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Abstract—For electrolyzer applications, traditional solutions
using line frequency transformers plus rectifiers are bulky,
heavy and have low controllability. The Solid State Transformer
(SST) could be a promising solution to solve the mentioned
issues. This paper compares the semiconductor ratings and
capacitance of five different Modular Multilevel Converter
(MMC) based Solid State Transformer (SST) topologies. The
results show that the DRU (Diode Rectifier Unit)-MMC based
topologies have the lowest semiconductor ratings and
capacitance. Because of the unidirectional power flow
requirement, the source side MMC of Back-to-Back (BtB)
MMC based SST could be replaced by DRU, thus the cost is
drastically saved. Another interesting finding is that the DRU-
MMC energy ripple is much lower than half of the energy ripple
in BtB MMC, which is different from HVDC MMC.

Keywords—Modular Multilevel Converter, Solid State
Transformer, Electrolyzer

I. INTRODUCTION

Hydrogen electrolyzer is getting more and more popularity
because of its capability to provide flexibility to the energy
system to facilitate the integration of intermittent energy
sources, like solar and wind power. Besides, it could
contribute the sustainability by delivering carbon-free
hydrogen to other sectors, like industry and mobility sector.

The current power conversion method of hydrogen
production is by using line frequency transformer to step down
the AC voltage together with thyristor or Diode Rectifier Unit
(DRU) rectifier to generate the required DC voltage [1]. This
method has two shortcomings. First it is bulky and heavy
because of the usage of line frequency transformer, which
might be problematic for transportation. The second issue is
that it lacks controllability, especially when facing
intermittent renewable power generations. In this scenario, an
optimal control of electrolyzer is required to maximize the
hydrogen generation and to balance the power generated by
renewable energy and the power required by electrolyzer.

This project has received funding from the RVO MOOIL
(Missiegedreven Onderzoek Ontwikkeling en Innovation) under grant
agreement MOOI 52103.

To address these issues, the Solid State Transformer (SST)
is a promising solution. The fundamental idea of SST is to use
converters to convert the input fundamental frequency AC
voltage into medium frequency (MF) or high frequency (HF)
AC voltages, and then use MF/HF transformer to step down
the voltages. Because the transformer size and weight are
inversely proportional to its operating frequency, the SST is
much lighter and smaller compared to the line frequency
transformer plus rectifier. And the controllability of SST is
also higher than the traditional solutions.

For the AC-DC SST, there are mainly two types of
solutions. The most popular one is the cascaded topology [2].
Because of the high input voltage and high output current
requirement of the electrolyzer system, usually the input series
and output parallel (ISOP) structure is used. The main
disadvantage of this topology is that each module has one MF
transformer. And these transformers need to withstand the
whole range of the input voltage. And the total size of the
transformers is large because of thick insulations.

Another possible SST solution is using Modular
Multilevel Converter (MMC) to interface the high input
voltage. The MMC based SST structure requires only one
MFT. Thus the size and weight of this single MFT should be
smaller than the aforementioned small MFTs in cascaded
structure combined.

Various papers have compared different MMC structures
for AC/AC applications [3-7], from semiconductor rating and
capacitance points of view. However, there is a lack of
attention to the comparison of MMC based AC-DC converter
topologies.

This paper focuses on the MMC semiconductor rating and
capacitance comparison of AC-DC SST for electrolyzer
applications. Section II presents MMC based AC-DC SST
topology candidates. Section III and Section IV calculate the
required semiconductor ratings and equivalent capacitance
requirements for different topologies, respectively. Section V
summarizes the calculation results, and by comparing ratings
of different topologies, the most suitable one is chosen for
future research.
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II. TOPOLOGY CANDIDATES
Several MMC based SST could be used for AC-DC

applications, as shown in Fig. 1 - Fig. 5.
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The most commonly used one is the back-to-back MMC.
But for the unidirectional load applications such as hydrogen
electrolyzer, the back-to-back configuration which is

especially suitable for bidirectional power flow seems like a
waste of its full capability.
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Fig.5. 3®AC-19AC MMC based SST

Thus the front side AC-DC MMC could be replaced by
DRU to save a vast number of power switches cost, as shown
in Fig. 2.

And there also exists another level of freedom, which is
the number of phases of medium frequency transformer
(MFT). Thus by replacing the three phase MFT and DC-3@
AC MMC with 1& MFT and DC-19AC MMC, another
possible solution is exhibited in Fig. 3.

Other possible solutions are direct AC-AC MMC [8],
which are said to be promising solutions to replace the
traditional back to back MMC, because of the simplicity of the
structure and reduced number of energy conversion stages, as
shown in Fig. 4. Similar to Fig. 3,if 1 MFT is used, a 3®AC-
1®@AC MMC based SST could be considered for comparison.

It should be noted that for the following semiconductor
rating calculation and comparison, the semiconductor rating
of the DRU connected to the secondary side of the MFT is not
analyzed, because the same DRU block will always exist in
every topology. And because the front-side DRUs in Fig. 2
and Fig. 3 are considerably cheaper compared to the MMC,
thus the cost of them is omitted as well.

For the capacitor rating calculation, since there are no
main DC link capacitors in each topology but separated
capacitors in every MMC submodule, MMC capacitor rating
of every topology is the total capacitor rating.

In short, the semiconductor and capacitor ratings
calculations for solid state transformer in the following
sections focus on the MMC block.

III. SEMICONDUCTOR RATING CALCULATION

A. Overall calculation method

The semiconductor cost depends mainly on its rated
switching power, by multiplying maximum current and
maximum voltage. For every SST topology the total switching
power of MMC could be calculated as follows [6]:

S n_n U 1

total — "Yarm"'sm™~ arm _max" arm_max

Where ngm represents number of arms, ng, represents
number of semiconductors per submodule, Uym_max represents
maximum arm voltage, and Zum _mqr represents maximum arm
current.
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Fig. 6. Back to back MMC
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As shown in [3], when the modulation index equals 1, the
semiconductor rating and capacitor rating is the lowest. Thus
except for the direct AC-AC MMC, the modulation indexes in
all other MMC in the SST topologies are considered as 1.

For MMC applications, harmonic injection method could
be used to increase the modulation range of the MMC.
However, for the simplicity of comparison procedure, the
harmonic injection is omitted [7].

The system has a 33 kV line to line input voltage and the
total power is 45 MW. An initial selection of the solid state
transformer operating frequency is chosen as 400 Hz. It should
be noted that the calculation procedure could also be applied
to the system with different voltage/power configurations, by
simply replacing the values.

B. Calculation process

For a better explanation, the MMC parts of Fig. 1 to Fig. 5
are drawn in Fig. 6 to Fig. 10. The input source voltage of
MMC is u, = 26.9cos(27 x50¢) kV and the input current is

i, =1.11cos(27r x50¢) kA . Thus the DC link voltage and
current shown in Fig. 6 could be calculated as

U,

e

[ =2U

slmax

=53.7kV ()

I, =L —0835kA )

del
And the output AC voltage and current are

u, =26.9cos(27 x4007) kV 3)
i,, =1.11cos(27 x400¢) kA @

For the MMC connected to the source side, the arm current
and arm voltage expressions are

u

arml

U
=—4 _y, =26.9-26.9cos(2rx50t) kV (5
2 sl ( )

.
i = ;“+%:0.28+0.56cos(27r><50t)kA (6)

arml

The arm current and voltage peak values are

U
uarmlimax = %J’-uslimax =53.9kV (7)
! i max
Loml max = AJFL =0.84 kA (8)
- 3 2

The total semiconductor rating for the source side MMC
is

S

sourcel — narm 1 nsml

U

arml_max ™ arm]_max 9

=6x2x53.9 kVx0.84 kA =540 MVA

Similarly, the load side MMC semiconductor ratings could
be calculated, and the two results combined is

S

totall

=1080 MVA (10)

In (9), n
is considered. In HVDC application, full bridge submodule is
usually used to control the DC short circuit current. However,
since there is no long DC transmission line in this SST
application scenario, the probability of DC short circuit fault
is low. Thus the half bridge submodule is preferred, and in
case the DC short circuit fault happens, the mechanical switch
and thyristor bypass switch connected to each submodule
could handle the DC fault [9]. The same consideration is
applied to the DC-3®AC MMC based SST and DC-1®AC
MMC based SST.

=2, meaning that the half bridge submodule
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Fig. 7. DC-30AC MMC

For DC-AC MMC based SST, since the voltage transfer
ratio of DRU is n/3, thus U,, =U,; =44.6kV , and
l,,=1,,=101kA . The arm voltage and arm current

expressions for DC-3®AC MMC based SST are

U

u, = ;'2 —u,, =22.3-22.3cos(27 x400¢) kV (11)
I i

= d; +f’72: 0.34+0.67 cos(27 x 400¢) kA (12)

The total semiconductor rating for this topology is

S

total2 n

arm?2 nsm 2

UarmemaxIarmlimax (13)
=6x2x44.6 kVx1.01 kA =540 MVA
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Fig. 8. DC-19AC MMC
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The arm voltage, arm current, and total semiconductor
rating expressions for DC-19AC MMC are

U,

_ dc3

u
u .= ——2 —=22.3-223cos(27 x4007) kV (14)
arm3 2 2

. i
=%+"73: 0.5+cos(27x400t) kKA (15)

larm3

S

total3 — narm3nxm3U

I
arm3_max " arm3_max (16)

=4x2x44.6 kV x1.5 kA =540 MVA
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Fig.9. 3®AC-3®@AC MMC

For direct AC-AC MMC, full bridge submodule is
required [10], which could increase the semiconductor ratings
of the topology. Also two different frequency components
flow through the arms, which increases the complexity of the
control system [11].

Since the full bridge arm is used, the voltage transfer ratio
p1 between input and output could be arbitrary. The output
phase voltage and phase current for 3@AC-3PAC MMC
could be written as

u,, =26.9p, cos(2z x 400t + ) kV 17)
1.11
i,, =——co0s(27 x 4007 + ) KA (18)
P

The arm voltage and current expressions are

uarm4 = us4 - up4 (19)
=26.9cos(27 x50t) —26.9 p, cos(27 x400¢ + p) kV

; is4 ip4

i =2t

arm4 3 3

0.37 (20)
=0.37cos(27 x 50t) + ——cos(27 x 400z + @) kA

The total semiconductor rating is

I

Stam/4 = narm4 nsm4Uarm47 max~ arm4 _max

21
—9><4><(26.9+26.9p1)kVX(O.37+EJkA @1
b

The minimum total switching power is acquired when
voltage transfer ratio p; equals 1

Slota/47min = 1440 MVA (22)
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0
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Fig. 10. 3®@AC-19AC MMC

Suppose the voltage transfer ratio of 3@AC-19AC MMC
is p2
s
) (23)
=26.9cos(27 x50¢)—13.5 p, cos(27 x400¢ + ) kV

u =u

arm$5

arm5 "~ 2 3

24

LI cos(27 x 400t + ) kA

=0.56cos(27 x50¢) +

P

S

total5 narmS nsmS arm5_max "~ arm5_ max

25
=6><4><(26.9+13.5p2)kV>{0.56+1'11]kA @3)
P,

The minimum total switching power is acquired when
voltage transfer ratio p2 equals 2

S

total5_min

=1440 MVA (26)

IV. EQUIVALENT CAPACITOR RATING CALCULATION

A. Overall calculation method

The overall capacitance of each topology is directly related
to the total energy variation [6]. By integrating the product of
the arm voltage and arm current over time, the energy in one
arm can be calculated
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€y = [l it 27)

arm”arm

The total energy for the whole MMC could be calculated
as

etotal = narm J‘ uarm iarm dt (28)
The total energy variation could be calculated as

Aemz‘al =max (erotal (t)) - min (etatal (t)) (29)
In this paper, the total energy variation is used as a method
to represent the required capacitance.

B. Calculation process

For back to back MMC shown in Fig. 6, the total energy
of the source side MMC is

etomllimurce = narmlJ‘ arml a)mldt

= 6_[ [26.9—26.9 cos(27 x 50£)][0.28 +0.56 cos(27 x 50¢) Jdt
= 6x26.9%0.28 (cos (1007¢) - cos (2007t ) it

1 , .
=6x26.9x0.28x—— [ 2sin (1007¢) —sin (20077) |

(30)

Thus the total energy variation of the source side MMC is

Aetotall _source = max (etatall _source (t)) - min (etotall _source (t )) (3 1 )
=372kl

Similarly the total energy variation of the load side MMC
could be calculated, and the two results combined is

=419kJ (32)

total 1

During the derivation process, it is found that the energy
variation of the source side MMC is constant because of the
fixed 50 Hz input AC frequency, but the load side MMC
energy variation is inversely proportional to the output AC
frequency fi. And the total energy variation related to f; could
be written as

_37p, 18620, (33)

1

total 1

For DC-3®@AC MMC shown in Fig. 7, the total energy is

emtalZ = narij armZZurmZdt

=6x22.3x O.34J- cos (8007t ) — cos(16007rt))dt

1 : ,
=6x22.3x034x [ 2sin (8007¢) —sin (160077) | -

The total energy variation of the DC-3®AC MMC is

AelozalZ = max(etulaIZ (t)) - min(elolaIZ (t)) =46.6 k‘] (35)

The total energy variation related to the output AC
frequency fi is

18621kJ (36)

1

Ae

total2
For DC-192AC MMC shown in Fig. 8, the total energy is

emla/} = narm3'[ arm3 arm}dt
(37

=4x22.3x o.wm[z sin (8007¢) —sin (160077 |

The total energy variation at 400 Hz and the expression
related to the output AC frequency f; of the DC-19AC MMC
is the same as DC-3@AC MMC

Ae, . = max(eW (t)) - min(emn (t)) =46.6 kI (38)

18621kJ (39)

J1

Ae

total3

For the energy variation calculations of the AC-AC MMC,
use the same voltage transfer ratio p which acquires the
minimum total switching power as shown in section III.B.
Thus for 3@AC-3®@AC MMC as shown in Fig. 9, when
voltage transfer ratio p; equals 1

emla/4 = narm4j‘ arm4 mm4dt

9x26.9%0.37 . . ' @0)
- W[S sin(2007¢) —sin (160077 + 2(0)]

The total energy variation at 400 Hz is

AetotaM = max<etotal4 (t)) - min(etotaM (t)) =161kJ (41)

The total energy variation as an expression of output
frequency is

=143. 2+7i{£kJ (42)

1

Ae

total 4

For 3@AC-19AC MMC as shown in Fig. 10, following a
similar derivation procedure, the total energy variation at 400
Hz and its expression as a function of output frequency are

AetotalS = max(etotaIS (t)) - min(etoraIS (t)) = 16lkJ (43)

_14324+ 16245 (44)

1

Ae

total 5

V. COMPARISON RESULTS

Summarizing the calculation results in section III and
section [V:
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TABLE L. MMC-SST TOPOLOGIES RATING COMPARISON
MMC rating
SST topologies .T otal Total caI.;acitor energy ripp{e (kJ)
semiconductor | (Proportional to total capacitance)
ratings (MVA) 400 Hz 5000 Hz
BtB MMC
(HB-SM) 1080 419 376
DC-3®@AC MMC
(HB-SM) 540 46.6 3.7
DC-19AC MMC
(HB-SM) 540 46.6 3.7
3PAC-39AC MMC
(FB-SM) 1440 161 144
3PAC-19AC MMC
(FB-SM) 1440 161 144

Note: FB — full bridge, HB — half bridge, SM — submodule

According to Table 1, though capacitor ratings of direct
AC-AC MMC based SSTs are lower than the BtB MMC
based SST, their total semiconductor ratings are much higher
than their counterparts. And because of the complexity of the
control system to control two different frequency components,
there are no clear benefits for using AC-AC MMC based SST.

As for DRU-MMC based SST, one may find it
counterintuitive that the total capacitance requirement for
DRU-MMC based SST is not half of the BtB MMC, but much
lower than that, which is different from HVDC applications.
The reason is that in SST, the medium frequency side MMC
has much lower capacitor energy ripple compared to the
source side MMC (inversely proportional to the fundamental
frequency of the MMC).

Another merit of choosing DRU-MMC based topology is
that because of the unidirectional power flow requirement of
the electrolyzer application requirement, DRU could be used
to replace the source side MMC of the BtB configuration. And
because with the same current and voltage rating, the diodes
will be much cheaper than IGBT. Thus the DRU-MMC will
be much cheaper than the BtB configuration.

Among DC-3®@AC MMC and DC-19AC MMC, three
phase transformers generally have higher power density than
single phase transformers. Therefore, DRU — 3® MMC based
SST is considered the most promising topology and will be
prioritized in future SST design.

Note that because of the specific application that this paper
focuses on, the compared topologies are mainly unidirectional
power flow ones. For the bidirectional power flow SST design,
the switches rating calculation will be the same as shown
above, but because of the active switches being used, the total
price will be undoubtedly increasing, and the capacitor rating
will depend on specific structures that are being applied.

VI. CONCLUSION

This paper compares five different MMC based SST
topologies for AC-DC applications such as electrolyzers,
focusing on power semiconductor ratings and capacitor
ratings calculations. According to the comparison results, the

emerging AC-AC MMC based SST is found to have lower
capacitance requirements but higher semiconductor ratings
compared to the traditional BtB configuration. The
semiconductor cost of BtB SST could be further reduced by
replacing the source side MMC with DRU, owing to the
unidirectional power flow requirement, which yields the
DRU-MMC based SST topologies. And the DRU-MMC
based SST topologies have much lower capacitance
requirement than half the BtB MMC capacitance requirement,
because of the high fundamental operating frequency required
by MFT. In summary, the DRU-MMC based SST topology
has the lowest semiconductor cost and capacitance
requirement, thus it is deemed as the most suitable topology
for unidirectional AC-DC SST applications.
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