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ABSTRACT
Power semiconductor die layout in substrates used in power

modules is generally optimized for minimum electrical para-
sitics (e.g., stray inductance) by considering the minimum spac-
ing between dies for thermal decoupling. The layout assumes
sufficient heat spreading and transfer from dies to the cooling
structure. For module designs using a direct substrate cool-
ing method, the base plate is removed, leading to a steady-state
thermal asymmetry in the power module due to insufficient heat
spreading/transfer. This causes significant temperature differ-
ences among the devices. Such unintentional thermal asymme-
tries can lead to undesirable asymmetries in power conversion
among semiconductor devices, which impact reliability. This ar-
ticle proposes a thermal imbalance mitigation method that uses
evolutionary optimized liquid-cooled heat sinks to improve the
thermal loading among devices.

NOMENCLATURE
FE finite element
GA genetic algorithm
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GaN gallium nitride
IMS insulated metal substrate
SiC silicon carbide
TPG thermal pyrolytic graphite
WBG wide-bandbap

INTRODUCTION
In high–power density automotive applications, thermal

management of the power module is provided by liquid-cooled
heat sinks to ensure manufacturer-specified operation of the
semiconductor devices [1, 2]. In the process of continuous
improvements in transportation electrification, the potential for
power conversion density increment in power modules is be-
ing widely studied for highly integrated drivetrain development
[2, 3]. Wide-bandgap (WBG) semiconductor devices, such as
silicon-carbide (SiC) metal oxide semiconductor field effect tran-
sistors (MOSFETs) and gallium-nitride (GaN) high–electron-
mobility transistors, offer efficient power conversion compared
with their Silicon counterparts. They help improve the efficiency
of the system, thereby allowing increased power conversion den-
sity. However, WBG devices still exhibit power losses and ex-
cess heat in small volumes, leading to bottlenecks in reducing the
module volume [2,3]. Hence volume reduction and optimization
of the cooling system is necessary; and optimization-based de-
sign methods have been proposed in the literature, including gra-
dient/hessian as well as evolutionary optimization-based meth-
ods [4–9].
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While advances in power conversion density are desired, it
is also important to have the semiconductor devices in the power
module operate uniformly with respect to one another [2, 3].
One aspect of uniformity is the observed thermal impedance by
semiconductor chips in a module. In the absence of sufficient
heat spreading or transfer in advanced power module packag-
ing schemes, individual semiconductor devices experience dif-
ferences in the thermal impedance offered by the cooling sys-
tem [3]. For steady-state operation, such thermal impedance im-
balances lead to significant temperature differences among the
devices [3].

Various heat sink designs have been adopted for liquid-
cooled heat sinks in which the heat sink is immersed in the
coolant for efficient heat transfer from the substrate to the
coolant. Some conventional designs used in commercial heat
sinks are pin-fin and straight-fin [10, 11]. These conventional
designs are tailored for uniform and high heat transfer perfor-
mance across the contact surface with minimum pressure drop
across the coolant. However, these designs do not account for
thermal imbalances occurring in the power semiconductor dies.
Semiconductor device properties are closely related to their oper-
ating temperatures. Imbalances in thermal resistance or steady-
state temperature lead to asymmetry in power conversion among
devices; that is, a few devices will provide more power conver-
sion than others. This power conversion asymmetry may lead
to reliability issues or underutilization of semiconductor devices
to avoid thermal issues [12]. Hence, unconventional heat sink
designs are required which not only allow for balanced thermal
operation of the semiconductor devices but also maximize the
power conversion density.

For such designs, this paper proposes a thermal imbal-
ance mitigation method that uses evolutionary optimization al-
gorithms for designing liquid-cooled heat sinks. The heat sink
structure is optimized for the targeted substrate so that the steady-
state temperature imbalance among devices is minimized as the
power conversion density of the module is maximized. To ac-
complish this, the optimization engine uses a Fourier-series–
based heat sink representation scheme to consider unconven-
tional heat sink structures that are not available in the literature.
The optimization procedure then uses population-based evolu-
tionary algorithms to optimize the geometry for specified ob-
jectives while satisfying imposed constraints. The optimization-
based design process for the proposed method is shown in Figure
1.

HEAT SINK GEOMETRICAL REPRESENTATION
To optimize the heat sink geometry, first, it is necessary to

be able to mathematically represent the geometry. The optimiza-
tion engine will therefore use a mathematical representation to
determine the best possible design/s that fulfill its requirements.
In this paper, it is assumed that the heat sink geometry does not

change along the direction of coolant flow. Thus, the geometry
needs to represented for the 2D cross-section in the optimization
engine and will be extended along its length for computational
finite element (FE) analysis.

In the available heat sink geometry representations [9,13], in
this article, the heat sink coolant contact surface was considered
to be composed of Fourier-series terms as [13]

Fhs(x) = H0 +
Nhs

∑
n=1

(
Ah[n]cos

(
2π

λx
h[n]x+φh[n]

))
,x ∈ [0,Wx]

(1)
where Fhs(x) is the height of the heat sink fin at each position x
with respect to axis Fhs(x) = 0 (x varying between 0 and width
Wx); H0 is a constant (DC) shift; λx is the wavelength (which
is also equal to Wx); h[n] is the harmonic order and Ah[n] and
φh[n] are its corresponding amplitude and phase shift, respec-
tively; and Nhs is the total number of harmonics considered. For
example, consider the heat sink shown in Figure 2 located be-
tween x = 0 and 1. The structure is composed of H0 = 0.5, har-
monic orders h = [4, 10] with their respective Ah = [0.1, 0.2] and
φh = [π/2, π/3].

For the optimization engine, the variables in Eq. (1) consti-
tute the design space of the heat sink geometry and are optimized
for the best solution/s. In the next section, a thermal imbalance

FIGURE 1. OPTIMIZATION-BASED DESIGN PROCESS
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FIGURE 2. EXAMPLE HEAT SINK FOR H0 = 0.5, h =

[4,30], Ah = [0.1,0.2], φh = [π/2,π/3].
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FIGURE 3. SiC-BASED WBG HALF-BRIDGE POWER MODULE
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FIGURE 4. EXPANDED VIEW OF THE SUBSTRATE [14]

problem is described which will require this heat sink represen-
tation for its optimization.

STEADY-STATE THERMAL IMBALANCE
The power module substrate structure considered is shown

in Figure 3 and an expanded view of its substrate in Figure
4 [14]. As shown in Figure 3, four SiC devices are placed on a
graphite-embedded insulated metal substrate (IMS) to create the
half-bridge module shown in Figure 5. The graphite-embedded
structure proposed in ref. [14] can provide up to a 17% improve-
ment in steady-state thermal resistance and 40% improvement
in transient impedance compared with a conventional AlN-based
direct-bonded copper (DBC) substrate. The IMS incorporated a
152 µm thick dielectric for isolation of the graphite-embedded
copper cores from the heat sink. The SiC MOSFET dies were
placed on individual copper cores, separated by the dielectric
separator, to form the half-bridge circuit presented in Figure 5.
An additional top layer, separated by a 152 µm thick dielectric
material, was used to accommodate gate-source terminals and
a DC terminal. SiC MOSFET dies from CREE CPM3-1200-
0013A rated at 1200 V 13 mΩ were used. The power loss in
each die at 71 A is approximately 87 W for a 140 A RMS current
rating at the output of the substrate.

The steady-state thermal performance of the considered
power module was simulated using 3D FE simulations at the con-
sidered power level. To represent conventional cold-plate perfor-
mance, a uniform heat-transfer coefficient of 5000 W/m2/K was

FIGURE 5. POWER MODULE ELECTRICAL CIRCUIT

FIGURE 6. 3D FEA SURFACE TEMPERATURE SOLUTION

FIGURE 7. ISOTHERMAL CONTOURS IN WBG MODULE

set as the boundary condition at the bottom-most plate of the
substrate with a 65◦C coolant temperature [3]. The results of
the FE simulations are presented in Figures 6 and 7 wherein it
can readily be seen that the devices in the upper half of the half-
bridge (dies M1 and M2) have significantly higher temperatures
than those in the lower half (dies M3 and M4). The temperature
difference is nearly 15◦C. Similar conclusions were presented
in [3], wherein it was shown that the devices in an IMS-based
layout had different thermal impedances as a result of the inher-
ent structure of the module.

To resolve the thermal imbalance, this paper proposes a mit-
igation scheme in which the cooling system formed by the op-
timized heat sink and coolant compensates for the difference in
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thermal impedance observed by the semiconductor dies. That
is, for the heat sink developed by the optimization engine, the
steady-state thermal resistances between the die junction and the
coolant observed by each die are nearly equal. For such an ex-
ercise, a problem statement must first be mathematically defined
for the optimization algorithm.

Consider the power module shown in Figure 3 operating at a
continuous peak-rated power loading condition with an arbitrar-
ily designed cooling system. At this loading condition, the device
temperatures are computed using FE simulations for the applied
cooling. Next, the thermal loading of each chip is increased by
the factor αhl > 1 while the same cooling system is retained, and
the new die temperatures are computed. The incremental thermal
resistance of each die is then defined as

Rth,inc,ξ =
Tj,max,αhl ,ξ

−Tj,max,1,ξ

(αhl−1)Pcw,ξ
(2)

where ξ ∈ {M1,M2, . . .} are the dies on the power module,
Tj,max,αhl ,ξ

is the maximum die temperature at αhl factor power
load, and Pcw,ξ is the continuous worst-case rated power load-
ing condition for die ξ . Next, the imbalance in the steady-state
thermal resistance Rth,im is defined as

Rth,im = max
ξ

(Rth,inc,ξ )−min
ξ

(Rth,inc,ξ ) (3)

To minimize the steady-state thermal imbalance, an opti-
mization problem is formulated to minimize Rth,im over the gen-
erated heat sink designs. The optimization engine finds appropri-
ate Fourier-series variables that minimize the difference in ther-
mal impedance. For the execution, an optimization problem is
then formulated.

FORMULATION OF OPTIMIZATION PROBLEM
Using the mathematical definition of thermal imbalance, an

optimization problem was developed. In this article, heat sink
design was carried out for a given power module layout structure
for a given maximum current rating or maximum heat loading.
In subsequent subsections, first the variables or design space for
the problem are defined. Next, some constraints are imposed on
the heat sink design to satisfy various properties (e.g., maximum
allowed junction temperature). Finally, the design metrics of in-
terest and a fitness function are defined, which can be used by
the optimization engine of interest.

Design Space
Recall that in Eq. (1), the heat sink geometry is represented

as being composed of a combination of harmonic geometries and

a DC constant H0. For a given current load (or heat load), module
layout, coolant parameters, flow rate, and heat sink material pa-
rameters, the design variable vector (or geometrical design vec-
tor) θg is given by

θg = [ H0︸︷︷︸
DC Shift

h[1]h[2] . . .h[Nhs]︸ ︷︷ ︸
Harmonic Orders

Ah[1]Ah[2] . . .Ah[Nhs]︸ ︷︷ ︸
Harmonic Amplitudes

φh[1]φh[2] . . .φh[Nhs]︸ ︷︷ ︸
Harmonic Phase Angles

]
(4)

The length of the θg vector is (3Nhs + 1). The limits on each
element in θg are determined from the limits on the maximum
allowed height and volume constraints.

Along with the variable vector, few fixed parameters are
stored in vector D as

D = [Mfp Cfp Scp] , (5)

where Mfp contains all the fixed parameters of the power module
layout and its current loading; Cfp contains all the fixed parame-
ters of the cooling system such as coolant parameters, flow rate,
and material parameters; and Scp contains all the constraint pa-
rameters for the design, such as limits on the maximum junction
temperature and maximum coolant temperature rise.

Design Constraints
A few constraints are imposed on the heat sink design to as-

sist the optimization engine in discarding solution search spaces
that either do not yield to physically viable designs or fail to ful-
fill the design criteria.

The first constraint imposed was on the uniqueness of the
harmonic selection. That is, the vector h in θg should contain
unique elements

h[n1] 6= h[n2],∀(n1,n2) ∈ {1,2, . . .Nhs},n1 6= n2. (6)

In other words, an inequality constraint can be imposed so that

unique(h)≥ Nhs , (7)

where unique(·) computes the number of unique elements in a
vector. Note that in equation (7), unique elements in h will al-
ways be less than or equal to Nhs because the number of elements
in h equals Nhs. A greater-than-equal-to inequality was imposed,
keeping population-based evolutionary optimization algorithms
in mind because they generally face difficulties in convergence
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with equality constraints [15]. Next, a constraint on the height of
the heat sink Hhs was imposed so that

Hhs = (max(Fhs)−min(Fhs))≤ Hht,max , (8)

where Hht,max is the maximum allowed heat sink height. For a
given module layout, this constraint also limits the maximum
value of the allowed volume.

The next set of constraints were imposed on the solution
of the heat sink FE simulation. In this formulation, it was as-
sumed that the fluid flow was fully developed laminar to reduce
the FE analysis computational time in an optimization environ-
ment where thousands of simulations may be carried out. For
that assumption, a constraint was imposed so that the Reynolds
number of the fluid flow solution RN,hs was below the maximum
threshold [7]:

RN,hs ≤ Remax . (9)

Next, to limit the semiconductor temperature, a constraint
was imposed on the maximum device temperature,

max
ξ

(Tsic,ξ )≤ Tsic,max , (10)

where Tsic,ξ is the device temperature ξ and Tsic,max is the max-
imum allowed SiC chip temperature from the manufacturer data
sheet. Next, the fluid pressure drop across the heat sink Pdrop,hs
was constrained using

Pdrop,hs ≤ Pdrop,max . (11)

Finally, the change in coolant inlet and outlet surface aver-
age temperature was constrained by

Tc,out −Tc,in ≤ δT,c,max , (12)

where Tc,in and Tc,out are the surface average coolant tempera-
tures at the inlet and outlet, respectively, and δT,c,max is the max-
imum allowed change in coolant temperature.

Design Metrics
As discussed, it is desirable to maximize the power density

of the module as well as minimize the imbalance in thermal resis-
tance. The maximum allowed current rating of the devices was
known before the optimization; hence maximizing power density
inherently became an exercise in minimizing the power module

volume Vpm. Power module volume with a heat sink is computed
as

Vpm =Wpm ·Lpm · (Hpm +Hhs) , (13)

where Hpm is the thickness of the power module layout including
the SiC devices and substrate, and Wpm and Lpm are the width and
the length of the power module, respectively. For reference, in
Figure 3, Wpm = Wx = 45.1 mm and Lpm = 42.7 mm. Next, the
thermal resistance metric Rth,im was computed using Eqs, (2) and
(3) after FE simulation of the module.

Optimization Engine and Design Fitness
Among the available evolutionary optimization algorithms,

genetic algorithms (GAs) are widely used and are of inter-
est for topology optimization problems [7–9, 13]. In contrast
to a derivative-based optimizer, GAs do not require deriva-
tive/hessian computations and are generally immune to converg-
ing at nonglobal local extrema [15]. In this work, the GA-based
tool GOSET was used as the optimization engine [16].

In accordance with the selected optimization engine, the de-
sign fitness functions were defined as [15, 16]

f =


ε
[
1 1
]T (Cs−Nc

Nc

)
Cs <CI[

1
Rth,im

1
Vpm

]T

Cs =CI

, (14)

Cs =
Nc

∑
i=1

ci , (15)

where Nc, Cs, and CI are the total number of constraints, number
of constraints satisfied, and number of constraints imposed dur-
ing the evaluation of the objective function, respectively; ci is the
ith constraint; and ε is a small positive number of the order 10−6.

Computation of ci is done such that if it is a less-than-equal-
to constraint of form x≤ xmx [15, 16],

ci(x,xmx) =

 1 x≤ xmx
1

1+ x− xmx
x > xmx

; (16)

otherwise, for a greater-than-equal-to constraint of form x≥ xmn
[15, 16],

ci(x,xmn) =

 1 x≥ xmn
1

1+ xmn− x
x < xmn

. (17)
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If constraint i is satisfied, ci = 1; otherwise, ci < 1. If all the
constraints are not satisfied, the objective function will yield a
small negative number from Eqs. (14) and (15). Otherwise, the
inverse of the design metrics will be calculated in Eq. (14). These
forms of constraint and fitness functions are advantageous for
optimization-based design, as explained in [15]. Using GOSET,
the fitness function defined in (14) is maximized [16].

CASE STUDY AND RESULTS
To demonstrate the application of the developed design

paradigm, a case study was developed using the power module
structure described in Figure 5, with the same parameters and
current load used for simulation in Figures 6 and 7. As discussed,
the GA was used for the heat sink design optimization.

The fixed design parameters for this case study are shown in
Table 1 [3]. Aluminum was selected as the heat sink material. It
was cooled using a 50–50% water–ethylene glycol mixture sup-
plied at a 10/6 l/min flow rate and 65◦C temperature [3]. To con-
tain the coolant, it was assumed that plates of 0.5 mm thickness
were attached to two sides and the bottom of the heat sink. The
variable design space considered for this study is presented in Ta-
ble 2, wherein the number of harmonics considered Nhs equaled
10, n ∈ {1,2, . . .Nhs}, and h[n] was an integer.

COMSOL Multiphysics was used to carry out the FE anal-
ysis. It interacts with GOSET in MATLAB to create heat sinks,
simulate, and report simulation results. GOSET carried out the
GA operations, whereas COMSOL was responsible for comput-
ing fluid flow and heat transfer performance. As the maximum
temperature rise of the coolant was constrained to be less than
5◦C, the fluid flow and heat transfer mechanisms were assumed
to be weakly coupled to speed up the computational performance
of the FE analysis.

In this case study, GA optimization was carried out us-
ing a population of 40 for 40 generations. The results of the
constrained multiobjective optimization are shown in Figure 8,
wherein red-circled data represent the Pareto-optimal front of
the designs and blue stars represent the feasible designs consid-
ered by the GA over the course of the optimization. Note that
feasibility of the design requires that it satisfy all the imposed
constraints. The Pareto-optimal fronts of the designs have a to-
tal volume Vpm between 12 and 13 cm3 with thermal imbalance
Rth,im between 0.008 and 0.044 K/W.

Of the designs on the Pareto-optimal front, a design with
12.65 cm3 volume and 0.015 K/W Rth,im was selected, as shown
in Figure 8. The harmonic orders and their amplitudes are shown
in Figure 9, wherein “0” is the DC shift and harmonics orders
greater than 0 represent the composition of the fin structure im-
mersed in the coolant liquid. The cross-sectional structure of the
selected heat sink is shown in Figure 10. The total height of the
heat sink is 4.27 mm. As can be seen, the DC shift is nearly one
fourth of the total heat sink height. The majority of the fin har-

TABLE 1. FIXED DESIGN PARAMETERS

Parameter Value Parameter Value

Wpm 45.1 mm Lpm 42.7 mm

Hpm 1.76 mm Hht,max 14 mm

Pdrop,max 13 kPa Flow rate (10/6) l/min

Remax 1900 αhl 1.1

Pcw,ξ 87 W Tsic,max 130◦C

Tc,in 65◦C δT,c,max 5◦C

Heat sink Aluminium Nhs 10

Coolant Water-glycol 50% Nc 6

TABLE 2. DESIGN SPACE

Parameter Description Min. Max.

H0 Constant DC shift 0.5 mm 5 mm

h[n] nth harmonic order 1 100

Ah[n] nth harmonic amplitude 0 mm Hht,max

φh[n] nth harmonic phase angle 0 2π

monics lie between orders 50 and 60, with small first and 17th

orders.

As a result of this harmonic combination, the fin height in
the left half of the optimized heat sink cross-section is higher
than that in the right half, as presented in Figure 10. As shown
earlier in Figure 6, the semiconductor dies in the left half of the
substrate have higher thermal resistance because of the layout
structure. Hence, the GA optimized the heat sink to provide
higher heat transfer for devices M1 and M2 compared with M3
and M4.

To demonstrate this effect, the FE analysis results for the se-
lected heat sink design are shown in Figures 11, 12, and 13. As
presented in Figures 11 and 12, the optimized heat sink signifi-
cantly reduced the steady-state imbalance between the die tem-
peratures while keeping the junction temperature below 125◦C.
Comparing the isothermal contour results in Figures 7 and 12,
the optimized heat sink provides uniform heat spreading for both
sections (upper half and lower half) of the power module. Fi-
nally, the pressure drop across the coolant in the flow is shown in
Figure 13, which shows that it is substantially below the imposed
constraint.
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FIGURE 9. SPATIAL HARMONIC DISTRIBUTION IN SE-
LECTED DESIGN

FIGURE 10. SELECTED HEAT SINK DESIGN CROSS-SECTION

CONCLUSIONS AND FUTURE WORK
In this article, an evolutionary algorithm-based topology op-

timization design paradigm for liquid-cooled heat sinks is pre-
sented for application-specific goals and targets. Improvement of
the power density of the module and balanced steady-state ther-
mal performance for each die are the two goals of this effort. The
article presents a constrained multiobjective optimization-based
design method to develop appropriate heat sinks for application.

FIGURE 11. SELECTED HEAT SINK SURFACE TEMPERATURE
DISTRIBUTION

FIGURE 12. SELECTED HEAT SINK ISO-THERMAL CON-
TOURS

FIGURE 13. SELECTED HEAT SINK COOLANT PRESSURE
DROP DISTRIBUTION

It was shown using 3D FE simulations that the GA-designed heat
sink indeed mitigates unwanted thermal imbalances by creating
a suitable heat sink surface as well as reducing the overall vol-
ume of the cooling system. Results from the design optimization
demonstrate the effectiveness of the proposed approach.

While the article opens up an interesting design paradigm
for custom-made, application-specific heat sink designs for max-
imum power density, some work remains to be done. As an initial
step, extensive hardware validation of the proposed heat sink de-
sign is planned. Wire electrical discharge machining can create
suitable complex geometries without the need to explore additive
manufacturing or 3D printing options. The next step will be to
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consider the transient thermal characteristics of the heat sinks.
Finally, cost-effective, high- volume manufacturing of such heat
sink designs will be explored.
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