc-bias current, seen in
Fig. 14, which is due to the inevitable timing mismatches in
the PWM modulators and switching circuits.

With the proposed operating principle, the LVC experiences
lossless switching across the entire load range. Although anal-
ysis of the influence of the PAC method on the losses of
the MMC is important to optimise the total losses of the
converter, this paper does not delve into a comprehensive
loss model for the MMC. Generally, conduction losses are
the primary contributors to the MMC’s total losses [15]. As
demonstrated in [4], the PAC method offers a trade-off be-
tween the minimum number of sub-modules and RMS current
stress in the MMC. Furthermore, any potential increase in
the MMC’s conduction losses can be offset by a significant
reduction in the LVC’s switching losses. It is important to
note that this relationship is influenced by several factors in
design and implementation of the system, such as the types
of semiconductors in the MMC and LVC, the MMC’s mod-
ulation scheme, and voltage and current levels, etc. While
the example design discussed in this paper and [4] provides
insights on how the proposed method affects the performance
of the converter, it is not exhaustive and future work is still
required.

VI. CONCLUSION
This paper presents a bi-directional MMC-based ultra-fast
charger that consists of an MMC, a step-down medium fre-
quency transformer, and a low-voltage ac/dc converter. A
new operating principle has been proposed for the MMC-
connected ac/dc converter. It uses three pulse-shaped voltage
components to build the output voltage of the MMC. By
doing so, a trapezoidal current with an adjustable reactive
component is achieved in the MMC output, which main-
tains lossless switching of the power switches of the low
voltage converter and minimizes the RMS currents in the
converter. A dedicated control scheme that addresses the pro-
posed operating principle and capacitor voltage balancing of
the MMC has been developed. The developed control method
successfully integrates the proposed operating principle while
sustaining the total and internal energy balance of the MMC.
It is also shown that, unlike typical phase-shift controlled
converters, dc-bias currents can be readily avoided during
the step change of the power. The validity and practical
feasibility of the proposed operating principle and the devel-
oped control scheme have been verified by an MMC-based
test-bench.
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