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ABSTRACT

To accomplish the United States Navy’s goal of developing a fully electric warship, it is essential
to cool critical electronic components within the Navy integrated Power Electronics Building
Block (iPEBB) for it to function at its full capacity. The current study develops a first order
analytical understanding of the most prolific heat transfer modes within the iPEBB and identifies
critical constraints for the design of future cooling systems. The main heat loads within the iPEBB
are the rows of MOSFET switches generating 4752 W of waste heat and the transformer which
generates 858 W through the outer protective wall. The analysis presented in this thesis defines
the critical temperatures and heat fluxes of the critical heat generating sources and can be used as
a benchmark for future thermal cooling design.
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l. Introduction

Fully electric warships are incredibly beneficial to the United States Navy from a logistical
and safety perspective. By electrifying ships, the Navy can power multiple systems and has the
flexibility to control and direct energy where it is needed [1]. This is a significant development
because the ship can use one source of power for all its operation systems including its propulsion.
If the technology is redundant and simple to operate, the maintenance and manpower demands of
the ship are reduced [2]. This suggests that crew sizes can decrease, and fewer sailors could be
sent into combat. Due to these potential benefits, the United States Navy is currently pursuing their
goal of electrifying warships through a five-year program to develop the Power Electronic Power
Distribution Systems (PEPDS). PEPDS is a universal solution to power distribution because it can
perform with AC, DC, or both signals; this is revolutionary for electrifying warships because the
current Integrated Power and Energy System (IPES) can only use AC or DC [3]. PEPDS has the
flexibility to provide any kind of electrical load or function to the ship, and it is a breakthrough
because the ship only relies on the PEPDS to provide for nearly all its energy needs. Thus, the total
energy system of the ship is consolidated into a single system.

The heart of the PEPDS system lies within the power corridor, which is the space within
the ship designated to house all elements of the power distribution system of an all-electric ship
apart from power generation and power usage [4]. The power corridor is a reserved space early in
the ship design that is adaptive and fully customizable. More importantly, this defined and isolated
space in a heavily reinforced location within the ship, thus improving sailor safety by reducing
unintended exposures to electrical equipment [3]. The power corridor is incredibly effective for
the PEPDS system because it consists of modular universal power converters known as the Navy
integrated Power Electronics Building Block (iPEBB). The iPEBBs are extremely useful for the
resilience of the power system because each unit can be connected in series or parallel in a manner
that is designed for soft power degradation. Therefore, if a component fails, the capability is still
functional at a reduced level [3]. The iPEBB design is portable and easily replaceable, so the crew
can easily swap out damaged iPEBBs but leave the surrounding system in place if the equipment
is still viable [5]. This drastically reduces the system complexity because the least replaceable
component of the power system can adapt to any use case in the power corridor. Furthermore, due
to the portability and relative ease to connect to the system, the iPEBBs can be manufactured and
tested in a clean factory setting off-hull which reduces costs and improves reliability of the system

[5].

Although the iIPEBB system is an effective solution to the electrification of naval ships
from an electrical engineering aspect, there are significant thermal challenges that need to be
addressed before the system can be employed. Firstly, liquid connections are not allowed within
the iPEBB, meaning that direct liquid cooling methods are strictly prohibited [6]. This constraint
is in place to ensure that the process to insert and remove the iPEBB is simple, and to additionally
protect the iPEBBs from water damage. Although this decision has a strong logistical benefit, it
greatly increases the complexity of the cooling problem. Due to the portability requirement of the
IPEBBsS, large-finned air heat exchangers are not an adequate solution because they are simply not



compact nor robust; however, previous iterations of the PEBB design utilized cooling methods
achieved with a finned aluminum heat sink coupled with a robust air forced convection system
that removes heat from critical producing elements [6].

The present study intends to first create a first order analytical model of the heat transfer
network to understand the magnitude of the heat flux exiting the iPEBB. At very high heat fluxes,
water cooling is necessary to dissipate waste heat, but further examination is necessary to establish
if water cooling is necessary for the iPEBB.

I1. Background

It is essential to clearly define the scope of the heat transfer problem before the analytical
modeling process. Below, we will develop all relevant elements that contribute to the heat transfer
circuit including the overall layout of the iPEBB, the various components within the iPEBB, and
the failure modes of the critical electrical components.

A. IPEBB

The iPEBB is designed to be easily transportable through narrow passageways and ladders
within the ship, which leads to a necessary weight requirement of less than 35Ibs. This is a
significant restriction because the current weight of the iPEBB V3 is 31lbs, thus severely limiting
the scope of viable cooling options. To meet the weight requirement, the cooling system must be
small and compact (under 2kg); if this is not possible, the iPEBB would likely have to shed weight
to meet its target value. A possible solution to the weight constraint is to limit cooling mechanisms
directly to critical areas that generate heat and consequently ignore the areas unlikely to be affected
by the heat generation within the iPEBB. Additionally, the current Navy iPEBB V3 is currently
designed to be 300mm x 550mm x 100mm (Figure 1). It is important to note that the dimensional
requirements are not strictly constrained, and the shape of the iPEBB could change in future
iterations. Additionally, the iPEBB dimensions do not include any supplemental parts needed by
the cooling system; the size of the cooling system is not rigidly defined; rather, the volume of the
cooling mechanism needs to be reasonable compared to the iPEBB.



Figure 1: The image above displays the dimensions of the Navy iPEBB V3. It is
important to note that the iPEBB is designed to be a rectangular shape and depicted
with outer substrate walls constraining the inner electrical components. This
modular design allows the iPEBBs to be easily ordered in expandible, compact
grids within the power corridor of the ship [7].

As shown above, the iPEBB is an enclosed box with electrical components that generate heat
as they perform various processes to supply power to different operations within the ship. This is
problematic because the heat generated within the box can only transfer out into the environment
through conduction, and a cooling mechanism is essential to increase the rate of heat transfer out
of the system. If heat cannot transfer out of the iPEBB efficiently, the iPEBB must decrease its
operational power or risk damaging components within the shell. To stay in operation, the cooling
system must control the temperature of the most critical heat producing elements of the iPEBB:
the MOSFET switches and the transformer (Figure 2). These elements produce virtually all the
waste heat in the iPEBB and will subsequently have the highest temperatures within the iPEBB.
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Figure 2: The image above depicts the critical heat generation elements within the
IPEBB. The MOSFET switches are depicted in the blue and red regions in the
image. It is important to note that the image above only displays the cross-sectional
view of the top shell of the iPEBB, but there is a mirrored image on the bottom
shell. This means that there is a total of four rows of switches within the iPEBB.
Moreover, there is only one transformer located in the iPEBB. Figure 2 also
presents the top and bottom shell surfaces as the location for Rack Level Cooling;
the cooling method will be placed on these surfaces to increase the heat flux near
the MOSFET switches and the transformer [7].

By imposing a rack level cooling design on the top and bottom of the iPEBB, we can focus
on cooling the critical concentrated heat loads generated by the rows of switches and the
transformer.

B. SiC MOSFET Bridges

The first critical element of the iPEBB is the SiC MOSFET bridges that are located inside
the top and bottom shells. Both top and bottom substrates have two rows of switches consisting of
24 MOSFETSs in each row, for a total of 48 switches per substrate and 96 switches in the entire
IPEBB (Figure 3).
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Figure 3: This image shows the arrangement of two rows of SiC MOSFETSs on one
substrate. It is important to note that the switches are in very near proximity to one
another which can lead to a significant heat concentration that will potentially
deteriorate the electrical capability of the switches. As shown in the figure, the
center of each switch is spaced 2cm apart, which will lead to heat spreading effects
between the switches [7].

Each MOSFET has a square prism shape with a thickness of 1mm and a side length of 1cm,
and the total MOSFET system has two components that lead to heat generation: conduction losses
of 3066W and switching losses of 1686W. The conduction losses are inherent to the system when
power is supplied, but the switching losses only occur when the SiC MOSFETS are actively
switching. Since this study intends to model and design for the worst-case scenario, it is assumed
that both losses are present in the IPEBB and distributed between the switches. With this
assumption, the iPEBB endures a total of 4752W in total losses throughout the switching system,
with each MOSFET producing 49.5W of waste heat.

The MOSFETS are the most challenging problem from a thermal engineering perspective
because they are placed very close to one another which severely inhibits heat spreading in the
planar directions. This design essentially creates a giant heat source that will need additional
cooling treatments to ensure the equipment is fully operational. Furthermore, SiC MOSFETSs
generally have operational temperatures ranging between 150 to 200 degrees Celsius; thus, the
current study will proceed with the goal of keeping each switch below 150 degrees Celsius. This
is essential not only in the design for the extreme scenarios, but also because MOSFETSs with lower
operating temperatures are much less expensive and desired by the Navy.

C. Transformer

The second critical heat generation element is the singular high frequency transformer and
is located opposite of the SiC MOSFET bridges within the iPEBB. Although the current
transformer is smaller and more compact than previous designs (dimensioned as 0.102m x 0.305m
x 0.254m), it still limits the size of the iPEBB in the vertical direction because it is the largest
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element in the system. The transformer consists of two main elements that dissipate heat (Figure
4): the ferrite core (300W) and the copper coils (800W).

Core

Figure 4: The image shown is a CAD rendition of the current transformer prototype
(Rev2). Notably, the core of the transformer consists of two rectangular prisms with
a thickness of 0.025m, and two cylinders with a length of 0.051m and a diameter
of 0.127m. The coils wrapped around the core cylinders consist of 4000 44 AWG
copper wires that can be approximated by a singular wire being size 6 AWG with
an outside diameter of 4.064mm. As depicted in the picture above, the coils and
core have complex thermal interactions due to the geometry of the transformer
system [8].

The copper wires are not a thermal concern since they are functional up until their melting
point of 1,085 degrees Celsius, although the current study imposes a maximum operating limit on
the copper wires as 250 degrees Celsius due to melting concerns of insulation materials and plastic
around the copper wires. The core is also at risk of overheating with the current Rev2 prototype
core being Ferrite N49 which has a Curie temperature of 240 degrees Celsius; if the core increases
above the Curie temperature, the Ferrite N49 will lose its magnetic properties. The current study
intends to design a thermal model with the Curie temperature as the maximum operating
temperature of the transformer, but it is noted that most transformers are regulated to run well
below the Curie temperature (usually 100-200 degrees Celsius) because there is a known
performance loss at high temperatures.

D. Common Substrate

The iPEBB walls are made from a common substrate that consists of multiple layers of
copper and polyimide (Figure 5). The common substrate functions as a protective barrier for
electrical components in the iIPEBB with its mechanical strength and voltage isolation.
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Polyimide, 0.025mm

Figure 5: The diagram above shows the different layers of the common substrate,
with the 3mm thick copper layer on the inside surface of the iPEBB, and the total
thickness is 5.8mm. The common substrate is critical to the thermal cooling
problem because the waste heat from the array of switches and the transformer will
conduct through the common substrate and out into the ambient air in the power
corridor.

It is assumed that the MOSFET switches and the transformer are rigidly attached to the
inside surface of the common substrate, and the cooling mechanism is rigidly attached to the
outside surface of the common substrate to drive conductive cooling. Notably, polyimide has a
thermal conductivity of 0.12 W/m-K which is significantly smaller than copper (398 W/m-k),
meaning that most of the thermal resistance within the common substrate is due to the thin
polyimide layers.

E. Material Properties

The following section provides a summary of the materials of critical elements to the heat
transfer system and their thermal properties:

Table 1
System Material Thermal Heat Generation from
Conductivity Associated Part
[W/m-K] [W]

SiC MOSFET Silicon-Carbon 77.5 49.5 (per MOSFET)
Transformer (Core) Iron 76.2 300
Transformer (Coil) Copper 398 800
Common Substrate Polyimide 0.12 N/A
Common Substrate Copper 398 N/A
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I11. Thermal Model

Now that the materials and general layout of the iPEBB are understood, this section intends
to methodically analyze elements within the heat transfer system to accurately depict the heat
transfer network. This process relies on common engineering assumptions to simplify a complex
thermal problem into smaller, solvable parts that reflect the critical modes of heat transfer. This
process is crucial in analysis because it allows minor thermal interactions to be neglected, yet it
predicts the broader system behavior with a high degree of accuracy.

A. Conduction Modes Within the Substrate

The first step in simplifying the heat transfer network is to understand how heat transfers
through the substrate walls (Figure 6). This is an important first step because it determines if the
heat sources (the switches and the transformer) have any thermal interactions via conduction
through the substrate walls. Additionally, if the thermal resistance is much higher in the lateral
direction, the substrate could simplify using the thin-wall assumption and reduce the problem to
one dimension within the substrate.

MOSFET Rows

[\

Figure 6: The diagram above (not drawn to scale) shows two conduction heat
transfer modes (depicted as green arrows) within the substrate walls. Additionally,
there is a heat flux in the y direction not shown in the figure. The heat flux in the y
direction is equivalent to the heat flux in the x direction because both fluxes travel
through identical resistance networks. However, the thermal resistance in the z
direction is different due to the geometry of the substrate. In the following analysis,
the thermal resistance in the z direction will be directly compared to the thermal
resistance in the x and y directions to determine the dominant mode of heat transfer.

The first step in the process of analyzing conduction resistances is to determine the
resistance circuits. For the substrate in the z direction and in the x direction. In the following
analysis, it is assumed that the thermal properties in the y direction are identical to the x direction
due to symmetry arguments. The thermal circuit in the x direction is as follows in Figure 7:



13

:

R_cu1

%

R_poly1
Qx

:

- + ———————————————Ppa

Tmosfet R cu2 Tmidsubstrate

%

R_poly2

:

R_cu3

Figure 7: The picture above shows the thermal resistance network through the x
direction (lateral through the iPEBB substrate). It is important to note that the final
temperature (Tmidsubstrate) represents the steady temperature in the middle of the
substrate wall.

The heat transfer through the lateral direction passes through five conductive resistors in parallel.
Simplifying the problem, the equivalent resistance in the x direction is shown below:

| 1 1 1 1 1

= t } } }
R.r R('ul Rpl Rru'.l R[:ZZ R('ll:‘ (1)
L N 1
R, Rn Ry (2)
| B Koy # A N K, * A,
R, L . 3

The equivalent resistance in the x direction is denoted as Rx. Additionally, since each layer
in the substrate has the same length, the resistance network can be reduced to the parallel system
of polyimide and copper (Eq. 2). The terms Ay (1.7%10° m?) and Ap (1.5%10° m?) denote the
cross-sectional areas of the copper layer and the polyimide layer respectively. The L term refers
to the length of the substrate in the x direction. For this analysis we will look at two cases: half of
the distance between the two rows of switches (L= 0.0393m) and half of the distance between the
transformer and the nearest row of switches (L= 0.688m). Solving with known constants in Eq. 3,
we find the resistances:
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The lateral conduction resistance between the two MOSFET rows is shown below:
K
N

R_r..'\fr}.qfrrf:—_-'lJ':J.‘sff:l‘ = 0.0567 W

Furthermore, the lateral conduction resistance between the MOSFET row and the transformer is
shown below:

— a2 K
R:J::ﬂ.h'}sff:r—'f"r'u:rl.ﬂfur?:-arf'r' 0.0993 W

Now that the conductive resistances are found in the x direction, the same process is applied to
the z direction (Figure 8):

Q:

Tmosfet
mose R_cu1 R_poly1 R_cu2 R_poly2 R_cu3

Figure 8: The diagram above depicts the thermal circuit in the z direction. This
circuit is significantly different from the one shown in Figure 7 because heat travels
through every layer of the substrate in series, thus making the total equivalent
resistance greater than the parallel case analyzed previously. Additionally, contact
resistance occurs between each layer of the substrate but is neglected in this
analysis.

Since this orientation is in series, the equivalent resistance in the z direction is a simple
sum of each resistance. It is also important to note that Tou represents the ambient temperature
outside of the iIPEBB; this is a different value than the final temperature shown in Figure 7, and
Tout Will likely be smaller than Tmidsubstrate l€ading to larger temperature gradient and thus a higher
heat flux in the z direction. For now, analysis of equivalent resistance in both cases is enough to
determine the broader picture of heat transfer for the substrate. The equation for the total
conductive resistance in the z direction is shown below:

H__. = H,--_.L] T .Ir?l':_rrl T H-.--u;z + H-_nz + 'h':l'll:i (4)
1 :‘r'-'l.l L il f.-,--,,;;g I"f_’ lll--'-":n:.'i-
B, — — - oL =
712 ( Ko K, K. K h) ()
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Where L represents the total summed thickness of each copper layer within the substrate, and Lp
represents the total summed thickness of each polyimide layer.

The equivalent resistance in the z direction is denoted as R; and can be simplified via the
progression shown in the three equations above. The area (A) is the smallest area on the surface of
the iPEBB before known heat sources interact in the substrate wall (Figure 9):

W= W prpp Transformer

L= 0.3Lipese

Figure 9: The red square in the image above depicts the area used in the thermal
resistance calculation in the z direction. The width is simply the width of the
IPEBB, but the length is 0.3 times the length of the iPEBB. This was determined
because the maximum length of the resistance area should span from the iPEBB
wall to the middle of the two switching rows; this is the smallest length scale that
ensures no thermal interactions within the substrate wall from the heat sources.

Thus, the cross-sectional area used in the resistance analysis in the z direction is 0.0495
m”2. The length terms are essentially the thickness of each layer within the substrate (noted in
Figure 5), and each layer of the same material can be summed for an effective length (Eq. 6).
Substituting known values:

Rﬂ,suhntrﬂ.te = (LOOET %
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Comparing the lateral thermal resistance in between the MOSFET rows to the resistance in the z
direction, we get the following ratio:

If 8 JE @majr -
x Mosfet—Mosfet _ o oy

§
'h'::.-i uhatrate

Similarly, comparing the lateral thermal resistance between the Transformer and the MOSFET
row to the resistance in the z direction, we get the following ratio:

3
R x,Moafet—"Trans former

11.40

-h.:.: JAubstrate

Since the thermal resistance in the x direction is larger than the thermal resistance in the z
direction through the substrate wall in both cases, we can safely ensure that all the heat transfer in
the substrate wall travels strictly in the z direction. This means that the rows of MOSFETS do not
interact with each other thermally through conductive modes in the substrate, and similarly, the
MOSFETS do not interact with the transformer. This is a critical piece of information because it
essentially decouples the transformer and the rows of switches in the heat transfer network, thus,
making the model of heat transfer much simpler. It is important to note that although the
transformer and the MOSFETS are decoupled conductively, there could still be convective effects
due to the ambient air within the iPEBB; these convective heat transfer modes will be analyzed in
the subsequent sections that focus on the heat generation sources.

B. Thermal Model of Transformer

The first heat generation source under inspection is the transformer. The first assumption
that the current study makes is that we assume that the heat generated within the core of the
transformer is evenly distributed throughout the volume of the transformer core (i.e., the top slab,
the bottom slab, and the two cylinders connecting the two). By dividing the total heat generation
of the core by total volume (0.0161 m?), the heat flux per volume is:

Qeore = 2eore — 18.583 W

Veore m-

Since the transformer has two major heat losses, it is important to understand the interaction
between the coils and the core of the transformer. Since the transformer system is symmetric across
its central horizontal plane and its central vertical plane, it is assumed that the system can be broken
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into four identical quadrants with no heat transfer on the borders of each quadrant due to symmetry
arguments (Figure 10).

Figure 10: The image above shows the transformer with the planes of symmetry
marked in orange dashed lines. Each quadrant in the diagram above has an identical
heat transfer network, meaning that the total thermal performance of the
transformer is a sum of the four quadrants. This simplifies analysis because the
current study can analyze one quadrant and then multiply by a factor of four to
determine the result of the entire system. Additionally, since the heat flux leaving
a plane of symmetry is identical to the heat flux coming into that plane of symmetry,
it can be assumed that total heat flux across the plane of symmetry is zero [8].

Now that the transformer is simplified, we can focus on the thermal effects of the coils in
one quadrant. The coils are incredibly important to the transformer system because the coils
generate more than double the heat that the core generates. Because these coils are critical for
analysis, the next step is to determine how waste heat leaves the coils and interacts with the core.
A simplified diagram of the geometric set up is shown below (Figure 11):
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Transformer Core

Transformer
Cylinder

Cu wires Cu wires

Figure 11: The diagram above depicts the relative geometric relationship between
the copper wires and the ferrite cylinder core of the transformer (not drawn to
scale). The current version of the transformer has copper wires linearly wrapped
around the middle of the transformer cylinder, meaning that only one layer of
copper wire is in direct contact with the transformer. Additionally, this image
depicts one of the quadrants in the top half of the transformer, meaning that the
middle of the transformer is at the bottom of the image shown. This symmetry line
is depicted as an adiabatic boundary to the system, so no heat will leave or enter
across the dashed line. The top of the transformer is shown as the core at the top of
the image.

In the current transformer prototype, the coils are held in the configuration above by a 3D
printed plastic casing whose thermal effects are neglected in the current study. Regardless, the
copper wires are approximated as a singular solid annulus that generates heat in the middle of the
ring (Figure 12).
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Q generated from coils

—-———

Figure 12: The figure above represents the annulus geometry that the coils are
approximated as. It is important to note that the heat generated from this coil is all
generated along the central line in the ring (denoted by the blue dashed line). By
assuming a singular heat source for the body, the conduction resistance and the
convective resistance can easily be calculated.

Using the geometry shown above, we can find the resistance modes and understand where
most of the heat flux is located. Using the polar coordinates, the thermal conduction resistance for
the disk is shown below (Eqg. 7), and the convection resistance is shown in Eqg. 8.

In R—] FR|1|
Rrr.ﬂ.ﬂ.m’.u.‘s:r'mui = ( {- i (7)
2*W¥I1¢:,1¥D

1
Rfmrwhﬁ cOnY 3 a4 8
' T ho# A, ®

Where R is the inner radius of the annulus (5.08cm), Rz is the outer radius (7.11cm), D is
the diameter of a single coil (4.06mm), and h is an assumed average heat transfer coefficient of 10
[W/m~2-K]. Additionally, the surface area (As) is a sum of the top and bottom surfaces of the
annulus, and the outside surface at Rz (Eq. 9).

A, =2(m* Ry? —mx Ry?) + 2% Ry x D 9)
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Plugging in known values we find that the conductive resistance of the coils is:

3 _ L |5
I‘-ﬂ.w.mr.hm,f:mi-.ri 00179 W

The convective resistance of the coils is:

H-u nnulus,cony — th

Since the coils are likely enduring high temperatures, it is critical to analyze potential
radiative heat transfer effects to determine if radiation is a major contributor to the spread of heat
from the coils. To get an estimate of the total heat flux due to radiation, the Stefan-Boltzmann law
is applied to the system:

('r?rﬂ.ri —exa*xAx* {Tf:o*.if 2 .Tr-nr'rrg} (10)

Where the emissivity (g) is approximated as roughened copper (0.2), the Stefan-Boltzmann
constant (o) is 5.67*10"-8 [W/(m"2*K”4)], and A is the radiating area and is assumed to be half
of the surface area of the annulus. Additionally, the coil temperature was assumed to be the
maximum operating temperature of the copper wires (250 degrees Celsius), and the temperature
of the core is approximated as 85 degrees Celsius. Plugging known values, we find that the total
heat transfer due to radiation is:

('r.)r-r;'.i.i.af'urﬁ = 5712 W

Since the convective resistance is over three hundred times greater than the conductive
resistance, and the estimated heat transfer from radiation is approximately 1/40 of the total heat
generated from the coils, the study assumes that all the heat transfer will go into the cylinder of
the core through conductive heat transfer modes only, and the geometry of the transformer problem
can simplify into a fin with an applied heat load at the tip (Figure 13).
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Transformer |
Core

Figure 13: This figure represents the new orientation of the thermal problem with
the known heat load from the coils entering the transformer cylinder at the tip. The
transformer cylinder can be approximated as a fin with a known applied heat load
at the tip. It is important to remember that the transformer cylinder also generates
heat evenly throughout the volume.

The heat transfer of this idealized system can be further studied using a control volume
within the transformer cylinder (Figure 14) to determine governing equations for the fin behavior.

Qout,
convection

| Qout,

| conduction

—_—— e e — —

X X + dx
Qout,
convection

Figure 14: The diagram above represents the control volume denoted in Figure 12.
This control volume is helpful to determine the heat fluxes in and out of the body,
and it is used to develop the governing equations for the transformer cylinder
(shown below). Notably, there are two sources of heat entering the control volume:
Qin and qgen. Heat leaves the control volume through convection around the cylinder
and conduction in the horizontal direction.
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Starting with the first law of thermodynamics (Eq. 11), the system can be solved as follows:

U—=—Q - W (11)
(2111 < 5 (1:]( n (z«mt conv (2¢7't1t.¢‘<‘)11d (12)

Converting conduction heat fluxes into Fourier’s law and clarifying convection:

1T iT
0= K= | %A, +dgenAcsdr —h* Ay xdT + K— «A, (13)
dr lz==z dr lz—z+dr
where
dT dT dT  d dl’ d2T
K— —K— 4+ K—(—)de = K— K < dr 14
dr lz=x+dx * dr dr " dr o dre lz—z A dar? o (14)
Plugging Eq. 14 into Eq. 13, the equation simplifies to:
] d2T
0= +ggenAcxdr —h+x A; xdT + A [ K ﬁd 1 (15)
da:
Inserting terms for Acand As:
. 2 2T
h(2rRdx)dT = wR°dx | Ggen + K— 3 (16)
da
Simplifying:
plifying ey B . _d*T
E.IFJ.-{T(:L) — Ta-x_,:] R I’;gﬁﬂ + K m (17)
Let:

O(x)=T(x) — T (18)



23

Where Tw= 20 degrees Celsius (assumed to be room temperature)

After plugging in Eq. 18 to Eq. 17 and rearranging terms, the final differential equation is shown
below (Eg. 19):

. d*0  2h
—(gen — K ((/.1'2 —_ E’H (19)

Solving the differential equation gives us a temperature distribution along the cylinder:

()(1) — Cl()v 1:\2"11i’ ' C‘Q(%_ J%IJL.’,"' A —qg;}"R (20)
)

Where C1 and C; are constants that can be found by imposing known boundary conditions:

1) At Xfln: O| rl—i” (-"‘fr'n—“) = 24()0('

_ IT
2) AtXfin=0, —KironAfin—
dr e, =

= Qeoils

The first boundary condition is imposed as the maximum temperature (the Curie temperature)
of the transformer. Since we know that the system behaves like a fin, the highest temperature
would have to be at the tip closest to the large heat source coming from the coils. By imposing a
temperature boundary condition, the system of equations will display a temperature profile of the
worst-case scenario of the transformer overheating.

The second boundary condition regarding the heat flux at xsin= 0 is known because all the heat
entering the system at the tip is due to the waste heat from the coils. Through the first law of
thermodynamics, the heat flux into the system is equal to the heat flux out of the system in steady
state as shown in boundary condition 2.

After finding constants from known boundary conditions, the temperature profile along the fin is
known (Eq. 21):

C1=-50.34
C.=137.89
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2h_ o 2h_ ‘u*uR
Tjin(z) = —50.34cV #RZ 4 137.89¢~V #he 4 Jeent |, pn

2h - (21)

Now that we know the temperature profile of the transformer fin, we can now solve for the
temperature profile of the rectangular core using similar analytical methods. The first step is to
check the Biot condition in the core to determine the relative effect of convection. The geometry
of the transformer core is shown below (Figure 15).

Adiabatic via
symmetry

L

height = 2.54cm
Transformer Core

SNNNANNANY

width = 12.7cm

length=15.24cm

Figure 15: The diagram above depicts the geometry of the one fourth of the
transformer core. It is important to note that the core is adiabatic on two sides due
to symmetry (the left side and the rear side shown in the image). Therefore, the
surface area for convection is the front and right sides of the rectangular prism.
Additionally, the cross-sectional area for conduction is the area of the top side of
the prism.

Using the Biot Equation, we find the ratio of conductive resistance to convective resistance:

R('Un(! . hi

conv 'L‘

Biot —

(22)

Solving the Conduction and Convection resistance of the core (See Appendix A for detail), we
find that the Biot number is very small:

Bi — 69101

core

Since the Biot number is much less than zero, it can be assumed that the convective
resistance is much larger than the conductive resistance, and thus all heat transfers through
conduction in the core. Now the problem can be solved in a similar manner to the cylinder using
the first law of thermodynamics.
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In this analysis, the current study intends to add a superconductor cut in the thermal model shown
in Figure 16:

Cylinder
Qin

Superconductor Cut

/

Xcore = 0

Adiabatic Adiabatic

Xcore = tcore

Figure 16: This diagram shows the thermal assumptions utilized in the analysis of
the transformer core. At xcore = 0, the model inserts an infinitely thin
superconductor cut into the core. This allows infinite heat spreading across the
surface, and the temperature along the surface of xcore= 0 is assumed to be
constant. This is an effective first order model because it reduces the complexity to
a one-dimensional problem. Additionally, the core has adiabatic walls shown in the
diagram in accordance with the Biot calculation proving no lateral heat transfer.

The superconductor cut is valid for this model because the heat transfer due to convection on
the top surface is negligible. In addition, the ratio of the cross-sectional area of the cylinder to the
cross-sectional area of the core is 0.42 meaning that almost half of the cross-sectional area of the
core is in contact with the cylinder. This assumption induces a small error into the calculation and
should be addressed in future iterations of the thermal model.

Using the assumptions explained above to form the framework for this calculation, we can use
the first law of thermodynamics to derive the temperature gradient through the core similar to the
analysis done with the cylindrical fin in the previous section.
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Figure 17: This figure represents a control volume within the transformer core. It
is important to note that there are no convection heat transfer modes in this model,
and the first law of thermodynamics only includes conduction and heat generation
by the transformer core.

Using the control volume above, we can find a differential equation for the transformer core
through the first law of thermodynamics (Eq. 23). Using the same analytical methods as shown in
the cylindrical fin of the transformer, the present study can derive a temperature profile along the
thickness of the transformer core (Eq 25). Further detail is displayed in appendix B.

dl

K— -"L'a-r'e'- ! "ri-rr.n::u".ir OTE dr + K— 1r ore 0 (23)
dr T s =T ’ ar |z, ...=%tdr
Simplifying with algebra and partial derivatives:
f('lil.l'r . I .Yy
(Kh.ml T J")]) dr® = d=T (24)
Integrating twice:
Hrore ° + Dyx + Dy =Tz 0 ) (25)

E'Ir{er'.l.ll

Where D1 and D> are constants that can be found by imposing the boundary conditions shown
below:



27

1) At Xcore= 0

Hxepre =0) =1 {:I':r'i'l.'l'.l"i‘?-'fl':l = L, ylinds r)

2) At Xcore= 0

dl . dl’
dro & I'T.II.'i:.ll.flrl'T' j“l' 'I:T'i.l'l'n' "ril':ﬂ.lT'i'
di: dax

Foytinder =1 fin E e =11

The first boundary condition asserts that the temperature at the inner surface of the core is the
same as the temperature at the base of the cylindrical fin (the part farthest from the coils). This is
reasonable because the temperature at the interphase junction between two materials in contact is
the same for both materials. This assertion is further enforced by the superconductor cut
assumption, meaning that the entire core at Xcore = 0 is assumed to be isothermal.

The second boundary condition is the heat flux boundary conditions. Since the Biot calculation
established that conduction is the only heat transfer mode in the core, we know that the entire heat
flux into the core must be equal to the heat flux out of the cylinder at its base. Therefore, using
Fourier’s law, we know that the heat flux due to conduction at the interphase of the core (Xcore= 0)
is equal to the heat flux due to conduction out of the cylinder at Xcyiinder= Lcylinder.

After finding constants from known boundary conditions, the temperature profile along the fin is
known (Eqg. 26):

D:=-66.49
D,=231.868
rIl'IUI. 2 s . ey S e . "
5K 2 G6.49r + 231868 = T'(roore ) (26)

TroT

The final step in the analysis of the heat transfer is to find the thermal gradient through the
substrate wall of the iPEBB. This analysis is very similar to the previous work shown in the thermal
analysis of the core, except it is less complex because there is no heat generation in the substrate.
This means that the temperature gradient derived from the first law of thermodynamics only has
conduction modes (See Appendix C for more detail). Additionally, this temperature gradient is
confined to the region directly in the path of the transformer, so the cross-sectional area is limited
to the cross-sectional area of the transformer core. Lateral heat spreading effects for the
transformer are neglected because the transformer has a very large conductive cross-sectional area
compared to the thickness of the substrate and heat spreading effects would only marginally
increase the total area. Thus, the increase in area due to spreading is negligible compared to the
original cross-sectional area.

First law of thermodynamics in the substrate:
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Simplifying through algebra and partial derivative identities:

2T

=¥

=
dr

Integrating twice to find the temperature distribution in the substrate:

I Toubatrate) = €17 1 €2

The boundary conditions are very similar to the core:

1) At Xsubstrate= 0 T(Tsubatrate = 0)= Iz eore = teor )

2) At Xsubstrate= 0

) dl , dT
K substrat = —HKiron
iz dr

Tarubstrate =( Teore =hoor
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(27)

(29)

(30)

The reasoning behind the boundary conditions for the substrate is the same as previously
described for the transformer core. First, the temperature must be the same at the contact point
between the transformer core and the inside surface of the substrate. Secondly, since the only mode
of heat transfer is conduction, the flux of heat transfer that conducts out of the core at the substrate
interface must be equal to the heat flux into the substrate at Xsubstrate= 0. This is shown through

Fourier’s law in the second boundary condition.

Notably, the substrate consists of multiple layers of material. For the purposes of this analysis,
the conductive performance of the substrate can be estimated using an average coefficient of
thermal conductivity (Ksusstrate). This can be found by equating the total conductive resistance of
the substrate to the resistance of the copper and polyimide layers (Eqg. 31). Then Kes is found
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through algebraic analysis of the equivalent resistances. It is important to note that contact
resistance is neglected in this analysis because we assume good manufacturing processes that
ensure sufficiently firm contact between the layers so as to make the contact resistance negligible.

Raubstrate = Feu Jlf-jn:u'.lﬁn:-'idu (31)
f.-. ubatrats _ fu:f.: 'lr-',u
hru:_l' F Acore Ko Avore "Iirl.l-":ll:(.l'i"{' (32)

Where tcy is the total thickness of copper in the substrate (5.8mm), and t, is the total thickness of
polyimide (0.05mm).

f-'.-.u-".-.-af'r'uh . -'I{I:'i'tf-j‘il 1 hr;u?l-u:h:
K., K.k, (33)
- j{{'llj{ ?t‘sﬂ IR RS
h._f'_lr = : betral (34)

j{f-uf,u L "‘{j‘?t{'ll

Plugging in known properties:

K.pp = 13.565 &

Since Kesr is defined as the average coefficient of conductivity in the substrate, the current
study can now redefine the substrate as a single material with a conductivity of Kes. This is
effective for temperature gradient analysis because it incorporates the thermal properties of the
entire substrate without having to individually analyze each layer.

Solving boundary condition equations reveals the temperature profile through the substrate (Eq.
35):

e1= -408.285
e2=230.09

T(2 subetrate) = —A08.2852 + 230.00 (35)
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Now that we have the temperature profile through the substrate, we can plug in the
thickness of the iPEBB substrate wall to determine what the temperature of the outside wall of the
iPEBB is at the curie temperature:

.j.':.'r.-rul'.l*-.ct.'uh' f.ﬁ'n:l'.l.-cf'r'-'.'i'-e'] 227.72 °C;

Additionally, the heat flux through the outer substrate wall can be determined by a first law
analysis of the substrate at the outside thickness (Eq. 36):

_ 21
K eff -'rd'r:u‘r'e- I s —tans {JI’EM'- (36)

Plugging in known values:

Qo = 214397 W

This is significant because to keep the transformer under its Curie temperature, the outside wall
of the iPEBB must be below 223.5 degrees Celsius. This means that the method of cooling for the
transformer system must be capable of meeting this temperature requirement. Furthermore, an
adequate cooling system can be designed around this temperature constraint by simply creating a
thermal circuit with a known maximum temperature and a known heat flux out. It is important to
note that the total heat flux from the transformer out of one side of the iPEBB is two times the heat
Qout because there are two symmetric heat sources that heat up one wall of the iPEBB.

fl.'r;l'.l' rans formerSubstrate 125.794 W

Additionally, the temperature profile from the tip of the cylinder to the outer surface of the
substrate is depicted in Figure 18:
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Figure 18: The graph above displays the temperature within the Transformer and
Substrate from the center of the transformer (x= 0 cm) to the outer wall of the
IPEBB (x=5.66 cm). This graph quickly visualizes the effects of the three different
parts of the transformer system which are depicted by having different slopes on
the graph.

This graph is reasonable because the maximum temperature is at the tip of the cylinder where
the coils generate heat, and the different slopes represent different conditions within each piece of
the system such as heat flux into the ambient air by the cylinder, different cross-sectional areas,
and different coefficients of conductivity.

C. Thermal Model of MOSFETSs

The second thermal source needing to be modeled consists of the four MOSFET row
systems (described in section 3 of the Background). This source is arguably the most challenging
aspect of the thermal cooling system because the total switching system accounts for 4752W in
total losses throughout the switching system, with each MOSFET producing 49.5W of waste heat.
Notably, this is more than four times the total losses in the transformer system (1100W). Due to
this high heat flux, it is likely necessary that the switching system will need a more robust cooling
method than the previous transformer system.

The first step is to check the Biot number of an individual MOSFET to determine the
relative effect of convection to conduction. This is done as before by taking the ratio of conductive
resistance to convective resistance. Additionally, the heat source is assumed to be generated at the
centroid of the MOSFET, so the length scale of conduction is half the thickness of the MOSFET.
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f.lrl'l-'."
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Where hmos= 5 [W/m”2-K] and represents an average heat transfer coefficient for natural
convection on a flat plate.

.IrIJ( ‘omd, M os f et
Biotyosfet = 45— —

1.5 % 107" (39)
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Since the Biot number of the MOSFET is much less than one, heat transfer through
convective modes can be neglected, and the thermal problem can simplify to one dimension
through the substrate.

Since the switches are placed in rows with an edge distance of 1cm between switches, it is
worth doing further analysis to determine heat spreading effects to estimate the thermal
interactions between switches.

For the analysis of heat spreading, various academic literature provides some reasonable
correlations that were measured from experimental findings. Notably, R. Simmons details in [9]
methods that approximate a single square heat source as a circle with equivalent area and uses non-
dimensional geometric variables and quantifiable heat sinks to determine the spreading resistance.
Additionally, literature provides examples of approximating a column of power transistor heat
sources. This method asserts that the closeness of individual heat sources can be approximated as
a single, large rectangular heat source. Similarly, this method has non-dimensional length scales
and uses graphical correlations to determine the spreading resistance with a known heatsink to
cool the system [10]. Both methods have merit, but they are not accurate tools for the current study
because of various aspects of uncertainty.

Firstly, correlations found in literature assume heat spreading is through a single plate. This
is problematic for the current study because the substrate wall has multiple layers of different
materials, and the lateral heat spreading due to different resistances in materials is not reflected in
previous literature correlations. Secondly, the literature correlations place heat sources on heat
spreading plates with known dimensions. In the iPEBB, the dimensions of the effective heat
spreading plate are uncertain because the switches are placed on a very large substrate wall that
also interacts with other heat sources. This means that the area of an effective heat spreading plate
was arbitrarily determined using symmetry assumptions between heat sources (i.e., the boundary
of an effective plate is midway between two MOSFET rows). Lastly, previous literature assumes
a known, quantifiable cooling system that is actively used in analysis, but the current study does
not have a known cooling system within the model. To complete the literature correlations, a heat
sink would have to be estimated. Any use of the literature correlation techniques would be riddled
with uncertainty and was deemed unfit for the current application.
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Another common theory that models heat spreading is to add a heat spreading angle from
the heat source so that the area affected by conduction increases through the thickness of the wall.
The most common method is to add a 45-degree heat spreading angle, but this method is known
to have an error as large as 30% through a uniform plate [11]. This error will likely be compounded
by the current application because the substrate wall consists of layers of copper and polyimide.
Since polyimide has a much smaller thermal conductivity than copper, the heat will likely conduct
laterally through the copper and only partially flow vertically through the polyimide layer (Figure
19).

Heat Source

Copper

Polyimide

Figure 19: The image above is a simple representation of how the different
conductive resistances will impact heat flow through the substrate wall. Polyimide
has a much higher resistance than Copper, and heat will spread laterally at the
interface between copper and polyimide as shown. Since the substrate has two
layers of polyimide, this heat spreading behavior will occur twice through the
substrate wall.

It is important to note that although there is lateral heat flow, it is not extensive enough that
the heat sources interact (as proven in section Ill, A). Heat spreading is extremely difficult to
quantify, and it is possible to do vigorous two-dimensional analysis to approximate the full effect,
but for the purpose of this study we will continue with an effective heat spreading angle. Since it
is established that the 45-degree heat spreading angle is relatively inaccurate and likely not fit for
this application, the current study intends to derive a rough estimate of the heat spreading angle
through experimentation as explained below.
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a. Heat Spreading Experimentation

i. Experimental Design
This experiment was designed to estimate the amount of heat spreading via lateral conduction
at the interface of a thick conductive material and a thin insulative material. A heat source was
placed on one side of the substrate and the temperature of both sides of the substrate was measured
after the system reached its steady state response (Figure 20).

Resistor (Heat Source)

Thermocouple /

Copper

Thermal Interface
Material

/

Thermocouple

Forced Convection Heat Sink

Figure 20: This diagram above is a simple rendering of the experimental set up
designed to calculate an effective spreading angle. It is important to note that the
substrate consists of three materials: Copper, a thermal interface material (Si-98),
and Aluminum. Additionally, the heat source is placed on the bottom of the
substrate with all the heat produced conducting through the wall of the substrate.

As noted in Figure 19, two thermocouples are placed on opposite sides of the system; one
thermocouple is directly attached to the bottom of the heat source, and the other is placed directly
to the outer layer of aluminum. These thermocouples directly measure the temperature gradient
across the system and were chosen instead of an infrared camera because thermocouples have
greater precision. Forced air convection was utilized to cool the top layer of substrate to provide a
clear temperature gradient within the thickness of the substrate. This is essential because this acts
as a heat sink and reduces the problem to one-dimensional heat transfer. If the fan was not
incorporated in this experiment results would not be valid because natural convection would be
the dominant cooling method that acts on every outer surface of the substrate, and the heat transfer
problem would no longer be a one-dimensional problem. Furthermore, this experiment is designed
to perform one-dimensional heat transfer because the MOSFET system in the iPEBB behaves in
one dimension (as demonstrated in section 111, A).
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The geometric length scales and thermal properties of each material in the experiment are
defined in the following table:

Table 2
Material Length (cm) Width (cm) Thickness (cm) Thermal
Conductivity
(W/m-K)
Resistor 7.62 2.54 1.22 N/A
Copper 15.24 15.24 0.475 398
Si-98 15.24 15.24 0.015 0.9
Thermal
Interface
Material
Aluminum 15.24 15.24 1.27 237

Although this experiment does not exactly model the iPEBB substrate wall, it still provides
valuable insights into how heat spreads in a multilayered substrate. In this experiment, the Si-98
thermal interface material and the copper layer adequately represent the thermal spreading of the
first copper/polyimide interface on the inner side of the iPEBB substrate wall. This is because this
experiment closely resembles the ratio of thermal resistances at the interface layer in the iPEBB.

The ratio of conductive resistance of the inside copper layer and polyimide is shown below:

fff ', subatrate

= (L0036

r{;.n.lf_l_,l..*-:ﬂb.ﬂf‘r ate

The ratio of conductive resistance of the experimental copper layer and Si-98 is shown below:

f{{, ‘i erperiment

= (.07

H.H'.l"]i:-i:..u:,mu iment

The conductive resistances of each layer were determined through Fourier’s law of thermal
conduction.
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The ratio of conductive resistances reflects the relative ease of heat to flow from one layer
to another. For example, if the resistance ratio was equal to one, then the two layers would have
the exact same thermal resistances, and heat would continue to flow unidirectionally through the
substrate wall. However, a very low resistance ratio indicates that one substrate layer is much more
thermally resistant than the other, and heat spreading will occur because the lateral resistance of
the top layer is much smaller than the vertical resistance through the second layer. The current
experiment mimics this effect within the IiPEBB because the thermal resistance ratio between
layers is very similar to what occurs in the real system since the ratios shown above are roughly
equivalent (and certainly within the same order of magnitude).

ii. Experiment Data Collection

The experiment has a simple procedure by adding 22.5 Watts of power to the resistors and
allowing the experiment to continue until the two thermocouples reached steady state. At the end
of the experiment, the bottom thermocouple had a constant temperature of 48 degrees Celsius, and
the top thermocouple displayed a constant temperature of 47 degrees Celsius. Since the
temperature gradient is known, and the heat output is known, the total thermal resistance through
the experimental substrate can be found using a simple first law energy balance and reduces to Eq
40:

ﬂm.‘rurr.‘ - TI'..I;J

Jl?l Fperimert
Et.'l earefors

I
= 0044 (40)

iii. Calculating Experimental Heat Spreading Angle

Since the measured thermal resistance through the experimental substrate is 0.0444 [K/W],
we must determine a thermal resistance via analytical methods that is equal to the experimental
resistance to have a reliable analytical model. This can be achieved by back solving for an effective
heat spreading angle that increases the area of conduction. It is known that the total resistance of
the experimental substrate is the sum of the conductive resistance of each layer (Eq. 41):

Hr rperiment = Hr'!l o H.'rrl o H-‘n‘ (41)

r-'l.‘ fu.'. I':.'.'
h-n T -'!--'l.' N Jll1l-.'rl|-':l.'rl| i *r"'-ul'-':!ul' (42)

R, rperiment =

Since the heat spreading angle increases the cross-sectional area, the area for each material
represented in Eq. 42 is different. Since the area of conduction increases along the thickness of
each material, the average area of the material is needed for analysis that can be found by
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multiplying the average length by the average width. A visual depiction of the heat spreading angle
and the change in increased side length is shown below (Figure 21).

L1

%(Tmaterl’al:l

Tmaterial

Lz

Figure 21: The diagram above represents a heat spreading angle through the
thickness of a conductive material as heat flows downwards. Note that the length
of the bottom of the trapezoid depends on the original length of the heat source and
the heat spreading angle. Additionally, the average length within the substrate
thickness occurs at one half of the thickness of the material (shown in purple). Note
that dL represents the additional increase in length due to the heat spreading angle.

The average length due to heat spreading within a substance can be calculated as shown in Eq. 43:

Lu.vg = Ll + 2dL (43)
Where:
dL = (%) tan(0) (44)
Plugging (44) into (43):
Lu,wg - Ll + tfuult—:r'éulta'n'(e) (45)

Similarly:
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1"1";,-11;9 — 1*1'!1 + i-r.r:,rz.tf."f'-iait”-"”’{e) (46)

Where L1 and Wy represent the length and width of the conductive area at the first edge of the
substrate layer (the top side of the trapezoid shown in Figure 21 and the bottom side of the
material layer in Figure 20).

Using Eq. 45 and 46, the conductive areas of each material in the substrate are as follows:
Ay = (Lyesistor + tentand){ Wi sisior + teutant) 47
A = (Lr.(.h.,;h.,,”. + (2t + tim]f_fmﬁ) (l,-i-";_r_,h_m,,m. + (2t 0y, + tp, Jtand) (48)
Aat = (Lyesistor + (2t + 2tim + ta)tand) (Wiesisior + (2t + 2tim, + tar)tand) (49)

Where tmaterial from Eq. 45 and 46 is reflected as the distance from the edge of the experimental
substrate where the heat load is applied to the farthest edge of the material under inspection. This
is reflected in the term multiplied by tan6 in Eq. 47, 48, 49.

The spreading angle (0) is determined by inserting equations 47, 48, 49 into Eq. 42:

= i
H-*ru'rrru}f — G7.3

iv. Discussion

After through experimentation and analysis, the heat spreading angle was determined to be
67.3 degrees, thus for a substrate that has two layers with vastly different thermal resistances, a
heat spreading angle of 67.3 is sufficient in encapsulating the two-dimensional heat spreading
effects. This is significant because it is much larger than the 45-degree heat spreading angle used
in common practice, and it proves that there is significant heat spreading in a multilayered
conductive system where the highly resistive substance essentially slows flow vertically through
the substrate and forces heat to travel laterally through the less resistive material.

Although the resulting heat spreading angle makes sense intuitively, there are a couple
factors introducing uncertainty into the experiment. First, the temperature of the heat source was
measured at the top of the resistor. If the experiment could measure the temperature at the interface
of the resistor and copper layer, the temperature gradient would be more precise; however, the
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present study was unable to measure in this location because it is impossible to place our
thermocouple or other temperature measuring equipment in that space. In this study, the contact
resistance of the resistors is neglected, and it is assumed that the heat source is directly applied to
the surface of the experimental substrate. Secondly, contact resistance in the experiment was
neglected in analysis. Lastly, the ratio of conductive resistances in the experiment is about twice
as large as the ratio of conductive resistance in copper/polyimide interface layer in the iPEBB. To
improve the accuracy of the results, the ratio of conductive resistance can be decreased by running
the experiment with a thinner copper plate (thus decreasing the conductive resistance of the

copper).

This experiment provides insight into heat spreading in a multilayered substrate, and the
spreading angle calculated will be used in further analysis of conduction through the iPEBB
substrate; however, the heat spreading angle that is representative of the iPEBB substrate is likely
larger than the angle calculated through experimentation. This is because the iPEBB substrate wall
has three layers of copper and two layers of polyimide, so heat spreading will likely occur in the
two interfaces when heat flows from the copper to the polyimide whereas the experiment only
calculated heat spreading in one critical interface. The only way to determine a true spreading
angle for the substrate is to perform a similar experiment but through the iPEBB substrate wall.

b. IPEBB MOSFET Heat Spreading Analysis

Now that an acceptable spreading angle is known, more analysis is needed to determine if
the switching system should be modeled as individual MOSFETS that generate heat or if it
would be better to estimate the entire row into a singular heat source. If individual MOSFETSs
interact thermally with neighboring MOSFETSs in the substrate, it would be better to
approximate the system as a single rectangular heat source. Further analysis using the heat
spreading angle is needed to locate where the spreading area of MOSFETS intersect within the
IPEBB wall (Figure 22).
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MOSFET Heat Sources

Figure 22: The image above demonstrates the issue of thermal overlap within the
iPEBB wall (not drawn to scale). If there is significant thermal overlap between
two heat sources, the appropriate model would be to approximate the switches as
one large rectangular heat source that covers the entire surface area within the
MOSFET rows. If there is minimal thermal overlap, the better model would be to
calculate the resistance of individual MOSFETs and sum them in a parallel
resistance network.

The MOSFETS in a row are placed 1 cm apart from edge to edge, so the thermal overlap
would occur at half this separation distance, or 0.5 cm from the edge of a MOSFET. Using
trigonometry and plugging in the thermal spreading angle, we can find the depth of into the wall
where the intersection point occurs (Eg. 50):

Toverlap

t« ¢ = e— A
intersect tanb 2.1 mm (50)

Since the thermal spreading area intersects in the substrate 2.1 mm from the surface with
the heat source, it can be assumed that there is significant thermal spreading and prolific thermal
interactions between the heat flux of each MOSFET within the iPEBB substrate. Furthermore,
since the total thickness of the substrate is 5.8 mm, the intersection point is just over a third of the
total thickness, and most of the substrate will be in the thermal overlap space shown in Figure 22.
The best model to represent the thermal resistance of the system would be to model the row of
MOSFETS as one singular heat source. The surface area of the single rectangular row is equivalent
to the outside distance from MOSFETS along the length times the outside distance of the width:

Ligw =024 m

Wigw = 0.03 m

Ay = 0.072 m?
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Applying Eqg. 45 and 46, we can solve for the effective area of each layer of the substrate
by adding the additional area growth due to the heat spreading angle. For this application tmaterial
noted in Eq. 45 and 46 represents the distance from the surface of the heat source to the bottom
edge of the material under inspection.

The total conductive resistance through the substrate wall is the sum of the resistance of each layer
within the substrate:

Rm:-!:.sl"r'n:rr: — Rf ul 1 R,l.ll + R{‘u? + Rpﬂ + -'r?f-'u..'i (51)
el 'l_g.l Lerun 't;r.l beua
H-cu. slrate — T- - - + = + =
substrate ;if'ufj!f-'rd -Hp*"l;rﬂ hf‘u-'qt"uﬂ ﬁpﬂ;,z ﬁt"uf!fruﬁ (52)

Using the heat spreading theory stated in Eq. 45 and 46 we can find the average area of each
element within the substrate:

-"'1{"ul = [LI'-:.I-!r' T fE"ul””‘i'-g}'[ ]I'I'-:.l-!r' T Fri"ulif‘aj'i'-'f;]' (53)
a"lpl = {Lr'e}u- + (2fcu1 + r,,}fan.ﬂ_) (HJ ow + (220w + Tp:'r””-gj (54)
Aryz = (L?'UI!' + (2w + 2?lf,u + f("uz)m”ﬁ) [IIJ aw + (2?‘("ul + 2p + r("u’_’]ffnlﬁ] (55)

Ay = (Lygw + (2t oun + 3ty + 2oy )tand) (W, + (260 + 38, + 2ty )tand) (56)

Acus = (Lrow+(2tcu +4tp+2t cuz+tous)tand) (Weow+(2tcur +4tp+2tcua+tcus)tand)  (57)

After plugging the area equations into Eq. 52, the total equivalent resistance of the substrate is:

R.ﬂll’.l.m':ln'-e' = 0.0:344 %

Now that the thermal resistance of the system is known, the temperature of the outside of
the iPEBB needed to keep the MOSFET system under the critical temperature of 150 degrees
Celsius is found using a simple thermal circuit that reduces to Equation 58:
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.-'r:-u.'l'.rrrmr_lrl'f Tere, wreos _.lr"-IJI (J."u'n' H'.-c'u batrats (58)

where Qrow is 0ne fourth of the total heat flux due to the switching system in the iPEBB since
there are four rows of MOSFETs

Solving with known values:

I:‘r-:mn'..'uu.-e_.l'u t 109.16 °C

This is a very reasonable estimate for a temperature on the outside of the iPEBB wall for a
MOSFET row system because the temperature gradient from the MOSFET to the outer wall is
only a 40-degree Celsius difference. Toutmosfet represents the maximum temperature on the outside
substrate wall in order to keep the switching system under its operation temperature. Additionally,
the entire surface area affected by the spreading angle needs to be cooled:

- a
At mos fer = 0.0155m=

This result is helpful for future work into designing a cooling system because there is now
a quantifiable temperature node and heat flux to design a cooling system around. The cooling
system must be able to keep the outside of the iPEBB under 109.16 degrees Celsius, and the system
must be able to provide a heat sink for a heat source of 1188W. This corresponds to a heat flux of:

'{2-\.;?1?,:; — T‘i.lH -:TIIJ.‘I
The current study provides a first order estimate to calculate a temperature node on the
outside of the iPEBB, but a more accurate model would have a heat spreading angle that is tested
on the real iPEBB substrate wall.

D. Conclusions

The current study validated many heat transfer assumptions to simplify the complex
thermal system within the iPEBB into two main components: the MOSFET rows and the
transformer. After analyzing the heat fluxes and thermal resistances of each system, the present
study revealed maximum critical temperatures that need to be imposed on the outside wall of the
IPEBB in specific areas that directly impact the thermal system of the transformer and the
MOSFET rows. Furthermore, the heat flux from both thermal systems is known, and a cooling
system can easily be designed around the heat flux and temperature constraints.
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Each MOSFET row system produces waste heat of 1188W and leaves the iPEBB wall with
a surface area of 0.0155 m?2 due to the calculated heat spreading effects. This means that the heat
sink needed to cool each row would need to dissipate a heat flux of 76.48 kW/m?2. This surface
area has a large degree of uncertainty because it is determined by using a heat spreading angle
found from experimentation on a multilayered substrate that is slightly different than the actual
IPEBB substrate. The spreading angle of 67.3 degrees is an indicative but not exact representation
of the true spreading angle; therefore, the heat flux calculated has significant uncertainty. The
outside surface temperature of the iPEBB wall within the affected surface area needs to be below
109.16 degrees Celsius for the MOSFETS to remain below their maximum operating temperature.
It is important to note that there is a total of 4 MOSFET rows in the iPEBB, and therefore the final
cooling system should be able to meet the requirements specified above for each of the four row
locations.

The transformer system produces 428.794W of waste heat through one side of the iPEBB
wall and has a surface area of 0.0774 m?, leading to a total heat flux of 5.539 kW/m?. Moreover,
the temperature on the outside wall of the iPEBB that is directly beneath the transformer must be
below 223.5 degrees Celsius to keep the transformer under its Curie temperature. This heat flux
leaves the IPEBB at the top and bottom surfaces, so a cooling design would need to be placed on
both sides of the iPEBB to thoroughly cool the transformer.

Since the heat flux of the MOSFET row is 13.8 times larger than the heat flux leaving the
transformer, the MOSFET system will need a far more robust cooling solution. The current study
recommends focusing most of the cooling efforts on the MOSFET system over the transformer.

The current study is strictly a first order analytical solution that performs engineering
assumptions common in heat transfer to estimate how heat flows within the iPEBB. There was no
direct experimentation with components used in the iPEBB, and there was no finite element
thermal analysis. Although the results from this study are backed by thermodynamic analysis, the
IPEBB needs to be experimentally tested to verify the results of the present study. Notably, the
largest area of concern is the heat spreading that occurs from the MOSFET heat source. Since the
heat flux is so large, the thermal spreading effects have a large impact on the total resistance of the
system. The thermal spreading angle utilized by the current study was not determined through
experimentation of the iPEBB substrate wall, and the accuracy of the heat spreading theory could
be easily improved through an experiment with the same design as the experiment in section C.a.

Overall, the current study provides a solid understanding of the main modes of heat transfer
within the iPEBB and suggests thermodynamic constraints necessary for future design of cooling
systems for the iPEBB.
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Temperature Profile of Transformer Core:

KironAeore | gen Aeored + Kiron Acore - ~0
Adr lz.ore dr \zeoretdz
Where:
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Plugging (2) into (1):
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Temperature Profile of Transformer Substrate:

dT }
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