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Abstract—Medium voltage (MV) modular multilevel
converter (MMC) is an attractive candidate for multi MW
fast charging station (FCS) to transfer high power with
high efficiency, and a medium-frequency (MF) isolated
dual active-bridge (DAB) DC/DC converter is needed to
step down the voltage in this application. In this regard,
MMC-based isolated DAB DC/DC converter is a good
candidate to be used in FCS. In MMC-based isolated DAB
DC/DC converter, Quasi-two-level (Q2L) waveform is the
preferred waveform for the AC side voltage of MMC due to
low dv/dt and small capacitor of submodules. The analysis
on power losses of MMC in this application and with
this specific AC voltage waveform is an important issue
for a cellular high-efficiency design that requires more
investigation. This paper provides an analysis to estimate
switching and conduction losses of MMC used to produce
a quasi-two-level waveform which can be used among the
others also in DAB applications. Finally, the effectiveness
of the losses analysis is verified by simulation results,
and the experimental results are used to investigate the
behavior of MMC in this application.

I. Introduction

The electric vehicle (EV) market has seen rapid
growth in recent years, driven by policy encour-
agement to cope with the climate change crisis. In

response to the high number of EVs being produced,
many studies have been carried out on high-power
fast charging stations (FCSs) [1], [2]. Fast charging
of many EVs requires large-scale and high-power
chargers. Since an on-board charger is designed with
low-power converters due to the restriction of weight
and space, it is hard to expect fast enough charging
(3].

As another charging structure, conventional off-
board chargers are composed of a low-frequency trans-
former, AC/DC converter and DC/DC converter.
However, the efficiency of the charger is not high
because this system is connected to a low-voltage (LV)
AC grid which causes high losses with high current
and it has many conversion stages [4]. To overcome
this shortcoming, a charging station based on medium
voltage DC (MVDC) grids is emerging. A modular
multilevel converter (MMC) is an essential system
enabling MVDC utilization because this converter is
structured with serial-connected submodules (SMs)
[5].

The MMC can be utilized as a primary converter
of the dual-active-bridge (DAB) converter to connect
FCS to the MVDC grid [6]. In conventional DAB
converters, a rectangular waveform with a medium or
high frequency is applied across a primary winding of
the medium-frequency (MF) transformer to maximize
power transfer efficiency instead of using the sinu-
soidal waveform with a low frequency. In the MMC-
based DAB converter connected to MVDC grids,
however, a quasi-two-level (Q2L) waveform is adapted
rather than the rectangular waveform to avoid the
galvanic isolation breakdown due to high dv/dt [7]-
[9].



An important issue in MF MMC-based DAB
converter is the analysis of losses, which is required
to optimize the performance of the system and design
the cooling system [10]. Since many SMs are employed
in MMC, it is complex to calculate its power losses.
In [10], the power losses are obtained by simulation
of the system in MATLAB/Simulink. However, it is
not effective when a large number of SMs are used in
the structure of MMC. The average value model of
MMC is obtained and utilized to calculate the power
losses in [11]. However, this method has considered
some simplified assumptions, such as the same power
losses for all SMs, using average arm current and an
approximated SM selector switching number function.

Although much research has been done to obtain
the power losses, there is a lack of literature on
power loss analysis based on instantaneous current
in MMC-based DAB converter. In this regard, this
paper analyzes the instantaneous AC and DC current
based on the model of the converter. The arm cur-
rent of MMC is derived based on the instantaneous
waveform of AC current and DC current. Finally,
these waveforms are employed to calculate the power
losses of MMC. These losses include switching and
conduction losses of semiconductors in SM, such as
IGBTs and Diodes. These two losses are calculated
separately and compared with the simulation results
for both switches and diodes.

II. MMC-BASED DAB CONVERTER

The structure of the MMC-based DAB converter
is shown in Fig. 1. Two-legs MMC, which has good
scalability in terms of the DC voltage, are used as
a primary side converter that is connected to the
MVDC grid. The AC side of the MMC is connected
to a medium-frequency transformer (MFT). On the
secondary side, a H-bridge converter is placed, and it
is operated with shifting a phase angle of PWM signals
to transfer power to low-voltage output, which can be
used for FCSs.

In conventional DAB converters, two-level rect-
angular voltage waveform with medium frequency is
preferred to maximize the power transfer. However,
in the case of DC/DC converters using MVDC, high
dv/dt of the voltage output by the MMC causes
a problem with galvanic isolation breakdown. For
this reason, a Q2L waveform shown in Fig. 2 is
suitable for MMC-based DAB converters. When the
voltage waveform is rising and falling, a low dv/dt
characteristic can be achieved owing to the staircase-
shaped voltage change. The number of SMs in each

LVDC

Fig. 1: MMC-based DAB converter for FCS

arm (N) of MMC determines the number of voltage
changes, and the amount of voltage changes in each
step at the AC side of MMC is equal to two times
the corresponding SM capacitor voltage (V).

There are two representative modulation tech-
niques to create the Q2L waveform, nearest-level mod-
ulation (NLM) [12] and phase-shift modulation (PSM)
[13]. NLM is a modulation technique that determines
the number of SMs to insert into the arm of the MMC
based on the magnitude of the voltage waveform.
That’s why it is a popular modulation for high-level
MMCs used for high-voltage DC transmission applica-
tions. In the case of the MMC-based DAB converter,
the number of SMs to be inserted is determined
according to the magnitude of an input trapezoidal
waveform, as shown in Fig. 3(a), and transition time
(T}) between voltage changes is related to the slope
of the trapezoidal waveform. Regarding the SM DC
capacitor voltage balancing, it is required to apply a
sorting algorithm-based balancing method, similar to
the case of general MMCs [12]. It is worth noting that
the NLM technique can cause more losses depending
on how it changes the SM insertion states. In addition,
this modulation wouldn’t be suitable for generating
high-frequency waveform, compared to carrier-based
modulations, due to computational burden.

The second popular modulation technique for gen-
erating the Q2L waveform is PSM, based on carrier-
based PWM. As shown in Fig. 3(b), each SM can
be operated by PWM signals with a 50% duty cycle,
and the signals for each SM are shifted as much as
the transition time between voltage steps in the Q2L
waveform since the phase of the carriers applied to
each SM is shifted. Even though it is easy to generate
gate signals using the carriers, it requires rotating the
gate signals, which is complicated to implement in
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Fig. 3: Modulation techniques for the Q2L waveform:
(a) NLM, (b) PSM

practice, to balance SM DC capacitor voltage.

In this paper, the analysis of current and semi-
conductor losses is carried out, supposing the PSM
technique is applied to MMC. Also, to calculate
switching and conduction losses of each switch and
diode, Fig. 4 is used, which shows the current path
in different SM state and current directions.

ITI. Loss Analysis of MMC in DAB Converter

In this part, a procedure to calculate conduction
and switching losses of MMC will be discussed.

i)
ln

Fig. 4: Different modes of HBSM: (a) Si: on, Sa: off,
iarm < 0, (b) S1: off, Sa: on, igrm > 0, (c) Si: on, Sa:
Off, Larm > 07 (d) 51: Off, 52: on, tarm < 0

Since arm current and voltage of MMC is required
to calculate switching and conduction losses, basic
equations to obtain arm voltage and current of MMC
will be explained in this part. In the single-phase
MMC shown in Fig. 1, upper and lower arm voltages
are obtained as follows.

v
Vgu = e Vab (1)
2
UpC
Vgl = T + Vap (2)

where = € {a,b} shows the related leg, and vpc
and vy are the DC side voltage and AC side voltage
of MMC, respectively. Also, v, and v, denote the
upper and lower arm voltage of each leg. Also, the
arm current of MMC can be written as follows.

. ipc gy

= — — — 3
lyu 9 9 ( )
. iDC ix

= — — 4
(29 9 + 9 ( )

where 4,, and i, are the upper and lower arm cur-
rents, respectively. Moreover, ¢ pc and i, represent the
DC side and AC side current of MMC, respectively.

Based on these equations, AC side and DC side
current and voltage of MMC is necessary to calculate
arm currents and voltages. To obtain DC and AC
currents and voltages, the equivalent circuit of MMC
and other parts of the system should be derived.
Therefore, in this section, the equivalent circuit of
the system is acquired at first, and then, the equations
to calculate DC and AC side currents are extracted
based on this circuit. After that, the arm voltages and
currents are determined based on (1) to (4). Finally,
the conduction and switching losses are calculated by
using the current and voltage waveform.

A. Equivalent Circuit of MMC-based DAB Converter

Since the structure of the MMC-based DAB
converter is very similar to the structure of the
conventional DAB converter, the DAB model is used
in this part to obtain the equivalent circuit of the
system [14]. The equivalent circuit of the conventional
DAB is shown in Fig. 5 (a). As it can be seen, in
this circuit, two voltage sources are usually connected
to each other through an inductor. Each voltage
source represents the AC side voltage of each H-bridge
converter, which is a rectangular waveform, and an
inductor is used to model the equivalent inductance
between two sources, which is usually the leakage
inductor of the transformer (L;).
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Fig. 5: Model of DAB system: (a) Conventional DAB,
(b) MMC-based DAB

In the MMC-based DAB converter, the H-bridge
converter at the primary side of the transformer
is replaced by a single-phase MMC. Therefore, the
equivalent circuit should be modified by considering
the MMC model. In this case, it is assumed that MMC
generates a Q2L waveform at the AC side, and the
capacitor voltage is constant, but the arm inductance
(Larm ) is considered in the model of the MMC, as it is
shown in Fig. 5(b). Based on the average value model
of MMC, since MMC includes two legs (four arms),
and half of the AC side current is passed through each
arm, the equivalent inductance of MMC is equal to
the arm inductance [15].

As a result, MMC is modeled as a voltage source
with a series inductor. Thus, the model of MMC-based
DAB converter is the same as conventional DAB, but
the generated voltage of MMC and the equivalent
inductance is different. In conventional DAB, the H-
bridge converter generates a rectangular waveform,
but in this case, MMC creates a Q2L waveform. Also,
in the conventional DAB, the equivalent inductance
between two voltage sources is only leakage induc-
tance of transformer, but in the MMC-based DAB
converter, the equivalent inductance includes the arm
inductance and the leakage inductance of transformer.

B. Arm Current Calculation

The arm current is necessary to calculate power
losses of MMC, and it can be derived by using (3) and
(4). Based on these equations, the AC and DC side
current are required to determine the arm current.
The DC side current (ipc) can be be easily obtained
according to the input power (p;,) and the input
voltage (vin,) as follows.

ipc = Lin (5)

Vin
Regarding the AC side current, the equivalent
model shown in Fig. 5 (b). is used. To use this model,
two AC side voltages are needed. For simplicity,
AC side voltage of MMC during transition time is

Voltage
< >
>
Current

Time

Fig. 6: Key waveforms of MMC-based DAB converter
when tg > t1

approximated by a ramp waveform. In addition, the
AC side voltage of H-bridge converter at the secondary
side can be easily assumed as a square waveform. As

a result, the AC side voltage of MMC and H-bridge
converter can be defined as follows:

(Kt, 0<t<t
Voo, t1 <t <to
Vab = VDC’ — K(t — tg), to <t <ts3 (6)
—Vbe, t3 <t <ty
—VDC+K(t—t4), ty <t <ts
—Vew, 051 <t
Via = Ve, te <t <ty (7)
_‘/6’07 t7 <t< t5

where t; = (N — 1)1}, K = ‘;—1“ is the slope of ramp
waveform, ¢ represents time, and V., describes the DC
side voltage of H-bridge converter at the secondary
side of transformer. Moreover, tg determined the phase
difference between AC voltage generated by MMC and

AC side voltage of H-bridge converter.

Based on the equivalent model of the system, AC
side current can be determined as follows.

1
Leg

lq =

/ o) — () At (8)

According to the value of tg and t1, two states
are discussed. In the first one, which is shown in Fig.
6, tg is greater than t;, and the AC side current is
calculated as follows.
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Fig. 7: Key waveforms of MMC-based DAB converter
when tg < t1

g =
(10 + Lk x 12 + nV,t, 0<t<t
it' + Vpo X t + nVet, t <t<tg
it + Vpo X t — nVeut, te <t <ty
it2 + Vpot — K% + Ktot —nVet, to <t <ty
its — Vpot — nVet, t3<t<ty
itt — Vpot + nVeut, tr <t <ty
it — Vpot + S K% — Ktyt +nVeot, ta <t<ts

9)

where 4! describes the AC side current of MMC at
time ¢. For instance, i) is the the AC side current
of MMC at time 0, an(; it can be calculated by
considering that ig = —i2. Moreover, t5 = T is the
operating period of the MMC.

In the second state depicted in Fig. 7, tg is less
than ¢1, and the AC side current can be obtained as
follows.

g =
(10 + Lk x 2 + nVut, 0<1t<tg
it + 1k x 12 — nVt, te <t <t
il + Vpo X t — nVet, t1 <t<ty
it2 + Vpet — K% + Ktot —nVet, ta <t <ty
i+ Vpot — $Kt2 + Ktot + nVet,  t7 <t <t3
iqts — Vpot + nVpt, t3 <t <ty
igts — Vpot + K12 — Ktyt + nVet, ty <t <ts
(10)

Based on the AC side and DC side current, the arm
current is determined, and based on this arm current
and switching commands, it is possible to calculate

TABLE I: The operating pattern of each SM

SM voltage | Arm current | S1 | D1 | Sz | D2
+ + - v -
—+ - v - -
0 + - - v -
0 - - - - v

different parameters of the MMC. For instance, the
SM capacitance can be derived as follows.

T

Conr = ALV /0 ieap(t) dt (11)
where .4 is the instantaneous capacitor current, and
AV is the desired capacitor voltage ripple, which
is usually set between 5% to 20% of the nominal
capacitor voltage. The capacitor current is obtained
according to the arm current and switching com-
mands. It means when switch S; or D conducts the
arm current, the capacitor current is equal to the arm
current. But, when the arm current is passed through
switch Se or Dy, the capacitor current is zero.

C. Determine Switching and Conduction Losses

Based on the analysis provided in subsection B,
the arm current is obtained, and the arm voltage can
be easily derived by substitution (6) into (1) and (2).
Then Table.1 is used to realize which switch or diode
is responsible to pass the current. For instance, when
SM generates positive voltage at its AC terminal, and
arm current is positive, the current is passed through
diode D;. Therefore, based on the arm current, arm
voltage, and Table. 1, it is possible to calculate the
current and voltage of each switch and diode, and
based on that, the switching and conduction losses of
each switch and diode are estimated. The conduction
losses can be calculated as follows.

1T .
Pcond,IGBT = T/ Uce(t) X ZC(t) dt (12)
0

1 (7 .
Pcond,Diode = T/(; Uf(t) X Zf(t) dt (13)

where ve.(t) and wvy(t) are the on-state collector-
emitter voltage of IGBT and on-state voltage of diode,
respectively. In addition, ic(t) and i¢(t) represent the
collector current and forward current of diode during
conduction, respectively. These parameters can be
extracted based on the characteristics of diode and
IGBT in datasheet.

The switching losses in IGBTs consist of two parts:
turn-on losses and turn-off losses. To obtain these



losses, the Turn-on energy (Eon gpr) and turn-off
energy (Eoffrapr) of IGBT are required, and they
are obtained as follows.

I V.
Eon16BT = Eon,1GBTHn X Iic X Vce (14)
c,n ce,n
I V,
E,tr16BT7 = Eoff1GBT M X Ifc X Vce (15)
c,n ce,n

where E,,, and E,tr, are the turn-on and turn-
off energy losses at the nominal condition of IGBT,
and I.,n and V.., represent the nominal current and
voltage of IGBT, respectively. In addition, I. and
Vee describes the rms current and voltage of IGBT,
respectively.

Then, based on turn-on and turn-off energy losses,
total switching losses (Psw, rapr) are determined as
follows.

N N
L .
Psw,iapr = T(Z Eontaar + Y Eofsrapr) (16)

i=1 =1

where Ny refers to the number of times that switch
turns on or off in one period.

For diodes, turn-on losses are negligible, and only
turn-off losses ( or reverse recovery losses) are taken
into account. To calculate turn-off losses, the turn-off
energy should be obtained, and they are determined
as follows.

Iy Vb

—— X
Itn VD

Poff,Diode = Liof f,Diode,n X X f (17)
where E,tf Diode,n is the nominal turn off energy losses
of diode, If,om and Vp ,om describes the nominal
current and voltage of diode, respectively, and Iy and
Vp represent the rms current and rms voltage of diode,
respectively.

It is worth mentioning that in this paper, PSM is
employed, and carriers are rotated at different periods
to keep capacitor voltage and SM losses balanced.
So, since the SM losses are equal, the total losses of
each component at one arm are obtained based on
the current and voltage waveforms, and it is divided
by the number of SMs at each arm to calculate the

losses of each component at one SM.

IV. Simulation and Experimental Results

To validate the provided analysis in this paper,
an MMC-based DAB converter is simulated in MAT-
LAB/Simulink and PLECS. The parameters of this
system are described in Table 2. In this table, Csys
expresses the SM capacitance, and n is transformer

TABLE II: Simulation Parameters

Parameters Vin Vew Csnm Larm
Value 10kV | 500 V | 50 uF | 2 mH

Parameters T Tir n N
Value 1 ms 25 us 20 10

Voltage (kV)
=l wm ;

3
=]
Current (A)

'
n

—
<>
'
—
=)

0 0.4 0.8 1.2 1.6 2
Time (ms)

Fig. 8: AC voltage and current
voltage of H-bridge when tg > t;

of MMC, and AC

Arm Current (A)

“o 0.2 0.8 1

0.4, 0.6
Time (ms)

Fig. 9: upper arm current when tg > t;

turn ratio, respectively. Two scenarios are considered
to investigate the accuracy of analysis to obtain power
losses of MMC. In these two scenarios, it is assumed
that the output voltage is 500 V, but different powers
are transferred to the output load. In the first scenario,
ty is greater than g, and in the second one t; is lower
than tg. These two scenarios are discussed in below.

A. Losses Analysis when t1 > tg

In this scenario, the output power of the system
is 50 kW. Fig. 8 shows the simulation results for this
scenario, and it includes AC side voltage of MMC,
AC side voltage of H-bridge converter, and AC side
current of MMC. Based on the simulation results and
provided analysis, the arm current is obtained, and
they are compared in Fig. 9. As is seen, these two
waveforms are very similar.

According to the provided analysis, arm voltage
(approximated arm voltage (blue waveform) and exact
arm voltage (purple waveform)) and current are shown
in Fig. 10. Then, based on this figure and Table. 1,
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the current and voltage of each component can be
derived, and then, conduction and switching losses
can be determined by using (13) to (20). Fig. 11 and
Fig. 12 provides a comparison between simulation and
analysis results in the aspects of the switching and
conduction losses, respectively. As is seen ,the switch-
ing and conduction losses derived by the analysis are
very close to the losses obtained by simulation. The
total losses in simulation is 5.74 W for each SM, while
it is 5.49 W in the analysis, and So, it verifies the
effectiveness of the analysis.

B. Losses Analysis when t; < tg

In this scenario, it is assumed that t; < tg, and
the output power is 30 kW. The simulation results,

n s
=)
Current (A)

Voltage (kV)
5 =

n
'
wn

'
—
=

0 0.4 0.8 1.2 1.6 2
Time (ms)

Fig. 13: AC voltage and current
voltage of H-bridge when tg < t;

of MMC, and AC

Arm Current (A)
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Fig. 14: upper arm current when tg < t;
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Fig. 15: upper arm current and voltage when tg < t;

including AC side voltage of MMC, AC side voltage
of H-bridge converter, and AC current of MMC, are
shown in Fig.13. Like the first scenario, as seen in this
figure, the phase difference between voltage generated
by MMC and H-bridge converter is lower than the first
scenario. The similar strategy to the first scenario is
considered to calculate the arm current in this part.
The only difference is using (10) instead of (9) to
obtain the AC side current. Fig. 14 depicts the arm
current that is obtained by simulation and analysis. In
this case, the current waveform based on the analysis
is very close to the simulation results.

Fig.15 depicts the upper arm current and arm
voltage of MMC derived by the analysis. Based on this
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TABLE III: Parameters of experimental setup

Parameters

‘/in C’SM Larm n

Value 100V | 56 uF | 100 uH | 1
Parameters f Tir Ladd N
Value 5 kHz 5 us 310 uH | 4

current and voltage waveforms, the losses of MMC
are calculated, and their results are compared with
simulation results in Fig. 16 and Fig. 17. These results
show that the total losses of MMC is 2.87 W in
simulation, while it is 2.74 W in the analysis. As
a result, the accuracy of the analysis to calculate
losses is about 95%, which shows high accuracy of
the analysis in this power rating.

The laboratory prototype related to a single-phase
MMC with two legs and four SMs in each arm are
shown in Fig. 18. The AC side of MMC is connected
to an isolation transformer, and the secondary side
of the transformer is connected to an H-bridge with
an additional inductor (Lgqq). Finally, the DC side
voltage of H-bridge is connected to a resistor as the
load. The parameters of this setup are described in
Table. 3. Fig. 19(a) depicts the AC side voltage and
current of MMC, and also AC side voltage of H-bridge.
As is seen, MMC generates a Q2L waveform at its AC
side, and the AC side voltage of H-bridge is a two-
level waveform. The AC side current of MMC is also
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Fig. 19: Experimental results (a) AC side voltage and
current of MMC, and AC side voltage of H-bridge,
(b) Arm voltages and currents

depicted in Fig. 19(a), which can obtained based on
the voltages and parameters of the system.

The arm voltages and currents of MMC are shown
in Fig. 19(b). The MMC generates a Q2L waveform
voltage at its arms, and the arm current , which is
shown in Fig .19(b), is the summation of half of the
DC side current and half of the AC side current.
This arm current is compared with the current that is
derived by analysis in Fig. 20. As is seen, the analysis
results are very close to the experimental results.
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V. Conclusion

This paper provides an analysis to obtain losses
of MMC used in the DAB converter for MVDC grids.
In this application, MMC generates an output voltage
with Q2L waveform, and H-bridge converter creates a
2-level waveform. In this case, the AC side voltages of
MMC and H-bridge converter are approximated, and
then, based on the this approximation, the AC side
current is determined, which can be used to obtain
arm current of MMC. After that, the conduction and
switching losses are derived by using the arm current
and arm voltage. Finally, the comparison between
simulation and experimental results, and the provided
analysis shows that the the accuracy of the analysis
to determine the total losses is more than 95%.
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