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ABSTRACT This paper proposes a simplified approach to model the thermal behavior of the insulated-
gate bipolar transistors (IGBTs) in a subsea power electronic converter. The models are based on empirical
relations for natural convection in water, and IGBT datasheet values. The proposed model can be used in the
design of subsea converters and in the reliability analysis of their IGBTs. Experimental results are provided
to validate the proposed thermal model. Suggestions are made to minimize the net thermal resistance by
introducing a high conductivity thermal material as a mounting plate between the IGBT and the cabinet
walls. Impact of the mounting plate dimensions and material properties on the junction temperature of the
IGBTs is studied. A case study analysis is made on a 100-kVA converter. Results indicate that the thermal
spreading resistances in the mounting plate and the cabinet walls contribute significantly to the overall
thermal resistance. Spreading resistances can be mitigated by appropriate design measures. Furthermore,
it was observed that the passive cooling in water is not as effective as the forced water cooling. However,
the low cost, simple design, and higher reliability of passive cooling systems might make them a favorable
choice for subsea systems.

INDEX TERMS Computational fluid dynamics, IGBT, natural convection, submerged power electronics,

thermal management of electronics, tidal turbines.

I. INTRODUCTION

A major cause of failure in power electronic converters is
the thermally induced stress on semiconductor switches or
insulated gate bipolar transistors (IGBTs) [1]-[3]. These fail-
ure mechanisms can be mitigated by minimizing the mean
junction temperature and the temperature cycling in the
IGBTs [1]-[5]. An easy way of doing this is to use forced
air or liquid-cooled systems. However, any failure in the
cooling system, such as fan/pump malfunction or leakage
of the coolant, contribute to the premature failure of the
IGBTs [6]. Therefore, periodic maintenance of the cooling
system is necessary to minimize downtime and maintenance
expenses. As aresult, easy access to power electronic systems
is favored.

Subsea power electronic converters are required in many
applications, such as in oil and gas industry and ocean
renewables. For example, a tidal turbine drive train shown
in Fig. 1, normally uses a simple 2-level back-to-back voltage

FIGURE 1. Tidal turbine drive train with a direct-drive permanent magnet
synchronous generator and a power electronic converter.

source converter (VSC) with IGBTs to control the gener-
ator speed/torque, and maintain the active/reactive power
balance with the grid. For submerged converters, unforeseen
maintenance exercises can be expensive and result in long
downtimes. Furthermore, seawater is conductive as well as
corrosive; and deployment at significant depths also imposes
pressure restrictions. These factors usually increase the fail-
ure rates and, consequently, equipment design and ensuring
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reliability is more challenging [7]. Accordingly, most off-
shore players prefer placing converters onshore, on floating
platforms on sea surface, or seabed mounted platforms above
the sea surface [8], [9]. Such topologies allow easy access
to converters; albeit this comes with increased costs and
complexity related to cabling, mooring and platforms, etc.

On the other hand, subsea or seabed mounted converters do
not require long and complicated cabling or mooring systems.
Besides it potentially makes the control of drives an easier
task [10]-[12]. Moreover, seawater provides a heat sink of
practically infinite heat capacity. With proper design, passive
cooling may provide a more reliable and an inexpensive cool-
ing solution [13]. A simple passive cooling topology for the
subsea converter is shown in Fig. 2. Here, the IGBT module
is mounted on a plate bolted to the enclosure wall.

FIGURE 2. A representation of an IGBT module mounted inside a
submerged cabinet.

The objective of this paper is to develop a thermal model
capable of predicting the dynamic junction temperature of
the IGBTs inside a hermetically sealed subsea enclosure.
The cooling effect is assumed to be entirely due to the
buoyancy-driven flow outside the enclosure or cabinet. Fur-
thermore, the paper identifies the critical parameters that
influence the passive cooling characteristics, and suggests
measures to improve cooling. The developed model is applied
to predict the junction temperature cycling in a 100 kVA tidal
turbine power converter. However, for validation purposes,
a small scale experimental setup was designed.

Therefore, the primary contribution of this work is the
development of a fast analytical thermal model for subsea
power electronics and the use of this model in the analysis
of passive cooling in subsea power electronics — which is not
a widely investigated problem in literature. A secondary con-
tribution is the investigation of the parameters that influence
the passive cooling and which results in a good starting point
for the design of subsea converters.

The next section revisits the relevant literature on the
cooling of power electronics. Section III illustrates the ther-
mal modeling of the IGBTs and the mounting plate in the
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subsea converter. Section IV explains the calculation of the
external heat transfer coefficient using empirical relations.
Section V highlights the utility of stationary Computational
Fluid Dynamics (CFD) simulations in calculating the heat
transfer coefficient. Experimental validation of the ther-
mal models on the scaled down system is demonstrated in
Section VI. In section VII, the thermal models are extended
to a 100 kVA converter, where a detailed analysis follows on
the critical parameters and other aspects of passive cooling.
Section VIII summarizes the conclusions drawn from this
study, and provides suggestions for future work.

II. LITERATURE REVIEW

Thermal models are necessary for appropriate selection
of IGBTs and design of their cooling systems. They are
also vital for pre and post-manufacture reliability studies
of IGBTs [4], [14], [15]. Forced liquid cooling systems in
power electronic converters have been thoroughly investi-
gated in the literature [4], [16]-[20]; and are in common use
in many industries. However, passive cooling of the sub-
merged power electronics is not as thoroughly investigated.
This is primarily due to fewer subsea applications, and the
aforementioned reasons to avoid subsea placement of power
electronics.

In a passively cooled subsea system shown in Fig. 2,
mainly two modes of heat transfer occur from the IGBT to
the cabinet walls: (1) the fluid inside the cabinet undergoes
convection (natural or forced) transferring heat to wall; and
(2) direct conduction between the heat source and the cabinet
walls. In case the IGBT (or heat source) is mounted on a
thermally conductive material attached to the wall and the
internal medium is air, the bulk of the heat transfer is via the
latter mode. The final heat transfer from the cabinet wall to
the seawater is by natural convection.

Estimating the flow properties of naturally convecting fluid
inside a sealed cabinet is a difficult task. Unlike forced
air or liquid cooled systems, the coolant does not continu-
ously enter the system at a constant temperature. As a result
numerical techniques such as CFD are used. For instance,
Zhang et al. [21] analyzed and experimentally verified the
temperature distribution inside a high power density sealed
flyback adapter using the Flotherm (a commercial CFD pack-
age) software. Although computationally expensive, this is
by far the most reliable method of guessing the real temper-
ature distribution inside a sealed cabinet, whenever internal
convection dominates.

Analytical models have also been developed for ther-
mal modeling of electronics inside a sealed cabinet. How-
ever, these models make various simplifying assumptions,
which may not hold true in most cases. For example,
Teertstra et al. [22] modeled the natural convection inside a
cabinet with isothermal walls, enclosing a vertical isothermal
plate. In this paper, we shall neglect the heat transfer inside
the box by natural convection.

In [23], a cold plate based seawater cooling of power elec-
tronics in leisure vessels is proposed. The models consider
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using filtered seawater as a coolant, whose flow rate in the
heat sink channels is determined by the velocity of the vessel.
In [24] and [25], seawater is pumped and used as a secondary
coolant to cool the freshwater used in central cooling systems
of ships. All these systems use seawater in a forced cooling
mechanism either directly or indirectly. These models do not
analyze cooling systems dependent on natural convection.

Xuan et al. [26] consider the cold plate based natural cool-
ing and forced water cooling in maritime generators. They
conclude that generators cooled passively should be under
rated by almost 40-50% compared to forced cooled gener-
ators. This highlights the constraints of relying on natural
convection alone.

Kang [27] and Schulz-Harder [28] review the advanced
and highly integrated cooling solutions for power electronic
devices in their papers. The focus is mainly on forced air
and liquid cooling systems. Two-phase cooling and air cooled
loop thermosiphon techniques have also been mentioned.
However, passive cooling in water is hardly discussed.

Natural convection in vertical channels with asymmetrical
heating is addressed in [29]. The paper studies the effect
of placing an auxiliary adiabatic plate in the channel on
the mass flow rate and heat transfer coefficient. However,
the authors restrict themselves to laminar flow regime, and the
solution is computed by CFD. Bhowmik and Tou [13] made
an experimental analysis on transient natural convection of
electronic chips, cooled by water in a vertical up-flow channel
driven by buoyancy. In their study, they analyzed the local
Nusselt numbers and heat transfer coefficients, and found
that the experimental results closely agreed with the available
literature on similar geometries. However, in their case they
did not consider the impact of spreading resistance in the wall
or model the chip temperature.

From above discussion it is clear that passive cooling in
submerged electronics is a little investigated problem. More-
over, localized heat sources and thermal spreading resistances
in power electronics pose additional complexities in the mod-
els. Besides, most of the relevant work seems to rely exten-
sively on CFD simulations. This paper addresses these issues
by proposing an approximate—and fast—analytical thermal
model.

lll. THERMAL MODELS FOR IGBT MODULES

AND MOUNTING PLATE

The power converter in Fig. 1 is placed inside a hermetically
sealed enclosure. This enclosure could mean a nacelle enclos-
ing a generator as well or a standalone cabinet dedicated to
the power converter and other electronic systems. The cabinet
must be made of a non-corrosive and thermally conductive
material such as Stainless steel 304L.

Referring to Fig. 2, all the heat from the IGBT module
is assumed to transfer to the cabinet walls via the mounting
plate. For better cooling, a fan may also be installed inside
the cabinet; however, we do not consider that here. The bulk
of the heat transfer in either case, is expected to be via the
mounting plate to the walls.
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Three main thermal barriers exist between the IGBT junc-
tion and the ambient water. These are: IGBT junction-to-case,
case-to-external wall (including mounting plate and enclo-
sure wall), and wall-to-ambient water thermal resistances.
A lumped element thermal network for such a system is
shown in Fig. 3 . Between these elements, a thin layer of the
thermal grease is also usually present; this must be included
in the thermal model.

Module 4 Layer - Foster Model
(From Datasheet)

- N
L
Tano
Ploss TI

Convective
IGBT module Mounting ~ Enclosure  heat transfer
1-layer Cauer Model Plate Frame coefficient

e -

Ambient
temperature

Case temperature — Wall temperature

FIGURE 3. Lumped element thermal network model for the system
shown in Fig. 2.

The following assumptions are made in this modeling
approach:

— Biofouling on the external wall of the enclosure, if any,
is assumed to have a negligible impact on the heat
transfer coefficient at the wall. Antifouling paints are
assumed to work adequately well for the maintenance
interval.

— Heat loss via the radiation and the convection inside the
box is assumed to be negligible.

— Ambient water around the sealed enclosure is assumed
to have zero inherent flow velocity, even though any flow
is likely to improve the heat transfer coefficient to the
sea. Furthermore, the flow velocity around the box will
significantly depend on its mounting position w.r.t the
generator/turbine.

The thermal models for the IGBT, the mounting plate,
the enclosure walls and the corresponding spreading resis-
tances are addressed below.

A. CAUER AND FOSTER NETWORK MODELS FOR IGBT

In Fig. 3, the IGBT module is represented by a 1-layer Cauer
network [30], [31]. Normally, datasheets of IGBT provide
the junction-to-case thermal characteristics in the form of
multilayer (usually 4) Foster network. However, Foster net-
works cannot be directly coupled to the mounting plate or
heatsink Foster/Cauer networks. On the other hand, using
a multilayer Cauer network results in over-filtering of the
temperature fluctuations, and thus inaccurate junction tem-
perature estimation [30]. For this reason, we use the two-part
combined Foster-Cauer thermal network model as adopted
in [4], [30], and [31].
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B. MOUNTING PLATE

The IGBT shall normally be placed on a mounting plate
made of a thermally conductive material to facilitate the heat
transfer to the enclosure wall. The dimensions of the mount-
ing plate and the material has an influence on the thermal
resistance, as will be shown later.

The spreading resistance is a crucial component to the total
thermal impedance. IGBT acts as a localized heat source on
a wider mounting plate. The thermal spreading resistance in
the mounting plate also needs to be calculated, in addition to
the conventional one-dimensional thermal resistance.

2c

[

FIGURE 4. Top view of IGBT mounted on a thermally conducting
mounting plate. Image is adapted from [32].

<I—D

PV

FIGURE 5. Side view of IGBT mounted on a thermally conducting
mounting plate. Image is adapted from [32].

h

Muzychka et al. [32] provide a good description of the
thermal spreading resistance on rectangular channels. For the
system shown in Fig. 4 and Fig. 5, the spreading resistance is
given by [32]:

R _ 1 isinz(a(Sm)
' 2a2cdk 83

: ¢(8m)
m=1
1 >, sin®(br
+ Z (3 n)
2b%cdk, P

: ¢()¥n)

n=1

1 X & sin%(ady,)sin®(biy,)
+ 55— @(Bm,n)
a*b*cdk, mzlzl 8222 B, B
(1)

where, parameters a, b, ¢ and d are defined in Fig. 4; ky is the
thermal conductivity of the mounting plate. And,

mit
S =
C
A = % and (2)

,Bm,n = 5r2n + A%

50) = (' +1)¢ — (1 — *)h/ki
T (X =1 + (14 eXDh/ky
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where, / is the heat transfer coefficient at the outer edge of
the mounting plate. The lateral faces of the mounting plate
are assumed to be adiabatic.

2c

tlI ky 2a

h
FIGURE 6. IGBT mounted on a thermally conducting base plate made of
2 different layers and/or materials. Image is partially adapted from [32].

For two layers of base plate material, as shown in Fig. 6 the
spreading resistance is calculated using the same formulae,
however with the following modification [32]:

(et 4 @21y 4 o(26CNnH0) 4 28 (1))

#() = (@e*h — @2y 4 o(e28@Nn+1) — ge2t(n+n)) @
where,
0= ¢+ h/ky
. —hl/ky
1 —ka/ki
_l-k/k 5
Y7 + ko /ky ©

In order to account for the thermal resistance of the wall,
the parameter, 4 in (3) and (5) is calculated as follows:

1 1 t
2 Amp( + wall
h hext Awall kwall Awall

+ Rspread ,wall +

tip )
(6)
kip Amp

Here, Ay and A,y denote the areas of the mounting plate
and external wall exposed to the seawater. ., and t;, repre-
sent the thickness of the cabinet wall and the thermal paste
respectively; whereas, kqy and kg, denote their respective
thermal conductivity. Rypread, wail denotes the thermal spread-
ing resistance in the wall; and %,,; is the external heat transfer
coefficient.

The additional thermal spreading resistance in the wall can
also be obtained from expressions (1) - (3), with appropriate
modifications, as explained in [32]. However, in this case the
heat does not spread to the entire wall and careful estimation
of the spreading area needs to be made. This point is further
explained in the next sections, where the calculation of heat
transfer coefficient is explained.

IV. ESTIMATING HEAT TRANSFER COEFFICIENT
TO AMBIENT SEAWATER
The heat transfer from the cabinet walls to the ambient water
in this case is assumed to be entirely by natural convection.
The thermal resistance due to convection is given by,

1

Rth,conv = h—A (7)
ext s

VOLUME 6, 2018



F. Wani et al.: Study on Passive Cooling in Subsea Power Electronics

IEEE Access

where, h,,; is the averaged heat transfer coefficient for the
surface area of Ajy.

An easy way to estimate the heat transfer coefficient from
enclosure wall to the surrounding seawater is by using the
empirical relations found in literature [33]-[35]. For mod-
eling the heat transfer due to natural convection, a set of
important dimensionless numbers determining the fluid flow
regime need to be calculated. These include Grashof num-
ber (Gr), Prandtl number (Pr), Rayleigh number (Ray ), and
finally, the Nusselt number (Nu).

For a vertical wall at a temperature T, in an ambient
fluid of temperature T, at a remote distance from the wall,
we have [33]:

gB(Ts — Tc«o)L3

Gr =
r vz
Pr = —MCP
k

Ra;, = Gr - Pr @)
Nur, = {0 825 + 0.387Ra;° ]2 o)

e [1 + (0.492/Pr)°/16]8/27

Nu -k

where,

g is the acceleration due to gravity (m/s?)

L is the vertical length of the wall (m),

v is the kinematic viscosity of water (mz/s),

w is the dynamic viscosity of water (N-s/m?),

C, is the specific heat capacity of water (J/kg-K), and
k is the thermal conductivity of water (W/m-K).

In our case, Ty maybe treated as the mid-point temperature of
the wall, and %, as the mid-point heat transfer coefficient.

FIGURE 7. A vertical plate exposed to a fluid (a) plate is isothermal;
(b) constant heat flux from plate.

The caveat with using the above equation is that the wall
temperature 75 must be known a priori. However, we can
only know the loss from the IGBT, and not the enclosure
wall temperature beforehand; see Fig. 7. To circumvent this
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problem the following approach is adopted here, as suggested
in [33] :
1) Assume a certain T, and calculate Nur, using (8)

and (9).
2) For a known value of gy, calculate the Nu,, using the
relation,
gsL
Mo = 37, = 7] (a
3) Iterate 7y value over the previous two steps until
Nur, = Nug,.
4) Use (10) to calculate h,, from the converged value
of Nu.

The averaged heat transfer coefficient at the vertical edges
of the mounting plate can be assumed to be zero, if the heat
flux at those edges is taken to be zero. Then the following
relation can be assumed:

I bmp + bis
froxy = —2( 222 =70 12
et = 5 ( " ) (12)

where, by, and by, denote the horizontal widths of the mount-
ing plate and the heat source respectively. This value of 4 is
used in (6) and (7).

However, there is another problem with the above formu-
lation: the equivalent wall length, L is unknown. Since the
heat source is concentrated on the inside of the wall, using the
full enclosure wall height as L in (8) and (10) does not seem
to be a reasonable approximation. Furthermore, heat from
the mounting plate will also not spread equally in vertical
direction due to upward flow near the wall. Therefore, deter-
mining L becomes critical to the thermal model. Preemptive
calculation of L can be done by using CFD, as shown in the
next section.

V. OBTAINING EQUIVALENT WALL LENGTH FROM CFD
Strictly speaking, heat transfer from IGBT to the seawater is a
3D conjugate heat transfer problem. CFD simulations can be
used to estimate the junction temperature in IGBT modules
inside a submerged converter cabinet. However, such mod-
els can be extremely time and resource consuming, and are
hence, avoided as much as possible.

In this paper, CFD simulations are merely used to estimate
the equivalent wall length for heat transfer calculations. Using
this information, analytical models based on empirical rela-
tions can be used for thermal modeling purposes.

The assumptions and the governing equations for the CFD
model of this system are given below.

A. ASSUMPTIONS
— Boussinesq Approximation: In the governing Navier-
Stokes equations, density is assumed to be constant
except in the buoyancy term. Continuity equation is
thus used in its incompressible form. The Boussi-
nesq approximation can be applied under the following

condition [36]:

BT —To) K 1 (13)
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where, § is the thermal expansion coefficient (1/K), T is
the fluid temperature (K), and Ty is the reference or the
operating temperature (K).
A detailed and mathematically rigorous inspection of
whether or not the Boussinesq approximation is valid
under certain conditions is given in [36] and [37].
— No heat loss to the sea by radiation has been assumed.
— The vertical variation of the heat transfer coefficient
derived from 2D CFD modeling is assumed to have
similar variation throughout the width of the mounting
plate in the horizontal direction. This assumption was
made to avoid 3D simulations.

B. GOVERNING EQUATIONS AND

BOUNDARY CONDITIONS

The governing differential equations are presented below
after applying the Boussinesq approximation.

V-U=0 (14)
1

(U -V)U = vV?U — —=VP — ga AT (15)
P

U-VT = «kV*T (16)

where, U is the velocity vector, v is the kinematic viscosity
of water, p is the density, P is the pressure, « is the thermal
expansion coefficient, T is the temperature, and « is the ther-
mal diffusivity. Other constants and the material parameters
used in the CFD modeling are listed in Table 1.

TABLE 1. Constants and material parameters.

Parameter ‘ Value
Thermal conductivity of Al 170 W/m-K
Thermal conductivity of Cu 400 W/m-K
Thermal conductivity of Stainless steel | 15 W/m-K
304L

Thermal conductivity of water 0.6 W/m-K
Thermal conductivity of thermal paste 0.67 W/m-K
Density of water 998 kg/m?
Density of Al 2700 kg/m?3
Density of Cu 8960 kg/m?
Density of Stainless steel 304L 7850 kg/m?3
Specific heat capacity of Al 870 J/kg-K
Specific heat capacity of Cu 385 J/kg-K
Specific heat capacity 304L 475 J/kg-K

In addition to the above conservation equations, a turbu-
lence model is required to obtain a solution to the heat transfer
problem. In this paper, we use the k — € model, common in
such type of problems [38]. The boundary conditions used at
far distance from the box in the sea are the pressure inlet and
outlet conditions, at ambient temperatures. ANSYS Fluent
was used for CFD simulations, with default parameters for
k — € model.

C. CFD RESULTS
From Fig. 8§, it is clear that the heat loss happens mainly only
along a part of the vertical wall, and not along the entire wall.
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FIGURE 8. Temperature distribution inside the power electronic cabinet.

0.35

m)

y-coordinate (|

0.05

oL . . . . .
0 1 2 3 4 6

Wall heat flux (W/m 2) x10*

o

FIGURE 9. Wall heat flux from vertical wall of the box. Equivalent wall
length can be obtained from this figure. hmp denotes the vertical length
of the mounting plate.

The wall length across which the bulk heat transfer can
be obtained as shown in Fig. 9. This wall length is used
in (8) - (11).

However, 2D CFD calculations will only give the spread-
ing area in vertical direction. In horizontal direction,
the spread can be assumed to be limited to the base plate area
owing to the vertical nature of buoyancy-driven flows. The
spread of the heat flux may also be assumed to be similar in
the horizontal direction as in the vertical direction.

VI. EXPERIMENTAL VALIDATION

Validating the thermal models for the IGBTs rated near the
100 kW level was infeasible in the available laboratory setup.
Therefore, a scaled down experimental setup was installed
to validate the aforementioned thermal model. In the exper-
iments, normal tap water was used instead of the seawater.
Although the models were validated only at low power levels,
it is expected that they will be applicable even at higher power
levels and larger system dimensions. However, the power
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density in the experimental setup was chosen to be around
the same value as for the 100 kVA converter.

There is a general consensus on thermal modeling
of IGBTsS, as mentioned in Section III. The main challenge
for submerged power electronics is to estimate the case tem-
perature. For this reason, case or mounting plate temperature
is the main focus of the experimental validation.

A. EXPERIMENTAL SETUP

For constant loss in the IGBT, the IGBT can be replaced by
any appropriate heat source. A 4.7 Q2 resistor was used for
this purpose. This was done to generate significant loss on
the mounting plate. Commercial IGBTs do not generate such
level of loss at low currents and voltages. On the other hand,
a simple resistor can easily generate losses upto 60 W from
currents less than 4 A, which requires a smaller power supply.
The resistor was mounted on an aluminum plate which was
then bolted on the enclosure wall. The contact resistance was
minimized by applying a thermal grease/paste. The dimen-
sions of the materials used in the experimental setup are listed
in Table 2.

TABLE 2. Physical dimensions of the experimental setup.

Parameter Value

Enclosure wall thickness 0.002 m
Enclosure height 0.350 m
Enclosure width 0.350 m
Enclosure length 0.350 m

Al/Cu Base plate dimensions 0.105mx 0.150 m
Al Base plate thickness 0.0025 m

Cu Base plate thickness 0.010 m

FIGURE 10. Two layers of base plate for mounting of IGBTs. Solid circle
represents the thermocouple (temperature sensor) location.

To see the effect of the spreading resistance, an additional
copper plate was inserted between the Al plate and the enclo-
sure wall, and the temperature measurements were repeated.
The sensor is placed just above the Al plate by making a small
groove, as shown in Fig. 10.
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B. RESULTS
The following results correspond to an ambient temperature
of 24 °C. In the first case, the mounting plate is made only
of Al, whereas in the second case, a combination of Al and Cu
plate is used.

40 w

_---+
AT
351 -+ 1
st PR O--m--- o |
o e-----"7°
L) A== NS A
ol
=}
w© 20 |
@
Q.
€ 151 |
)
'_
10 |
=& Wall-side
5r -G Wall-top 1
-+ On water side

25 30 35 40 45 50 55 60
Power Loss (W)

FIGURE 11. Temperatures at different points on the wall. ‘Wall-side’ and
‘Wall-top’ denote the temperatures at positions shown in Fig. 12.

‘On water side’ denotes the temperature on the water side of the wall
directly below the heat source.

FIGURE 12. Thermal image showing heat spread in aluminum plate and
the stainless steel wall. Temperature sensor placement on the walls is
also shown by green circles.

1) AL MOUNTING PLATE

Figure 11 shows the temperature measured at different points
on the wall of the box for different values of losses in the
resistor. The thermal heat spread is shown in Fig. 12. This
image also validates the choice of L in (10), and shown
in Fig. 9. As seen in Fig. 11, the temperature on the wall sides
barely increases indicating that the bulk heat remains concen-
trated within the width of the mounting plate, mostly flowing
vertically upwards in the direction of the buoyancy-driven
water flow. The mid-point wall temperature on the water side
also increases as expected with the temperature, indicating
isothermal boundary condition on the wall is not a suitable
approximation to make under these circumstances.
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FIGURE 13. Comparison of temperatures between analytical models and
measurements below the heat source on the aluminum mounting plate.

Figure 13 shows the comparison between the temperature
calculated from the model and measured from the setup, at the
mid-point just below the heat source.

The errors in the calculated value and the measured value
ranged between 5-15%, as calculated from the ambient tem-
perature. These errors can arise from:

— tolerance of sensors;

— placement of sensors (not exactly on top of the Al plate,
rather in a trough created on its surface);

— sensor placing also alters the thermal path and hence,
affects the thermal resistances; and

— finally, the assumptions made in the modeling, such
as neglecting radiation, and less than perfect nature of
empirical relations.

2) MOUNTING PLATE MADE OF AL AND CU
The thermal model predicted that the inclusion of the cop-
per layer—in between the cabinet wall and the aluminum
plate—should result in the drop of the temperature at Al plate.
This was validated by the experimental results, as shown
in Fig. 14. The system is similar to that shown in Fig. 10.
The effect of copper layer thickness on the resistor tem-
perature is shown in Fig. 15, as calculated from the model.
The marginal utility of increasing the copper layer thickness
decreases with increase in thickness. After a certain opti-
mum thickness (in this case around 25 mm), the drop in the
spreading resistance by increasing the thickness is overcome
by the increase in resistance due to length (also called 1D
resistance).

VII. CASE STUDY: ANALYSIS OF A 100 KVA

TIDAL TURBINE CONVERTER

In this section, we extend the thermal model to the passively
cooled IGBT for a 100 kVA power electronic converter. The
converter is assumed to be a 2L back-to-back VSC, with
an efficiency of about 97%. The objective is to analyze
the characteristics of passive cooling at a larger scale. And
consequently, study the contributions of different thermal
resistances to the total thermal resistance seen by the IGBT.
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FIGURE 15. Variation of mounting plate temperature with thickness of
Cu layer on Al+Cu mounting plate. The loss in the heat source was 40 W.

A. ASSUMPTIONS
The analysis in this section is based on the following
assumptions:

— The individual IGBT modules are mounted on separate
but closely placed mounting plates in a horizontal array.
Since the heat spreads vertically, each IGBT module can
be analyzed individually.

— The loss inside a single IGBT has been modeled as a
trapezoidal pulsed waveform. For a 100 kVA turbine,
the mean power loss in a phase leg of the converter was
roughly assumed to be 600 W.

— The aspect ratio of the mounting plate is kept same as
that of the IGBT. This is by no means necessary or
requirement of the model; it is merely adopted to sim-
plify the calculations, and provide an easily imaginable
picture.

— The outer walls of the enclosure are flat, and no
biofouling/corrosion layer is considered.

— Ambient temperature of the seawater is 20 °C.
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TABLE 3. 100 kVA converter parameters.

Parameter Value

IGBT dimensions 0.057m x 0.110 m

IGBT Ryp, [3.8 31.2 0.1 2.0] K/kW
IGBT 74, [0.0007 0.0247 0.050 3.485] s
Enclosure wall thickness 0.005 m

Enclosure height 1.5m

Enclosure width 0.5m

Enclosure length 1.5m

Cu mounting plate dimensions 0.171 m x 0.330 m

Cu plate thickness 0.010 m

Thermal paste thickness 0.0001 m

0.05

0.04 - 1

0.03

0.02

Thermal Resistance (K/W)

°
o
=

j-c Rspread 1D conv

FIGURE 16. Thermal Resistance contributions for mean power loss
of 300 W in each IGBT on Generator side of the converter. Mounting plate
is made of Cu and is 30 mm thick.

The IGBT (Infineon’s FF600R12ME4_B11) used for the
analysis is rated at 1200 V and 600 A. The 4-layer Foster
network thermal impedance parameters for the IGBT are
listed in Table 3, along with the mounting plate and enclosure
dimensions.

As mentioned already, we have assumed a constant power
loss in the IGBT for our analysis. Under normal circum-
stances we only know the voltage across and the current in
the IGBT. In that case, the IGBT temperature must be used in
a feedback loop to calculate the losses.

B. RESULTS

Figure 16 shows the contribution of each thermal resistance
component to the overall thermal resistance from the IGBT
junction to the ambient seawater. Clearly, the contribution
of the spreading resistance to the case-to-ambient thermal
resistances is significant.

Suppose that the IGBT is mounted on the copper mounting
plate, which is bolted to the cabinet wall. Then for the mount-
ing plate area given in Table 3, the effect of the mounting
plate thickness on the IGBT junction temperature is shown
in Fig. 17.
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Figure 18 shows the influence of the area of the mounting
plate area and thickness on the mean junction temperature
of the IGBT. The factor, d,;y in Fig. 18, denotes the length
multiplying factor of the mounting plate w.r.t the IGBT
dimensions. For example, if the IGBT module plate area is
0.057 m x 0.110 m, then d,r of 3 implies the mounting plate
dimensions are 0.171 m x 0.330 m (i.e. times 3). The plot
shows the same trend as in Fig. 15, although the optimum
thickness varies slightly for different values of d,s.

Interestingly, for very small thickness of the mounting
plate, increasing the area has opposite effect than at larger
thicknesses. A major contributing reason is that the heat trans-
fer coefficient is higher for lower values of dy,r (hdmf'=2 >
hdmf:g > hdmf=4 ...). For very small thicknesses, this results
in an overall decrease of the spreading resistance, and hence
lower mean temperatures.

In Fig. 19, mean junction temperatures are compared for
two different mounting plate materials, namely, copper and
aluminum. Clearly, the material with higher thermal con-
ductivity has lower spreading resistance, and hence, lower
temperature.
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C. CONCLUSION
From the above discussion, we can conclude the following
for the design of the 100 kVA converter:

« Mounting plates made of materials with higher thermal
conductivity contribute to the lowering of the junction
temperature. However, other factors such as coefficient
of thermal expansion must also be taken into account
while selecting the mounting plate material.

o The marginal utility decreases with increase in the
mounting plate thickness.

o Marginal utility of increasing the dy,s also decreases with
increase in the value of dy.

o The optimum mounting plate thickness increases with
the increase in dy.

e Maximum value of dyy in a practical converter will
depend on the available space and placement of other
devices in the cabinet.

« For the space available in the converter considered here,
mounting plate thickness of about 30 mm, and d,,; of
3 seems a reasonable choice.

Furthermore, commercial forced water cooling systems
usually have a heat sink-to-ambient thermal resistance in the
range of 0.005-0.020 W/m-K, whereas forced air cooling
systems have this value around 0.1 W/m-K. This implies
that cooling efficiency of passively cooled systems in water
(in this case, roughly 0.05W/m-K) can be designed to fall
between two forced cooling mechanisms. The benefit of
passive cooling systems lie in its low cost, simplicity and
reliability.

This study considered a flat outer surface of the enclosure.
Normally, finned surfaces are known to improve cooling.
In the submerged case, especially in the sea, using a finned
surface could result in clogging/fouling, and hence overcome
the benefits of the increase in surface area. More importantly,
thermal resistance due to convection at the surface is only
a small component of the total thermal resistance, as shown
in Fig. 16. However, finned surfaces devoid of clogging could
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aid cooling due to the chimney effect [39]. Whether that
improvement is significant or not requires a detailed study.
For very deep subsea applications, a pressure compensating
fluid inside the power electronic cabinet may also be present.
Its impact on the cooling of the electronics would be another
interesting study to undertake.

VIil. CONCLUSIONS

This paper proposed a thermal model to estimate the junction
temperature in an IGBT module cooled by natural convection
in water. The model can be used to design the heat sink
for the submerged power converters, and in their reliability
analysis. The model was experimentally validated on a small
scale set up. Assuming that the scale effects do not signifi-
cantly alter the model, the model was extended to a 100 kVA
converter.

Results indicated that the case-to-ambient thermal
resistance—especially the spreading resistances in mounting
plate and cabinet wall—significantly contributes to the total
thermal resistance. However, this will depend on the size
of the system, power rating and the IGBT thermal parame-
ters. Mounting plates made of materials with high thermal
conductivity (e.g. Cu) can lower the junction temperatures
significantly. Also, it was observed that the passive cooling in
water is less efficient than the commercially available forced
water-cooling systems. Albeit, passive systems are likely to
be low cost, simple and more reliable.

The appropriate choice of the cooling system in submerged
converters is more complicated. Besides cost and reliabil-
ity, the designer should also consider the lifetime models
of the IGBTSs, and the mission profile to which the IGBT
is subjected to, etc. A natural extension of this work is to
develop models for multiple heat sources inside a sealed
cabinet, which includes other heat sources than IGBTs. These
studies are currently underway and shall be addressed in a
subsequent article.
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