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Abstract—This paper presents the cooling concept for
a medium voltage modular multilevel converter cell. To
optimize power density, the metallic enclosure is used
to dissipate the heat generated by semiconductor losses,
while maintaining maximum temperatures below desired
levels. Design, simulation results, and several different
prototypes are verified and validated experimentally for
their performance.

I. INTRODUCTION

For medium voltage converters, the Modular Multi-
level Converter (MMC) is an interesting topology thanks
to its comparably low voltage ratings of the devices in the
series-connected cells or submodules, superior harmonic
performance, scalability, and redundancy [1]. While the
classic MMC, used for HVDC applications, converts AC
to DC and vice versa, the Direct-MMC (D-MMC or
M3C), presented first in [2], offers a direct connection
between two AC grids using a matrix-like structure,
c.f. Fig. 1. Due to the working principle of the D-
MMC, requiring balanced energies within the branches,
operation with similar or identical frequencies at the
two AC ports is typically avoided [3]. An additional
difference between the classic MMC and the D-MMC
is the need to generate negative branch voltages, thus
full-bridge cells are required.

Hydropower applications, in order to improve their
operational flexibility, are being increasingly retrofitted
with VSCs. In particular, pumped hydro storage plants
have to be able to adjust their power quickly, including
the transition from pumping to turbine mode and vice
versa [4]. This can be achieved with variable speed
operation, which also increases efficiency. Allowing for
a variable speed operation of medium voltage machines
with full torque from zero speed [4], the D-MMC is

Fig. 1. Structure of the Direct-MMC. Only one branch is shown in
detail with full-bridge series-connected cells and branch inductance.

perfectly suitable for hydropower applications. A first in-
stallation with two 80MW 18 kV synchronous machines
has been commissioned in 2021 in Galgenbichl, Austria
[5]. This is the main application motivating the work
presented in this paper.

Besides the semiconductors, each cell has an energy
storage in the form of a capacitor. Due to the working
principle of the MMC, it is usually rather big and volu-
minous compared to other converter topologies. In case
of a fault within a cell, protection equipment bypasses
the cell and the MMC offers the possibility to continue
operation with redundant modules after reconfiguration.
The protection scheme is implemented differently based
on the type of semiconductors. Presspack devices for
MMC cells have robust diodes which typically sur-
vive the destruction of the switch, hence protection is
implemented by a thyristor crowbar in the DC-link.
With plastic module packages, diodes are typically much
weaker, and each cell is protected individually with a
bypass on the AC terminals of the cell.

Commercial MMCs are mainly IGBT based [6]–[8],



while recently IGCT-based MMCs for hydropower, rail
interties, and STATCOM for medium voltage applica-
tions have been launched on the market [9]. Besides Sil-
icon based MOSFET and IGBT solutions, SiC MOSFET-
based academic MMC prototypes can be found as well
[10]–[14]. Their designs are motivated by higher block-
ing voltages and switching frequencies of the semicon-
ductors, as well as by higher integration possibilities
thanks to higher operating temperatures and lower power
losses.

Clearly, the MMC is an attractive research topic.
Many research laboratories have their own small-scale
prototypes, which are often used for control development
with minor efforts invested towards hardware design
optimization. They are often rated for low power and
without the need for thermal design provisions. There
are, however, many academic prototypes with significant
ratings, such as [10], [13]–[22].

Almost all reported MMC designs use either natural
or forced air cooling, or water cooling for their cells.
Some exotic proposals also can be found, such as the
use of a vapor chamber in [12]. Offering a good trade-
off between cooling capabilities, volume and complexity,
forced convection is the dominant solution and all of the
above-mentioned academic prototypes [10], [13]–[22]
rely on forced convection and are often not enclosed in
cabinets, but realized as open-frame designs.

In [13], the authors present a detailed thermal anal-
ysis for the realized MMC prototype. Each cell is
equipped with its own fan, attached directly to the
heatsink, on which the power module is installed, greatly
simplifying the overall design. However, the semicon-
ductors are taken as the only heat source on a cell level.

A more detailed thermal modeling study has been
presented in [15], where the Foster network is extended
to include several heat sources influencing each other.
In addition to the semiconductors, which are on a cell
level installed on the same heatsink, also capacitors and
bleeding resistors are included. Next to the steady-state
temperature analysis, the transient behavior is investi-
gated as well. This is done by FEM simulations first on
the cell level and later on, using a simplified cell model,
over the whole converter. Modeling results are verified
on an experimental setup of a 15 kVA converter with 18
cells, IGBT-based, with a nominal cell voltage of 900V.
The converter setup is realized as an open frame with
forced convection for cooling.

Another detailed thermal simulation study is done
in [14], using 10 kV SiC semiconductors. The analysis
is provided considering forced air conditions for the
heatsink of the cell, including the losses of the semi-

conductors and the bleeding resistors. On a converter
level, different arrangements of cabinet fans (in addition
to the cell-level fans) are compared to remove heat
while at the same time offering uniformal temperature
distribution. This is best achieved by having suction fans
installed on the side of the cabinet. However, this has
also been the only studied setup using multiple fans,
obstructing the general validity of the statement, as it is
unclear to which extent the improvement comes from the
airflow direction or the increased quantity. Furthermore,
experimental results are omitted.

The work presented in this paper considers a cabinet-
enclosed MMC design with forced air cooling at the
cabinet level. Yet, the results presented in the paper
are related to the thermal design of the cell, where a
metallic enclosure is used to remove the semiconductor
losses. Detailed analysis, modeling, thermal simulations
and verifications are presented, confirming the validity
of the presented concept.

II. CELL DESIGN

In previous works [19], a 250 kVA MMC rated for
±5 kV on the DC side and 3.3 kV on the AC side has
been developed. It consists of eight cells per branch (48
in total), of which one is shown in Fig. 2. The 1.2 kV
IGBT module, mounted on the visible heatsink, together
with the cell capacitors are forming the high-power part
of the cell. A second low-power PCB is added on top,
hosting e.g. the processor, gate drivers and auxiliary
power supply. Cooling is done by forced airflow through
the cell, realized by multiple fans mounted on the
cabinet’s back side walls.

This converter layout and control system [23] serves
as a base for the 6.0/6.6 kV, 600 kVA D-MMC prototype
under development. To preserve the existing control
system and communication protocols, the number of
cells per branch is kept the same. With this in mind,
the ratings of the new HV cell are derived and shown,

Fig. 2. The low voltage MMC cell installed in the metallic
enclosure.



TABLE I
RATINGS OF THE TWO MMC CELLS.

Property LV cell HV cell
Max. cell voltage Ûcell 900V 2000V

Semiconductor voltage class 1.2 kV 3 kV

Branch rms current Ibr 50A 25A

Cell capacitance Ccell 2.25mF 0.8mF

Stored cell energy Ecell 911.25 J 1600 J

Cell switching frequency fsw,cell 1 kHz 1 to 10 kHz

Enclosure size lb × wb × hb 325× 110× 125mm

for comparison, together with the ratings of the LV cell
in Table I.

The higher cell voltage of 2 kV requires new semi-
conductors, in this case, 3 kV discrete IGBTs with a
current rating of 34A are chosen. Keeping the control
system identical, switching frequencies from 1 kHz to
10 kHz are considered during thermal design. The HV
cell capacitance requirements are derived as 800 µF and
realized as four strings of five series-connected 450V,
1.0mF capacitors.

The interior volume of the cell enclosure is around
4.5 l and in the LV cell design, the capacitor bank occu-
pies 14% of it, while in the HV cell, the needed volume
represents 26%, leaving little space for a commercial
heatsink for the power semiconductors. This is why the
possibility to use the metallic enclosure to dissipate the
losses is investigated. Another reason for this is the fact
that the semiconductor losses are reduced in the HV cell
(presented in the next section) in comparison to the LV
cell [19].

The ISOPLUS i4 (similar to TO-264) package of the
semiconductors comes with an isolated tab, removing
the need for electric isolation towards the enclosure.
In the design, the cell enclosure is on the negative
potential of the internal DC link, which defines the local
maximum voltage for the insulation coordination inside
the enclosure [24]. However, the clearance distance from
the device pins to the enclosure has to be regarded.
To provide sufficient distance for clearance while at
the same time improving the thermal performance by
offering a greater cross-section for the heat flow than
the 2.5mm thick enclosure, a heat spreader is designed
between the devices and the enclosure. The set maximum
allowed temperature of the junction is 125 ◦C, while the
enclosure has to stay below 60 ◦C, both with an ambient
temperature of 40 ◦C. The latter constraint should avoid
the other interior electronic components of the cell being
exposed to excessive thermal stress.

Fig. 3. Total semiconductor losses for different phase angles for
one AC side, while the other is kept at 0◦; the left bar is with a
switching frequency of 1 kHz, the right one with 10 kHz.

III. THERMAL DESIGN

To determine the worst-case semiconductor losses,
simulations are performed, taking into account the rel-
evant operating conditions. The semiconductor devices
considered for the design are IXBF55N300 by IXYS
with a thermal resistance between junction and the case
of 0.5KW−1, and operation with switching frequencies
between 1 kHz and 10 kHz has been simulated. Results
for the two extreme cases are shown in Fig. 3, where
with 1 kHz, conduction losses are the dominant part
of the total 70W losses of all devices; operation at
10 kHz leads to the same conduction losses, but higher
switching losses, resulting in a total of around 150W. To
ensure some thermal margin in the design, total losses of
200W (or 50W per device) are considered for thermal
simulations and evaluation of thermal performances of
different heat spreader geometries. The total losses are
equally split between the two HV cell legs.

The semiconductors are paired, forming half-bridge
legs of the cell, and installed close to the inlet of the
enclosure on each side wall. This position is not only
advantageous in a thermal way, as the cooling air is with
the lowest temperature, but also given by electric con-
straints: clearance and creepage towards the enclosure,
with the only free parameter being the distance to the
enclosure. This defines the thickness of the heat spreader,
ths in Fig. 4. Similarly, additional constraints for the heat
spreader geometry can be defined:

• due to the isolation of the package, a minimum
distance from the wall is given, which can be further



Fig. 4. Positioning of the heat spreader (green) with the semicon-
ductors (red) within the enclosure (blue).

Fig. 5. Geometrical definition of the simulated heat spreaders with
the red volume being removed by optional chambering.

increased;
• height is restricted by the internal mechanical design

and details of the enclosure;
• length is restricted by the need to leave room for

other components such as the capacitor bank.

The resulting constraints for a heat spreader geometry
according to Fig. 5 are summarized as numerical values
in Table II. Thanks to its good thermal conductivity,
simple processing, and the absence of corrosion, the
material of the heat spreader has been chosen to be
identical to the enclosure, namely aluminium.

As the amount of air flowing through the interior of
the cell is unknown at this stage, the cooling mainly re-
lies on the airflow around the cell. This stands in contrast

TABLE II
MECHANICAL CONSTRAINTS OF THE HEAT SPREADER.

Property Range
Heat spreader width whs 49.8mm to 90mm

Heat spreader height hhs 15.6mm to 71.9mm

Heat spreader thickness ths 11.2mm to 18mm

to the LV cell [19], where the thermal management is
done relying completely on the internal airflow.

IV. THERMAL SIMULATIONS

To have an idea about the performance of the heat
spreader, thermal simulations have been performed using
COMSOL. As in the real cell airflow will be partially
blocked by the front and back cover as well as by
electronic components of the cell, two simulations with
completely open and completely closed enclosures have
been performed, being the two extreme cases.

The heat spreader width is fixed as whs = 90mm,
being also chambered at the back. From the remaining
two-dimensional design space, the heat spreader thick-
ness has been simulated as 12, 15 and 18mm, while
height has been considered with steps of 10mm from
30mm to 70mm.

According to the requirements, 200W of total losses
are assumed (which means 50W generated per device
and 100W passing through each heat spreader), with
the ambient temperature being set to the maximum
expected of 40 ◦C. Between the heat spreader and the
enclosure as well as the semiconductors, a layer of
thermal grease (rth = 0.333KmW−1) with a thickness
of 0.2mm is added. The reported airflow is the aver-
age over the 0.29m side length squared cross-section
considered centered around the enclosure. Besides the
semiconductors, the heat spreaders, and the enclosure,
no further components of the cell have been modeled.

The impact of geometry is presented in Fig. 6, where
the change due to the heat spreader length and thickness
can be seen. The first observation is that the enclosure
hotspot temperature is clearly the more critical one,
while the junction temperature is below the prescribed
limits. In the case of the fully opened enclosure, cooling
capabilities are improved, as the surface on which heat
can be dissipated directly to the ambient air is greatly
increased. This allows a small amount of heat to be
dissipated directly from the source to the air, whereas
another (greater) part flows through the heat spreader,
from where it is dissipated directly to the cooling air.
Another obvious improvement can be seen when using a
thicker and longer heat spreader. The latter increases the
area in contact with the enclosure, making not only the
area of the comparably bad (with respect to aluminium)
thermal grease bigger but also increasing the area within
which good heat conduction along the enclosure surface
can be offered. A starting saturation effect can however
be seen at the maximum of the investigated height. A
thicker heat spreader will allow for a more homogeneous
temperature profile within the heat spreader.



Fig. 6. Estimated temperatures of interest for different heat spreader
geometries.

Fig. 7. Estimated temperatures for different cooling air speeds (only
the heights 30mm and 70mm are shown for the sake of clarity).

Fig. 7 shows the results for the different heat spreader
geometries with different temperatures. In this figure,
also the base case with no heat spreader is introduced for
comparison, revealing the clear improvements achieved
with the heat spreaders. With all geometries, cooling air
speeds of at least 3m s−1 are required.

In Fig. 8, the temperature profile is exemplary shown
for one simulation. It reveals that indeed only the part of
the enclosure close to the heat spreader has a significant
temperature difference towards the ambient and thus
participates in the cooling effort or, in other words,
enables heat flow to the cooling air. Along the y-axis,

Fig. 8. Temperature distribution of a cut at the middle of the semi-
conductor height (top) and on the side of the enclosure (bottom).

no major temperature drop occurs, whereas orthogonal
to that, a clear temperature decrease can be seen when
going away from the heat source.

V. EXPERIMENTAL VERIFICATION

To validate the selected heat spreader designs, a
thermal setup, c.f. Fig. 9, has been designed. It consists
of a wooden tunnel of 1.4m length and a cross-section
of 290mm× 290mm with a removable Plexiglas cover.
Incoming air is heated up, with the temperature being
controlled in a closed loop. Temperatures are measured
before and after the device under test (MMC cell enclo-
sure with different heat spreaders) by four thermocouples
and then averaging their readings. An adjustable speed
fan is used to extract the air, whose flow is made as
laminar as possible using a honeycomb frame. It can
produce speeds of up to 5m s−1. Before the experiment
and for the fan speed calibration, internal air speed has
been measured with a Pitot tube, which is removed
during the experiment and therefore not shown in Fig. 9.

From the possible heat spreader geometries investi-
gated in the previous section, four designs have been
selected and prototyped for experimental investigation
and are shown in Fig 10. They are named model A to
D. For simplicity, cost reasons, and the large number
of tests, instead of the actual semiconductors, selected
matching resistors in a TO-247 package have been used
as heat sources. The dimensions of the prototyped heat
spreaders are:



Fig. 9. The wind tunnel used for experimental verification (thermo-
couples within the cell are neither shown in the photo, nor in the
description to avoid clutter).

Fig. 10. Heat spreader designs with the heating resistors and
thermocouples installed.

A: ths = 12mm, hhs = 60mm, whs = 90mm;
B: ths = 18mm, hhs = 30mm, whs = 90mm;
C: ths = 18mm, hhs = 50mm, whs = 90mm;
D: ths = 18mm, hhs = 70mm, whs = 90mm.

Grooves are milled to allow for the installation of
thermocouples to measure the temperatures on both of
their sides: between the heat spreader and the case of the
device, and between the heat spreader and the enclosure.
From the case temperature, one can calculate the junc-
tion temperature of the real semiconductor. To reduce
possible measurement errors, all relevant positions are
measured identically on both sides of the enclosure, as
identical or very close readings were expected.

The position of the thermocouples and the tempera-
ture evolution (in the form of an exemplary set of data
to illustrate the thermal dynamics of the system) in time
is shown in Fig. 11, where the experiment has been
started at room temperature and steady-state is reached
after roughly half an hour. Air temperature changes only
slightly from inlet to outlet, which is due to a large
amount of air passing through the wind tunnel. The back
measurement (the second one with respect to the airflow)

Fig. 11. Evolution of the measured temperatures with their location.
Unless otherwise noted, dashed lines represent the front measure-
ment, whereas the solid lines represent the back measurement point;
L/R, T, and B represent the left/right average, top and bottom
(located 50mm away from the end of the enclosure, in the middle
of the corresponding side).

is always slightly warmer than the front one, which can
be easily explained by the thermal stacking effect. The
temperature profile across the heat spreader (Tcase−Ths)
is comparably big with respect to the one through
the enclosure (perpendicular to the wall, Ths − Tencl),
due to the heat spreader being much thicker than the
enclosure, with the latter in direct contact to the cooling
medium (which might also affect the measurement). The
temperature at the end of the enclosure is only slightly
above ambient temperature, offering a safe environment
for cell electronics.

The performance of the four different heat spreaders
is compared in Fig. 12, with only average temperatures
in steady-state being shown, resulting from the losses
injected as presented in Fig. 3 as well as the design goal
of 200W. From there, a comparison can be done, c.f.
Fig. 13, which confirms that all tested heat spreaders
perform significantly better than the base case with the
heat source installed directly on the enclosure.

The figures reveal that dissipating 150W or even
200W without exceeding the temperature limit of the
enclosure is hardly feasible with the planned cooling
effort. With losses of 70W, expected with a switching
frequency of 1 kHz, the goal can be fulfilled even at low
cooling air speeds; above 2m s−1 only minor improve-
ments can be seen. Aiming for the removal of 200W



Fig. 12. Temperature of the different heat spreaders individually
with varying power.

Fig. 13. Direct comparison of the heat spreader designs, the base
case without heat spreader is added as well.

of losses, a better performing and thus geometrically
larger heat spreader would be required. This, however,
contradicts the original idea of the heat spreader, which
is to allow as much space as possible for the capacitors.
Approaches including a modification of the enclosure are
disregarded, as this would as well penalize the original
intention of the heat spreader investigation.

Looking at the end of the enclosure, except for very
low cooling air speeds and high losses, the temper-
ature always stays close to the ambient temperature,
not exceeding 50 ◦C. In other cases, also the enclosure
temperature behind the heat sources exceeds its limit.

The heat spreaders with a larger geometry perform
better, as foreseen by the simulation. However, from
model C to model D (increasing hhs from 50mm to
70mm), only a minor improvement can be seen. Being
the least high one, model B (hhs = 30mm) shows the
worst performance. The impact of thickness can also
be observed, as model A has a height between models
C and D, but a lower thickness (12mm compared to
18mm), performs not as good as these two. Still, a clear
improvement compared to the situation without any heat
spreader can be observed.

From the tested geometries, model A (ths = 12mm,
hhs = 60mm) has been selected for the final design. It
shows satisfactory performances while keeping both the
semiconductor and the enclosure temperature below their
corresponding set limits. Being thinner than the other
ones while still offering sufficient clearance distance, it
leaves more space on the PCB, whose size is limited by
the enclosure (c.f. Table I).

VI. CONCLUSION

This work presented the thermal considerations for
a medium voltage MMC cell, including experimental
validation. To increase power density, the metallic en-
closure has been integrated into the thermal design with
the goal to remove semiconductor losses. Different heat
spreader geometries, allowing for better thermal contact
between the semiconductors and the enclosure, have
been analyzed while exposed to different semiconductor
losses and cooling air speeds, deriving the needs of
the converter cooling system to be developed at a later
stage. Starting by exploring the design space of possible
heat spreader geometries by means of FEM simulations,
four of them have been experimentally investigated. The
selected design with a thickness of 12mm, a height of
60mm and a width of 90mm (model A) consumes little
space, while still keeping the temperatures below the set
limits. Namely, the enclosure temperature can be kept
below 60 ◦C with an ambient temperature of 40 ◦C with
the assumed maximum losses of 150W appearing at a
switching frequency of 10 kHz and a cooling air speed of
4m s−1. Operating with a reduced switching frequency
of 1 kHz, the temperature can be kept even with lower
fan speeds.
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