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Abstract

With the widespread use of high-power and highly integrated insulated gate bipolar transistor
(IGBT), their cooling methods have become challenging. This paper proposes a liquid cooling
scheme for heavy-duty automated guided vehicle ( AGV ) motor driver in port environment, and im-
proves heat dissipation by analyzing and optimizing the core component of finned heat sink. Firstly,
the temperature distribution of the initial scheme is studied by using Fluent software, and the heat
transfer characteristics of the finned heat sink are obtained through numerical analysis. Secondly, an
orthogonal test is designed and combined with the response surface methodology to optimize the
structural parameters of the finned heat sink, resulting in a 14.57% increase in the heat dissipation
effect. Finally, the effectiveness of heat dissipation enhancement is verified. This work provides val-
uable insights into improving the heat dissipation of IGBT modules and heat sinks, and provides
guidance for their future applications.

Key words: finned heat sink, insulated gate bipolar transistor (IGBT) module, heat dissipa-

tion, orthogonal test, response surface methodology

0 Introduction

Automated guided vehicle (AGV)is critical com-
ponents of modern logistics transportation systems and
represents an important research direction for future au-
tomated ports''?'. The design, operation, and mainte-
nance of AGV systems have attracted considerable at-
tention from academic and industrial communities"’.
The motor driver is a crucial control component of
AGV, with the insulated gate bipolar transistor ( IG-
BT) module inside generating significant heat due to
constraints in heat dissipation space and packaging
structure. This phenomenon is particularly severe in
heavy-duty AGV operating in port environments™*'.
Therefore, studying methods to avoid IGBT module
overheating and failure is crucial.

Extensive research has been conducted on the de-
sign of IGBT module packaging, heat dissipation struc-
197 Huo

et al. """ designed a battery thermal management sys-

tures, and heat dissipation enhancement

tem based on microchannels and studied the influence

of factors such as channel quantity, flow direction, in-
let mass flow rate, and environmental temperature on
temperature rise and distribution during battery dis-
charge. Xu et al. '"*! studied the pressure distribution of
cooling medium and the temperature distribution of
chip and heat sink under different conditions based on
the double-sided forced liquid-cooled packaging struc-
ture of high-power IGBT module. Xiahou et al. "**' opti-
mized the structure of traditional gravity heat pipes and
designed a new array cold-end flat plate heat pipe.
Based on the correlation analysis and Kriging method ,

1. ') constructed the response surface model.

Song et a
And based on the archive based micro genetic algo-
rithm (AMGA) , the multi-objective optimization of the
internal channel structure of the water-cooled heat sink

) introduced a

was cared out. Lampio and Karvinen
method for calculating the temperature field and heat
transfer of forced or natural convection-cooled heat sinks,
which was suitable for multi-objective optimization.
Despite the extensive research that has been con-
ducted, there is still a lack of study on liquid cooling

of high-power IGBT modules. In addition, the structur-
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al parameter optimization research based on heat trans-
fer characteristics is insufficient, and there is a lack of
research on multi-parameter combination optimization
of interactive variables. Therefore, this paper focuses
on the heavy-duty AGV motor driver in port environ-
ments, and proposes a liquid cooling scheme, analyzes
and optimizes the heat dissipation core component—
finned heat sink—based on heat transfer characteris-
tics. By doing so, the heat dissipation effect has in-
creased by 14.57% , meeting the requirement for max-

imum junction temperature.

1 Design and simulation analysis of liquid
cooling scheme

1.1 Design of the liquid cooling scheme

The AGV motor driver studied in this paper has
the following operating conditions; (1) workspace di-
mensions are 760 mm X 420 mm x 300 mm; (2)IG-
BT module’s working power: 1.2 kW; (3) maximum
allowable temperature is 80 °C; (4) working environ-
ment temperature range is — 30 =50 °C; (5) the e-
quipment requires a sealed design.

The prevailing cooling methods for IGBTs in the
market are air cooling, liquid cooling, and phase-
change material cooling. Air cooling utilizes convection
heat transfer between the heat sink and the surrounding
air, offering ease of implementation but limited heat
dissipation efficiency. Liquid cooling employs a specific
coolant as the heat transfer medium, providing notable
advantages in heat dissipation effectiveness and temper-
ature uniformity. Phase-change material cooling utilizes
the heat absorption during phase transition to lower the
temperature. However, phase-change materials lack in-
herent heat dissipation capacity and rely solely on their
ability to absorb and store heat during phase transition
for heat dissipation. In practical engineering applica-
tions, air cooling and liquid cooling are the most com-
mon methods. Considering the motor driver’s operation
in a high-temperature and humid port environment,
and the need for sealed electronic devices, liquid cool-
ing is better suited for efficient heat dissipation.

The ambient temperature is set to 45 °C to ensure
the reliability of the scheme, and is the maximum junc-
tion temperature calculated by derating at 0.85T ..
Therefore, the maximum allowable junction tempera-
ture for the IGBT module is 68 °C. The liquid cooling
scheme for the motor driver is designed, and the over-

all layout structure is shown in Fig. 1. Throughout the

cooling process, the finned heat sink is the core com-

ponent.

Circulating pump controller Runner IGBT Coolant outlet

pump
Finned heat /
sink

AGYV motor driver
Fig.1 Schematic diagram of the liquid cooling scheme of

the motor driver

The finned heat sink consists of a substrate and
fins. This paper uses rectangular fins and series flow
channel structure of the substrate, which balances ma-
intenance convenience, processing costs, and heat dis-
sipation characteristics. The structure of the finned heat
sink is shown in Fig. 2, and the initial model parame-
ters are listed in Table 1.

Copper pipe iy
/f i/l
Substrate /

Rectanguldiy/

Fig.2 Finned heat sink structure

Table 1  Finned heat sink model parameters
Structural parameters Size
Fin height/mm 45
Fin thickness/mm 2
Substrate thickness/mm 15
Number of fins/mm 80
Finned heat sink length/mm 740
Finned heat sink width/mm 350

1.2 Simulation analysis of the liquid cooling
scheme
The simulation analysis is shown in Fig. 3, the
current cooling system design fails to meet the IGBT
module’s cooling requirements as it exceeds the maxi-
mum temperature limit of 68 °C in steady-state. There-
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fore, optimization is necessary to improve the cooling
system’s effectiveness. From the direction of structure
the heat dissipation effect of the finned
heat sink can be enhanced.

optimization ,

(b) Temperature field distribution of coolant
Fig.3 Temperature field distribution

1.3 Influence of structural parameters of the finned
heat sink on the junction temperature of the
IGBT module

To optimize the structure of the finned heat sink,
it is necessary to investigate the impact of structural pa-
rameters on its thermal performance. Therefore, a para-
metric model is established in Fluent by using the con-
trol variable method, with structural parameters as var-
iables. Simulation results from each parameter model
are used to establish the relationship between the maxi-
mum temperature of the IGBT module and the various
parameters, as shown in Fig. 4.

To balance the heat dissipation effect and material
cost of the fin, this paper sets the range of the number
of fins (N)as 77 <N<38]1, the range of the fin thick-
ness (6)as 2.5<6 <4.0, and the range of the fin
height (h)as 40<h<55. For the sake of convenience,
the thickness of the substrate is selected as 24 mm,
which lays the foundation for subsequent structural op-
timization.
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Fig.4 Relationship between the structural parameters and
maximum temperature of the IGBT module

2 Numerical analysis of the finned heat
sinks

2.1 Analysis of heat transfer model for rectangu-
lar fins
Analyzing the heat transfer model of finned heat
sinks from the perspective of heat transfer theory can
establish a foundation for subsequent optimization
work. It is assumed that L, W, and H are the length,
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width, and height of the finned heat sink, respective-
ly; and N, p, 8, h, and b are the number of fins and
the spacing between fins, fin thickness, fin height,
substrate thickness, respectively. Taking a single fin as
the analysis object, its structural parameters on the
heat transfer wall are shown in Fig.5 (a). Suppose the
heat transfer of the fin is steady-state heat transfer; the
temperature of the fin root is #,, the temperature of the
surrounding fluid is ¢, , and the cross-sectional area of
the fin is A,. Fig.5(b)is a cross-sectional view of the
single-fin heat transfer model, taking a micro-element
segment dx as the research object and treating it as a
steady-state heat transfer system, and setting the heat
energy transferred into and out of the micro-element
segment per unit time as @_, @, , the heat energy of
the convective heat exchange between the outer surface
of the micro-element section and the air is @,, and the

volume of the micro-element section is A, dx.

\ dt/dx

(b) Sectional view of heat transfer model

Fig.5 Schematic diagram of the single fin

According to the law of conservation of energy :
o =@ + @, (1)

x x+dx
According to the heat conduction equation, it can

be known :
ds
¢X == kAlAc a (2)
do, d’t
¢x+dx = ¢x + dx = ¢x - kAlAc @dx (3)

where £, is the ther malconductivity of the fin.

From the convection heat transfer formula, it can
be known that:

D, = kUdx (4 — 1) (4)

where k, is the convective heat trassfer coefficciest of

the fin surface, U is the perimmeter of the fin.
Substituting Eqs (3) and (4 ) into Eq. (1), the

differential equation for heat transfer with fins can be

derived :
dzt k/U _
& ka0 =0 )

The temperature distribution function of the rec-
tangular fin along the height direction is obtained by
cosh[m(p - x)]

b=t cosh (mh) (6)

k X x —x
where, m = /ﬁ:ccosh(x) = %. Substituting

Eq. (6)into Fourier’s law can deduce the heat transfer

of rectangular fins .

kU

D = + 6, + tanh (p) (7)

where 6, =1, —t,.

In actual engineering, the heat taken away by the
factor of fin thickness is negligible. If thicker fins are
used, h, =h +8/2 can be used to approximate the fin
height. The fin efficiency for rectangular fins can be
written as

kU

m

- 6, - tanh Gnh) ~ tanh (mp) (8)

k,Uh®, - mh
From Eq. (8), the efficiency of rectangular fins is

Ny =

a function of (mh ). Assuming that the fin thickness &
is much smaller than the fin length W, taking the fin of
unit length, the perimeter U of the cross-section of the
fin is 2, mh can be simplified as

k.U 2k, 2k 3
mh = |[—L— h= [—L.h= |—L.p7 (9)
kAlAc kAl8 kAlAL

where ,A; =06h, which represents the cross-sectional ar-

ea of the rectangular fin.

The thermal analysis presented above focuses on
individual fins and only considers the heat transfer be-
tween the outer surface of a single fin and the sur-
rounding air. However, in reality, fins of the finned
heat sink are used in groups. Therefore, convective
heat transfer consists of two main parts: one is the heat
transfer between the outer surface of each fin and the
surrounding air, and the other is the heat transfer be-
tween the outer surface of the substrate not blocked by
the fin root and the air. The temperature of the outside
air is t,, the convective heat transfer coefficient be-
tween the air and the entire outer surface is &/, the sur-

face area of the fins is A and the outer surface area

fin »
of the substrate between the roots of adjacent fins is

A

so the total heat transfer area of the finned heat

base »
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sink is Ay = A4;, + A,..-
of the root of the fin and the substrate are both ¢,. The

The outer surface temperature

total heat transfer from convection between air and fins
can be calculated using the fin thermal conductivity
formula and fin efficiency formula.

(I) :AJasek (t -1 )+A'in7"k‘(t —t)
I 1 bo 1 fin Tl p N L . (10)
= Aok, ey — 1)
A+ A m,
where, 7, :M

A+ A

Based on the analysis above, it can be concluded

base fin
that the heat dissipation efficiency of fins is a function
of mh and depends on the material’s thermal conductiv-
ity, convective heat transfer coefficient between the fin
and the surrounding air, and the fin’s geometry. To en-
hance the heat dissipation effect, one can employ
methods such as selecting materials with high thermal
conductivity, installing forced air-cooling devices, or
choosing an appropriate fin structure. Moreover, from
the multi-finned surface heat transfer model analysis,
researchers found that the influence of the number of
fins on the total heat transfer mainly depended on two
factors; the contact area between all fins and the base,
and the spacing between fins. Adjusting the number of
fins can enhance heat dissipation, but there is an inev-
itable constraint between the number of fins and their
spacing. Therefore, how to balance the optimal data to
ensure the best heat dissipation effect is a problem that
needs to be addressed.

2.2 Heat transfer characteristics of the fin

By using Matlab to solve the heat transfer differen-
tial equations of fins the heat transfer process of fins
can be simulated and analyzed, and then the heat
transfer characteristics of fins can be obtained. Assume
that the thickness 6 of the rectangular fin is much smal-
ler than the length W, the fin of unit length is taken
along the height direction, the perimeter U of the
cross-section of fin is 2, and the cross-sectional area A,
is 6. According to the heat transfer differential equation
(Eq. (5)),it can be got:

2

(‘Li-ﬁ:iif'(z—zl) (11)

According to the boundary conditions, Eq. (11)
can be transformed into a first-order ordinary differenti-
al equation ;

Y=
2k Cy, —
y', = Y1 l]) 1 (12)
k0 x
yi () = to,y,(%,) = 0,0, <x < x,

Based on the simulation results presented earlier,

the Runge-Kutta method in the Matlab solver can solve
Eq. (12) "%, The relationship curve between heat dis-
sipation @ (W) , fin thickness 8, and fin height A is
shown in Fig. 6.

D,

o & 3
P T

25 T T T T T T T

h/mm

Fig.6 Relationship between heat dissipation and thickness
of fins and fin height

From Fig. 6, it can be seen that the height of the
fin has a more significant impact on heat dissipation.
The mathematical heat transfer model of the fin indi-
cates that several factors, such as surface heat transfer
coefficient, fin height, and fin thickness, affect its
heat dissipation performance. Additionally, Section 1
reveals the significance of factors such as the number of
fins and substrate thickness in optimizing the design.
However, there may exist nonlinear constraints between
these factors. Therefore, orthogonal experimental design
can be used to analyze and screen out important fac-

tors, and response surface methodology can be used for
1723

optimization®

3 Structural parameter optimization of the
finned heat sink

3.1 Orthogonal test design

An orthogonal test design with seven factors and
two levels is conducted to compare the influence of dif-
ferent factors on heat dissipation performance, as
shown in Table 2. Based on the eight parameter combi-
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nations designed according to the orthogonal test princi-
ple, the maximum temperature of the IGBT module is
calculated using Fluent, and the specific results are

shown in Table 3 and Fig. 7.

Table 2 Orthogonal test factor level table

Factor Level 1 Level 2
A Cooling medium flow rate/m s 1.2 1.8
B: Fin height/mm 42 50

C: Number of fins 76 82

D Fin thickness/mm 2.6 3.8
E. Substrate thickness/mm 18 24

F: Heat sink material/(W - m™' - K™') 218 385

G: Ambient temperature/C 30 40

Table 3 Seven-factor two-level orthogonal test scheme

A B ¢ D E F ¢ T,/C
1 2 2 2 2 2 2 2 7158
2 1 2 1 1 2 1 2 87.94
32 2 1 2 1 1 1 71.78
4 2 1 2 1 2 1 1 72.14
5 2 1 1 1 1 2 2 8715
6 1 1 2 2 1 1 2 8.57
71 1 1 2 2 2 1 84.03
8 1 2 2 1 1 2 1  77.9

G
A
C
£ A:Flow rate
s B B:Fin height
& C:Number of fins
F D:Fin thickness
E:Substrate thickness
D F:Heat sink material
. G:Ambient temperature
1 1 1 1
0 1 2 3 4 5 6 7 8 9

Effect

Fig.7 Degree of influence of various factors

Through orthogonal test design, it can be known
that flow rate and ambient temperature are the most sig-
nificant factors affecting the heat dissipation character-
istics of the finned heat sink, followed by the number
of fins, fin height, heat sink material, and fin thick-
ness, while the effect of substrate thickness is mini-
mal. Based on the analysis above, the substrate thick-
ness is chosen to be 24 mm. Since the environmental
temperature and coolant flow rate cannot be changed
through structural design, this paper limits the factors
for optimization design to the number of fins N, fin
height i, and fin thickness 6. Based on the analysis in
Section 1, the constraint range of these three factors is

established as follows:
7T7<N<81
2.5 mm<6<4.0 mm
40 mm<<h <55 mm

3.2 Response surface methodology design

Response surface methodology design based on
limited factors and intervals can reduce the workload.
In this paper, the design variables are set as the num-
ber of fins N, fin height &, and fin thickness &, while
the maximum temperature T, of the IGBT module is
the response variable. A response surface model is es-
tablished, and level of each design variable is encoded
with ( =1, 1). Table 4 lists each design variable’s en-
coded values and their corresponding levels.

Table 4 Coding and level of each design variable

Factor Variable -1 1
Number of fins N 77 81
Fin height h 40 mm 55 mm
Fin thickness 1 2.5 mm 4.0 mm

This paper uses box-behnken design ( BBD ) meth-
od for the response surface optimization design, since
the response surface model adopts three factors and two
levels of experimental design. Based on the value ran-
ges of each design variable, researchers created an ex-
perimental design plan and simulated each group of
schemes. The final simulation results are shown in Ta-

ble 5.

Table 5 Test scheme and simulation results

Program Fir.l Number of Fin thick- Maximum
height/mm fins ness/mm  temperature/C
1 40.00 80 2.94 73.60
2 42.50 76 2.81 72.00
3 45.00 82 2.75 68.30
4 46.88 78 2.63 68.70
5 48.43 80 3.52 67.58
6 48.75 76 3.31 72.00
7 49.38 82 4.00 69.74
8 50.00 76 2.50 74.00
9 51.25 78 3.25 67.39
10 51.88 82 2.69 65.80
11 52.50 80 2.56 66.20
12 53.13 76 3.88 69.00
13 53.75 82 3.44 67.89
14 53.38 80 3.94 67.34
15 55.00 76 3.00 71.80

Researchers performed a multivariate nonlinear re-
gression analysis on the design variables, including the
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number of fins N, fin height &, and fin thickness &,

according to the principle of response surface methodol-

ogy. The response surface model for the relationship be-

tween the design variables and the maximum tempera-

ture T is obtained. The model is as follows.

T .. = 3068.59662 — 1.41329h - 69. 85930N -
100. 717396 - 0. 063771AN — 0. 01524506 +
1. 00558N5 + 0. 06484h° + 0. 43478N° +
3.255448° (13)

Rewrite Eq. (13) into the standard response sur-
face polynomial form
T .. =3068.59662 — 1.41329x, — 69. 8593x, —

100. 71739, — 0. 063771x,x, — 0. 015245x, %, +

1. 00558x,x, + 0.06484x7 + 0. 43478x; +

3. 25544x; (14)
where , x, is the height of fins (h), x, is the number of
fins (N), x; is the thickness of fins (8).

The response surface figures for each design varia-
ble are plotted based on Eq. (14), as shown in
Figs 8, 9 and 10. These figures intuitively depict the
impact of interaction effects among the design variables

on the response surface function values.

b
'S
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Fin height /mm
w
=

g
®
(=]

40.00 42.50 45.00 47.50 50.00 52.50 55.00
Fin thickness /mm

Fig.8 Response surface and isotherm plot under the interaction
of the height and thickness of fins

Maximum temperature /°C

Fin height /mm
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Fig.9 Response surface and isotherm plot under the interaction
of the height and number of fins
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Fig.10 Response surface and isotherm plot under the

interaction of the number and thickness of fins
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The optimized design scheme obtained through the
response surface function is presented in Table 6. It can
ensure that the maximum temperature of the IGBT module
reaches 65.75 °C when it reaches steady-state, which is
11.23 °C lower than the initial design scheme and meets
the design requirement of not exceeding 68.00 °C.

Table 6  Comparison of optimization results

P Fin Fin thick- Number Maximum
rogram height/mm ness/mm of fins  temperature/C

Belore 45.00  2.00 80 76.98

optimization

Optimized 48.13 3.38 81 65.75

4 Experimental verification

Based on the above liquid cooling scheme and its
optimized results, researchers constructed a set of pro-
totypes and conducted heat dissipation tests on a motor
drag test bench. The test bench consisted of four parts:
the dragging system, control system, detection system,
and cooling system, as shown in Fig. 11. The testing
and on-site debugging are illustrated in Fig. 12.

Computer

Motor driver >8] Motor driver

Power supply

Torque meter .
Accompanying test motor

Test motor

Fig.11 Composition of the motor drag test bench

Motor load test and commissioning diagram on site

The experiment involves the following specific
steps.

(1) Start the air conditioner before the experiment
and set the ambient temperature to 45 “C to simulate
the temperature of the outdoor port. Start the experi-
ment once the temperature stabilizes.

(2) Start the upper computer to collect and record
temperature changes.

(3) Start the motor and run it for a period of time
under preset load conditions to eliminate other extrane-
ous factors. Then, run the AGV motor driver continu-
ously at 35% , 70% , 85% , and 100% load rates.
Collect relevant test data when the load rate reaches

100% . The 1GBT junction temperature curve is shown
in Fig. 13.

Tl 1.4
72 F 11.2
70

11.0

8 68 -

J“gd 661 1 0.85

Y e S B~

g o4 10.6 2

g62f &

S 10.4
50 Temperature /°C '
581 - - -~ Power /kW 10.2
56 +

1 L 1 L 8.0
200 400 600 800 100
Time/s
Fig.13 IGBT junction temperature and power curve

Fig. 13 indicates that the IGBT junction tempera-
ture can reach the expected temperature value, and the
temperature fluctuation is slight, which confirms the ef-
fectiveness of the proposed liquid cooling scheme and
its optimization results.

5 Conclusion

This paper proposes a liquid cooling scheme for
the heavy-duty AGV motor driver in port environment,
and improves the heat dissipation effect by analyzing
and optimizing the core heat dissipation compo-

nent the finned heat sink. The main work and con-
clusions are as follows.

(1) The temperature distribution of the initial
scheme is studied using Fluent software, exploring the
influence of the structural parameters of the finned heat
sink on the junction temperature of the IGBT module,
and obtaining the range of structural parameter values
with the best heat dissipation effect.

(2) A mathematical heat transfer model of the fin
is established, and the influence of structural parame-
ters on heat transfer characteristics is studied through
numerical analysis.
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(3) An orthogonal test is used to analyze the pri-
mary and secondary factors affecting the finned heat
sink’s heat transfer characteristics. The response surface
method is used to solve the multi-parameter combina-
tion optimization problem, resulting in a 14.57% en-
hancement of the heat dissipation effect. Finally, the
validity of this paper’s research is verified through ex-
periments.

This paper provides valuable insights and guid-
ance for the heat dissipation problems of high-power
IGBT modules and heat sinks.
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