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ABSTRACT

This paper proposes a density-based topology optimization
scheme to design a heat sink for the application of a 3D inte-
grated SIC-based 75 kVA Intelligent Power Stage (IPS). The heat
sink design considers the heat conduction and convection effects
with forced air cooling. The objective function is to minimize the
thermal compliance of the whole structure. A volume constraint
is imposed to reduce the overall volume of the designed heat sink
to make it conformal to the underlying power devices. Some nu-
merical techniques like filtering and projection schemes are em-
ployed to render a crisp design. Some 2D benchmarks examples
are first provided to demonstrate the effectiveness of the proposed
method. Then a 3D heat sink, especially designed for the 3D IPS,
is topologically optimized. The classic tree-like structure is re-
produced to reinforce the convection effect. Some comparisons
with the intuitive baseline designs are made through numerical
simulation. The optimized heat sinks are shown to provide a more
efficient cooling performance for the 3D integrated power con-
verter assembly.

1 INTRODUCTION

Recent years have witnessed a trend that the power devices
are made with a higher power density and yet a more compact
configuration. In order to extend the lifespan of such power de-
vices, efficient thermal management becomes critical to main-
tain a moderate temperature field by dissipating the heat loss in a

* Address all correspondence to this author.

timely manner [1]. The design of heat sink has long been an ex-
tensively studied topic [2—4]. The most commonly used cooling
is the natural convection [5], often with air flow. The convection
coefficient, however, is relatively low for such cooling mecha-
nism, making it less suitable for high-power-density devices heat
dissipation. Another popular method is to employ forced convec-
tion [6], which often involves some coolant, e.g., water. For such
heat sink systems, the design for an efficient fluid channel is crit-
ical. Beside trying to dissipate the heat loss of the power devices
promptly in a certain way, researchers have also attempted to
recycle this portion of energy using thermoelectric effect [7-9].
In the field of electrical engineering, a number of endeavors have
been devoted into the design for heat sinks. For example, Hensler
et al. [10] studies the SiC three level inverter with high power
density for industrial applications using forced air cooling. Chen
etal. [11] optimized a three-sided cooling by varying the number
and distribution of cylindrical holes. The above works usually
start with some baseline designs and conduct a parametric study
to find a better performer.

Topology optimization, which devotes to finding the optimal
material distribution for a desired performance, has been an ideal
tool for designing the thermal management devices [2, 12—14].
One unique thing about topology optimization is that it can give
you designs out of your intuition, i.e., generative designs. Some
notable research works on heat sink designs from topology opti-
mization community are summarized here. Dede [15] provided
an easy-to-use COMSOL/MATLAB implementation of topology
optimization of heat transfer and fluid flow system. In one of his
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subsequent works, Dede et al. [16] came up with a 3D heat sink
and compared its performance with some intuitive baseline de-
signs. Koga et al. [2] studied the heat sink design for small scale
fluid flow systems with a multi-objective function that combines
pressure drop minimization and heat transfer maximization. The
topology optimization of heat sinks cooled by natural convection
was investigated in [5,17,18]. In [19-21] , the heat sink designs
were not only topologically optimized, but also experimentally
realized to validate their cooling performance.

However, the topology optimization attempts on the power
devices have not been quite rich. In this study, we apply the
density-based topology optimization method to design thermal
heat sinks for the 3D integrated power stages (IPS). The convec-
tion effect is taken into consideration by treating it as an equiv-
alent volumetric integral term. The topologically optimized 3D
thermal heat sink is made conformal to the underlying IPS ar-
chitecture. Its cooling performance are investigated through the
comparisons of the FEA with two baseline designs with vary-
ing number of holes with a fixed diameter. The optimized heat
sink has a superior cooling performance compared with the two
intuitive baseline designs.

This paper is organized as follows: Section 2 will provide
governing equation for this optimization problem. Topology op-
timization formulation will be detailed in Section 3. Two numer-
ical examples are given in Section 4. Section 5 will end with
conclusion and future work.

2 GOVERNING EQUATIONS

In a PDE-constrained topology optimization method, the
physics governing equation will be solved at each iteration to
evaluate the performance of the current design. In this paper,
we consider the thermal conduction and convection phenomena
simultaneously under the steady-state condition. All the material
properties are assumed to be isotropic. The equations governing
the thermal conduction and convection phenomena are given as
follows:

—kV’T = b, in Q

kVT -n=gq, on I'y

kVT -n=0, on I'y 1)
kVT -n+h(T —T.) =0, on T¢

T=Ty, onTp

where k is the thermal conductivity; T is the state variable tem-
perature; b is the rate of internal heat generation; n is the outward
unit normal vector of the structural boundary; ¢ is the heat flux in
the inward normal direction; 7. is the ambient temperature and

h is the thermal convection coefficient . As shown in Figure 1,
the structural boundaries of the design domain Q are composed
of a Dirichlet boundary I'p with T = Ty, a homogeneous Neu-
mann boundary I'y which is adiabatic, a non-homogeneous Neu-
mann boundary I'y with a heat flux ¢, and a convection bound-
ary I'c. The existence of thermal convection makes this heat sink
design a typical design-dependent optimization problem, since
the convection only happens on the interface between the solid
and air flow. As our design variable, the shape and topology of
the solid structure will be evolved iteratively, resulting in a con-
stantly changing interface between solid region and the cooling
medium air flow.

FIGURE 1: THE DIAGRAM OF A THERMAL CONDUCTOR
CONSIDERING CONVECTION EFFECT

3 TOPOLOGY OPTIMIZATION FORMULATION OF

THE HEAT SINK

In this study, we employ the density-based topology opti-
mization [22-24] to design a conformal heat sink for the power
device. In the classic solid isotropic material with penalization
(SIMP) method, each finite element or mesh node is assigned
with a pseudo density p, which takes the value from interval O to
1. The continuous design variable p is relaxed from the original
discrete 0-1 optimization problem, which suffers from numerical
issues and could not utilize the gradient-based algorithms [25].
The evolution of shape and topology of the design can be real-
ized by updating the design variable p according to the shape
sensitivity analysis, a feature of the physics-driven optimization.

Here, we present the problem-setting for a heat sink design.
The strong form governing equation (1) can be transformed into
weak form by first multiplying a test function T, integrating
over the whole domain, utilizing the product rule and applying
the 2D divergence theorem with the aforementioned boundary
conditions mentioned in Section 2. The weak form equation
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considering the convection effect can be given as follows [16] :

a(T,T) =U(T), VT € U 2

where T is the test function for the temperature and U,y is the
space of the virtual temperature field meeting the same boundary
condition as described in Section 2 . The bilinear function at the
left side of equation (2) is defined as:

T, T) = /Q KVT -VTdQ. 3)

The linear function at the right side of equation (2) is
defined as:

l(T):/deQJr/ qTds+ h(T. — T)Tds. @
Q 'y I'c

The thermal convection actually only happens on the inter-
face between two phases, e.g., aluminum and air flow, which
requires the detection of the structural boundaries to enforce the
design-dependent convection load constantly. As in the shape
and topology optimization, the self design variable is essentially
the shape and topology of a candidate design, characterized
by the structural boundaries between different phases, which
is challenging to keep track of in real time. To overcome this
hurdle, the last term in equation (4) is modified into a volume
integral [16,26] as follows:

Z(T):/QdeQ—l—/r qus—l—./Qh(p)(Too—T)Tds. )

where A(p) is the thermal convection coefficient, defined as a
function of the density variable p. The piece-wise function A(p)
is defined as follows [16]:

hox 1072 ifp < p;
0 if p, < p,

where h is the reference thermal convection coefficient, which
will be applied on the interface between the solid material and
the coolant phase, e.g., air flow. p; and p, are the lower and
upper limit, respectively, for density variable p, which is used
to roughly identify the boundary between the solid material and
air flow. When the density variable p is smaller than the lower
threshold p;, it means there will be air at that region and a much
smaller thermal convection coefficient will be applied to avoid
numerical instability. When p is larger than the upper threshold
Pu, it indicates that the whole local region is occupied by solid
material, where the thermal convection will not occur, resulting
in hg = 0. This treatment elegantly circumvents the difficulty in
implementing the integral on boundaries, which are dynamically
changing as the optimization process goes on.

The formal problem-setting for the heat sink design is given
as follows:

Inf J:/ 1.k~(VT)2§2,
P Q2

St. a(T,T)=1(T), VT €Uy
V(Q)<VH,

@)

where V(Q) the volume of the current solid domain, V* is the
volume upper constraint since the heat sink needs to be compact
and lightweight. The influence of objective function selection
on the heat sink design using topology optimization has been in-
vestigated in [27]. According to the findings in [27], minimizing
the thermal compliance objective function J is equivalent to min-
imizing the thermal resistance of the system, provided that a con-
stant boundary heat flux is enforced and the thermal conductivity
of the solid material is high. The physics meaning of minimizing
this objective function J is to minimize the mean temperature of
the design domain.

Some numerical techniques [28, 29] are often employed
in the density-based topology optimization to regulate the
optimization problem, avoid numerical instability and render a
crisp “0-1” design, i.e., avoiding intermediate densities in the
final optimized designs, which does not make physical sense. To
be specific, the raw design variable p, is assigned to each mesh
node ranging continuously from O to 1. A regularization scheme
is applied through the Helmholtz equation [28] as follows:

Pr =R V2Ps+ Pe, (8)

where py is the filtered density variable. The R, is introduced
to enforce a minimum length scale with a default value equal
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to the mesh edge size. Although this filtering process can
effectively remove the mesh dependence, it tends to generate
“grey region”, where the filtered density variable p; takes the
value between O and 1, say, 0.5. A density of 0.5 does not
make sense physically and is not desired during the optimization
process. The projection scheme [29] will then come into play by
pushing the intermediate densities toward O or 1. The projection
scheme is based on the hyperbolic tangent function given as
below:

oy (B (s —py) +sanh(Bpy)
'™ tanh(B (1~ pg)) +tanh(Bpg)

€))

where p; is the projected density variable, f is the projection
steepness and pg is the projection point. Eventually, the classic
“power law” is enforced to further suppress the occurrence of
the grey region as follows:

p:pmin+(1 *Pmin)Pf, (10)

where P, 1s the lower bound of the density variable and set
to be 0.001 to avoid numerical instability. p is the penalization
factor and usually set to be 3. This p will be employed in
the penalization of related physics quantities, i.e., thermal
conductivity in this case in the following manner:

k=ko-p, (1)

where ky is the thermal conductivity for a solid material. This k&
will play a huge role in the solution process of equation (7) as it
relates the physics quantity with the density variable, and further
the shape and topology of the design at a given moment. The
update of the design variable p is realized using the method of
moving asymptotes (MMA) [30].

4 NUMERICAL EXAMPLES

In this section, two numerical examples will be provided to
demonstrate the feasibility of the heat sink design principle. The
first example deals with a benchmark 2D case, generating classic
tree-like structures. The second example is dedicated to a heat
sink design for a 3D integrated power converters. The volume
fraction constraint is set to be 30% for all the provided examples.

The solid material used in this study is aluminum with kg, =
166.9W /(m * K). The reference thermal convection coefficient
ho = 15W /(m* xK). The p; and p,, are 0.8 and 0.9, respectively.
Ryin in the Helmholtz filtering equation (8) is set to be 0.1cm for
both numerical examples. In the projection scheme (see equation
(9)), the projection steepness is given as § = 8 and the projection
point is set to be pg = 0.5.

4.1 A 2D Benchmark Heat Sink Design

The boundary condition for a 2D benchmark heat sink ex-
ample is shown in Figure 2. The square is of dimension 10 cm x
10 cm. A boundary heat flux ¢ = 10W /m? is located at the bot-
tom center, mimicking the power generation from power device,
e.g., CPU. All other boundaries are kept adiabatic. The square
design domain is discretized using 10000 quadrilateral elements.
The maximum element size is 0.1cm.

FIGURE 2: THE BOUNDARY CONDITION OF A 2D
BENCHMARK HEAT SINK

The topology optimization result for Figure example 1 is dis-
played in Figure 3. The classic tree-like structure is produced
to enhance the convection effect between solid material and air
flow.

4.2 A 3D Heat Sink Design for Power Device

In this example, we try to optimize a heat sink design for
a 3D integrated power stage (IPS). The IPS has been designed
delicately to provide a higher power density with a more compact
volume. This poses a challenge for the cooling system to timely
dissipate the heat loss from such IPS to elongate its lifespan. A
3D IPS architecture is shown in Figure 4. The DC-DC stage
is placed at the two sides of the heat sink region (grey block).
Standing on top of the heat sink is the DC-AC stage, beneath
the DC Link PCB. An effective and efficient heat sink design
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FIGURE 3: THE OPTIMIZED STRUCTURE FOR EXAMPLE
1 WITH ONLY BOTTOM HEAT FLUX

conformal to the 3D IPS architecture in Figure 4. is sought after
using the density-based topology optimization scheme.

FIGURE 4: A 3D IPS ARCHITECTURE

The dimension for the heat sink design space is shown in
Figure 5. All the dimensions are given in mm. The small square
copper cells with a dimension of 16.5mm x 16.5mm x 0.5mm
on top and two sides represent different heat source inputs. All
other heat sink components are made of aluminum. A 8 mm thick
wall is designated as the non-design region, as it is used to pro-
vide the mechanical withstanding functionality. The inner block
with a dimension of 244mm x 130mm X 62mm is the actual de-

sign domain for the heat sink. According to our experiments, the
direct topology optimization of the 3D models would be compu-
tationally intimidating. Also, the existence of multiple different
thermal loads would run into some convergence issues. Here, we
propose to design the 3D thermal cloak by extruding some rep-
resentative 2D heat sink designs. The first representative 2D heat
sink design is shown in Figure 3. This 2D design can be extruded
to mimic the center region of the block design domain, where the
main thermal load is from the top. A second representative 2D
heat sink is shown in Figure 6, which is roughly resembling the
side and top power inputs case in the corner region of the block
design domain. The square design domain is also discretized us-
ing 10000 quadrilateral elements. The maximum element size is
0.1cm. The optimized heat sink design for the 2D representative
cell with two side boundary fluxes is exhibited in Figure 7.

/70.00

FIGURE 5: THE DIMENSION OF A 3D HEAT SINK

Once we obtain the two representative 2D heat sink designs,
we can assembly their extrusions together (with minor scaling)
to conformally fit into the block design domain with a dimension
of 244mm x 130mm x 62mm. The assembled 3D heat sink for
the IPS is shown in Figure 8. A zoom-in right side view of the
3D heat sink is given in Figure 9.

The performance of the optimized and assembled 3D heat
sink designs are compared with two intuitive baseline designs.
The boundary conditions for the 3D heat sink are reiterated with
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FIGURE 6: THE BOUNDARY CONDITION OF A 2D HEAT
SINK WITH TWO SIDE HEAT FLUXES

FIGURE 7: THE OPTIMIZED STRUCTURE FOR EXAMPLE
2 WITH TWO SIDE HEAT FLUXES

details. As shown in Figure 10, the square cells in color with a
dimension of 16.5mm X 16.5mm x 0.5mm are made of copper
with ke, = 390W /(m x K). The light grey non-design region are
composed of aluminum with k,;,, = 166.9W /(m* K). The dark
grey region is the design space for the heat sink, where the alu-
minum will be distributed to dissipate the heat loss away from
colored power inputs. A thermal contact resistance of 0.3K/W
is applied to all the interface between the copper cells and alu-
minum outer surface. Since there will be fan blowing air from
the right side as shown in Figure 4 (rear), the thermal convection
coefficient / is set to be 100W /(m?  K) for the surfaces inside
the block design domain. For other exposed surface, a smaller
convection coefficient 15W /(m?  K) is assigned.

The simulated temperature distribution for the optimized
heat sink is shown in Figure 11. The temperature profile shows
correspondence to the boundary conditions, where the high tem-
peratures occur at the heat sources (refers to Figure 10). The
maximum and minimum temperature are 83.387 °C and 26.065

FIGURE 8: THE ASSEMBLED 3D HEAT SINK DESIGN FOR
THE IPS

FIGURE 9: RIGHT SIDE VIEW OF THE ASSEMBLED 3D
HEAT SINK DESIGN FOR THE IPS

FIGURE 10: THE BOUNDARY CONDITIONS OF THE HEAT
SINK DESIGN FOR THE IPS

°C, respectively. Two reference designs with uniformly dis-
tributed cylindrical holes are shown in Figure 12 and 13. All
the cylindrical holes share the same diameter 6mm. Baseline de-
sign 1 has 28 x 8 holes while baseline design 2 is drilled 22 x 6
holes. The highest and lowest temperature for baseline design 1
are 90.545 °C and 33.384 °C, respectively. For baseline design 2,
the two indexes will be 97.734 °C and 44.013 °C, respectively. It
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FIGURE 11: TEMPERATURE FIELD FOR THE OPTIMIZED
HEAT SINK

FIGURE 12: TEMPERATURE FIELD FOR THE CIRCULAR
BASELINE DESIGN 1

is shown that the optimized heat sink outperforms the two base-
line designs considerably.

5 CONCLUSION AND FUTURE WORK

In this study, we apply the density-based topology optimiza-
tion method to design thermal heat sinks for power devices. The
convection effect is taken into consideration by treating it as an
equivalent volumetric integral term. Some numerical techniques
are adopted to regularize the optimization problem and render
a crisp “0-1” design. Two numerical examples are provided to
demonstrate the feasibility of the proposed method. The first 2D
benchmark example deals with a heat sink design with a single
boundary flux. The classic tree-like structure is reproduced as
shown in Figure 3. Then, a 3D heat sink, specially designed for
an IPS architecture shown in Figure 4 , is tackled as the second

FIGURE 13: TEMPERATURE FIELD FOR THE CIRCULAR
BASELINE DESIGN 2

numerical example. Due to the intimidating computational cost
of directly solving the optimization problem on the 3D models,
we propose to circumvent this hurdle by extruding some repre-
sentative 2D heat sink design to conformally fit into the IPS ar-
chitecture. This treatment might not be optimal, but it could at
least provide some sub-optimal solutions. This point can be sup-
ported by the comparisons of the FEA with two baseline designs
with varying number of holes with a fixed diameter. The opti-
mized heat sink has a superior cooling performance compared
with the two intuitive baseline designs.

However, some aspects can still be improved. First, the di-
rect optimization on 3D models should be addressed in the future
work, which is expected to provide a better cooling performance.
Second, the topologically optimized heat sink for the IPS should
be 3D printed and some practical experiments should be carried
out to further validate the optimized thermal heat sink in the cool-
ing performance of IPS.
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