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Abstract

We present in this paper a study on the thermal behavior of a square micro coil that will be
integrated in a DC-DC micro converter. The first, we calculate the value of inductance. The second, we
descript our micro coil; dimensioning, electrical model, and formula of loss. A buck micro converter
schematic simulation coupled with ideal and integrated micro coil was presented. This conceptual model of
the buck is best understood in terms of the relation between current and voltage of the inductor. Finely, we
determinate a mathematical expression giving the evolution of temperatures in an integrated micro coil
using the separation of variables method and a visualization of the thermal behavior is determined in 2D
and 3D space dimension using the finite element method.
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1. Introduction

In Power electronics, modeling of passive components constitute a particularly
important issue. Indeed, the magnetic components, inductors and transformers are mainly used
to transmit or store energy. The passive elements volume reduction leads to a mounted in
operating frequency, but this increase in frequency causes an increase in losses. If the behavior
of some components is relatively insensitive to temperature changes, it is not the same thing for
magnetic components whose characteristics depend strongly on the temperature. The losses
freed in the form of heat are become a major concern due to the reduction of trade with the
outside surfaces and increasing the density of losses. Under these conditions, the inclusion of
temperature and its influence on the magnetic and electrical characteristics of the component is
essential. In this regard, several studies were conducted, first by the development of a compact
model for the determination of the integrated component temperature [1], the study of the
thermal model of integrated passive component based on the method node [2], the study of the
thermal behavior in a bilayer materials by the method of separation of variables [3], the study of
the thermal model of an integrated circuit by the method of Green [4] and finally the
determination of the operating temperature of the integrated by a thermal analytical model
passive component (Cauer model) [5]. The purpose of this work is the design and
manufacturing of a micro coil for a micro converter. In operation, this reel is the seat of heat loss
that we must quantified to ensure proper operation. Beyond a certain temperature, this micro
coil may deteriorate and affect the operation of micro inverter. This led us to tackle the problem
of thermal modeling of a square spiral coil micro plane. We have implemented the literature
processes for the design of our micro coil and calculation of losses that are different from the
heat. We have also developed mathematical models that allowed us to determine the thermal
behavior of our component. The Solving of mathematical equations by the method of separation
of variables [5] and the finite element method has allowed us to see the evolution of the
temperature in the different parts that make up the micro coil in 2D and 3D.

2. Presentation of the Micro Converter
We have chosen a Buck micro converter continuous-continuous step-down (Figure 1)
[6-9]. The micro coil to integrate will thus be dimensioned for this type of application. Input
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voltage, V;, =3Volt. Output voltage, V,, =1.5Volt . Maximum current I, .. =0.65A. Output
power, P, =0.6W . Frequency of operation, f =1MHz.
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Figure 1. Buck converter

The average output current 1, is calculated by formula (1):

P
loue = VOUt (1)

out

lout =04A, 1o =L - 1., 1.=0, I, =1_. The peak amplitude of the current through the
micro coil is calculated by formula (2):

AILZILma\x_ILmin (2)

The average current | is expressed as follows (3):

|L:|Lmax+||_min (3)
2
Where,
Fomin =2lout = Nimax s Vimin =0.016A, Al =0.96A and a =V, /Vin =0.5.

The current which flows through the micro coil increases according to relation (4):

Al =———F 4
L X (4)
We can calculate the value of the inductance L [9] according to relation (5):
Lo a.l-a)V;, (5)
Al f
The maximum energy stored in the micro coil is given by relation (6):
1.2
W=Z L (6)
The volumetric energy density of the ferrite is given by the equation (7):
B 2
W — max 7
vmax Zluo,ur ( )

Bmax - The maximum magnetic induction supported by the ferrite

u, - The relative permeability
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Mo : The magnetic permeability of the free space

The volume of the ferrite is given by relation (8):

Vol = w

vV max

The ferrite’s thickness is ts,,=97um, thus the volume will be 2100x 2100<97,Lm3.

3. Dimensioning of Integrated Inductor

The geometry parameters characterizing the integrated micro coil (Figure 2) are the
number of turns n, the width of the conductor w, thickness of the conductor t, the spacing
between conductor s, length of the conductor I, the outer diameter d,,; and input diameter d;,.

Figure 2. Geometry of integrated square spiral inductor

We find in the literature several formulas which allow us to calculate the number of turns n
according to the value of inductance L, we chose the Weeler’s [10-11] formula (9).

2
n da\,g

Low = Kyttg (9)

1+kyp

Where, we define the average diameter asd,, =(dy, +di,)/2 [12]. Aj,the factor's form

defined as A, =d,, —d;, /d,, +d;,. The coefficients ki and k, are defined for each geometry.

For a square micro coil spiral, k1=2.34 and k,=2.75.
The spacing between conductors is expressed as follows (10):

S:dout+din—2wn (10)
2(n-1)

The length of the trace is expressed as follows (11)
I =4n[d,,; —(n-1)s—nw]-s (11)

The skin thickness is defined as (12)

- /L
5= poy (12)

Where p represent the resistivity of the conductor, peopper = 1.7 1078 Q.m and p its magnetic
permeability.So that the current flows in the entire conductor, it is necessary that one of the
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following conditions is filled, w< 25 ort<29,5 =65.65um. Table 1 contains the specifications
and the design results of the square spiral integrated micro coil.

Table 1. Design results of the spiral inductor

Parameter Value
Inductance, L (uH) 1.15
Output diameter, doy (Mm) 2
Input diameter, di, (mm) 0.4
Number of turns, n 2
Thickness of the conductor, t (um) 40
Width of the conductor, w (um) 120
Spacing between conductor, s (um) 280
Length of the conductor, | (m) 0.0116

4. Electrical Model
The equivalent electrical model of the integrated micro coil [13-18] is shown in Figure 3.

Reub Csub Rzub Csub

Figure 3. Equivalent electrical model

The series resistance R, can be approximated as (13):

|

13
o (13)
The parasitic capacitive can be modeled as Cs(14):
&l
C, =tl - (14)

Where, g, is the permittivity of free space, &, =8.854187102Mm™,

The substrate capacitance Cgy, and resistance Ry, are approximately proportional to
the area occupied by the integrated micro coil and can be expressed as (15), (16).

Iw
Caub :%gogr t_ (15)
sub
R 2 Ly 16
sub = £Psub Iw ( )

Cox Oxide capacitance SiO, can be expressed as (17):

c. - |W[mj (17)

0x
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Where ¢, py, represent respectively the relative permittivity and the resistivity of substrate and

t,, the oxide thickness. In our case, &, =10, Py =4510°Omand t,, =10um . The geometry of
a square spiral integrated micro coil on substrate [19-20] is shown in Figure 4.

(a) (b)

Figure 4. Geometry of integrated square spiral inductor on substrate, (a) 3D view, (a) 2D view

The efficiency of integrated micro coil is calculated [21-22] according by relation (18):

. §to_cked energle_ (18)
dissipated energie

Table 2 presents electrical parameters of the integrated micro coil.

Table 2. Electricals parameters of the integrated square spiral inductor
Electricals parameters  Values

Rs (Q) 0.04
Rsub () 0.006
Cs (pF) 0.014
Cox (PF) 4.79
Csub (PF) 0.76
Q 98.57

5. Loss Determination
The loss in the conductor [23-26] can be expressed as (19):

P. =R.I1Z +Ryc.Alf (19)

Where, R, is the resistance at alternative current (20).

A (20)

Rre = S0 e )

6. Simulation of the of the Micro Converter

In this simulation, the circuit of Figure 5 contains an ideal micro coil and the Figure 6
shows the waveform of the output voltage and current of the Buck micro converter. When the
switch is closed, the voltage across the inductor is V =Viy-Vou. The current through the inductor
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rises linearly. As the diode is reverse-biased by the voltage source, no current flows through it.
When the switch is opened, the diode is forward biased. The voltage across the inductor is
V| = -Vou. The Current through inductor decreases.

EEEeEEE
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Figure 5. Schematic of buck micro converter Figure 6. Waveforms of voltage and current of
coupled with ideal micro coil buck micro converter coupled with ideal
micro coil

Figure 7 shows the schematic of micro converter simulated coupled with integrated
micro coil. The simulated results are indicated in Figure 8. We observe the same result with
ideal and reel inductor.
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Figure 7. Schematic of buck micro converter  Figure 8. Waveforms of voltage and current of
coupled with integrated micro coil buck micro converter coupled with integrated
micro coil

The results we obtained (Figure 6, Figure 8) were compared with those from the literature [27].
We notice the same evolutions therefore quite acceptable and in very good agreement.

Thermal Behavior of an Integrated Square Spiral Micro Coil (Y. Benhadda)



256 = ISSN: 2302-4046

7. Thermal Modeling of Integrated Inductor

In this section we will predict the evolution of the temperature in an integrated square
spiral micro coil using:

a) Mathematical model based of the separation of variables method [28-30].

b) Visualization of the thermal behavior based of the finite element method [31-34].

We present an integrated micro coil in the air, with thickness L and heat source q
(Figure 9). We consider also an integrated square spiral micro coil on substrate. k; , k,and k4

be the thermal conductivities for the first layer in0<y <L,, second in L, <y<L, and third in
L, <y<L,.q is the heat source. Initially, the three layers are at temperature T, . The boundary

surface at y=0 is kept at temperature T, and the boundary aty =L, +L, +Ls, dissipate heat by
convection with h constant (Figure 10).

Conductor

PP AN
L I B

]: Substrate

Figure 9. Transversal cup of an integrated Figure 10. Transversal cup of an integrated
micro coil in the air micro coil on substrate

e

Our component consists of four domains. The domain of air surrounding our square
spiral micro coil. The copper is the conductor material, the substrate is in NiFe, and the
dielectric is in oxide SiO,. The thermal characteristics of materials are shown in Table 3.

Table 3. Thermals Characteristics of the Materials

Element Materiel Characteristics

Conductor Copper (Cu) Thermal conductivity: k= 400W/m.K
Heat capacity: C, =385J/K.kg
Density: rno =8700kg/m°

Substrate Ferrite (NiFe) Thermal conductivity: k=30 W/m.K
Heat capacity: C, =700J/K.kg
Density: rno =4000kg/m®

Oxide Silicon dioxide (SiO,) Thermal conductivity: k=1.4 W/m.K
Heat capacity: C, =350J/K.kg
Density: rno =2000kg/m®

Dielectric Air Thermal conductivity: k=0.03 W/m.K
Heat capacity: C, =1000J/K.kg
Density: o =1.2kg/m®

7.1. Mathematical Model

The mathematical formulation of an integrated square spiral micro coil in the air is given
as (21):

o1 1 10T
+=q=——

L - 21
ayz k a ot 1)

For solve this equation, we can determinate the solution analytical for homogeneous
problemT, (y,t), and the solution of steady-state problemT,(y). The solution for the original

problem (21) is determined from:
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T, 1) =Th(y, ) +Ts(y) (22)

To solve the homogeneous problem, we use the separation of variable of equationT, (y,t) into
a space and time.

T, (y, ) =T ®)Y(y) (23)
The functionY(y) become (24):

2
9™ g2y (y) =0 (24)
dy

The solution for I'(t) is given as (25):
() =e " (25)

The solution for T, (y,t) is given as (26):

Ta (v, = cne Y (B, y) (26)

n=1

For t=0, equation (26) becomes (27):

To =Y o0 ¥ . 7 @7)
With,

© NGy oY Y VToY (28)

N(Bw) = [ Y2 29)

The analytical solution 1D for equation (21) is given as (30):

2
e'ﬁn t

T =3 Y B Y By )Tty (30)

1 2
With,Y ,¥) =sin , =—andsin =0. =mr/a,m=1.23, ...
(Bm+Y) PnY NG L PnY P =mz/

T,(y) is the solution of the steady-state.

The mathematical formulation of an integrated square spiral micro coil on substrate is
given as (31), for i=1, 2, 3.

0T g _10n
ayz ki ai 8t

(31)
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For solve this equation, we can determinate the solution analytical for homogeneous
problem @(y,t), and the solution of steady-state problemT,; (y). We use the Green's function of
heat conduction problems with heat source. The solution is determined from (32).

Ti(y, ) =G (y, ) +Ti(y) (32)

The temperature boundary conditions are determined from (33).

61 =0,at:y=0

Rt B |+l

11 “haT g & | atinterface,i =12 (33)
‘9i - ‘9i+l

/13%+h93,at:y=Ll+L2+L3

h represent the convective heat transfer coefficient. The initial condition is (34).
i (y,t) =To (34)

Where 6; (y, t) , is the temperature of the layer i.
For obtain the analytic solution of each layer, we use the solution by separation of variables (35)

Gy, =1 (0¥ (y) (35)

We determinate ¢, (y,t) with equation (36).

(y.1t) Ze AU AL smx/_y+BIn cos\/_ (36)
The temperature distribution (36) must satisfy the initial condition (37).
To=D Co¥inl(y) (37)
i

By applying the operator:ﬁ. Y ¥, to the both sides of equation (37), we find (38).
ai Yi

M Yi+ ﬂl Yi+1
Z T ) Tody = Zc [Za LP.r\P.ndy} (38)

Where, M is the number of layer (M=3).

M
Ai (Vin On=r
L), dy = 39
2, e dy {Nnn:r (39)

The N, and C, expressions are defined, respectively, as follows (40), (41).
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M /I yi+
=Z'—-J w2 dy (40)
[ERC e
1 M i+l
=2 A Tody (41)
n =1

Finally, the temperature expression is now (42).

ei<y,t)=zn}
i=1

- Zt M ﬂ,

\Pln Z_I J.ylﬂ \Pin -TO d y (42)

i JYi

We replace ¥, by its expression, we will have (43).

0,(y,t) = Z—e Bt (A, sin ’B”'y+B- cos ﬂ”'y)G (43)

in
2 Nn Vi Vi

The solution T, (y) is determined from (44).

Ts(Y)=6¢i (¥)To +¥i(¥)To (44)

The functions ¢, (y) and ¥;(y)are the solutions of the steady-state. The solution of the heat

equation with heat source is given by Green's function G;; (y, t|x' ,7) [35-41](45).

o (L, yleudy o] _Toayfor
Tn=>1

(45)
[y vy, o) ha gy
Yj U ' ' k]

7.2. Results

In this section, we present the temperature profile of our integrated micro coil. These
results relate the variation and temperature distribution in each layer, conductor, dielectric and
substrate. Figure 11 shows the temperature profile in an integrated micro coil on the air.

T T T T T T T
| | | | | | |
88— - T T T al T T T T
| | | | | | |
e e e e e
| | | | | | |
E e e e e e
o L
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£ % | | | | | | |
2
Eoggl L __L__ L+ __ 0]
2 | | | | | | |
a6l L _ L _ _ 1 __ 1 __________|
] | | | | | |
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24 | | | ! ! ! !
0 5 10 15 20 25 30 35 40

Figure 11. Temperature profile in an integrated inductor on the air

In Figure 12(a), (b) and (c), we observe the evolution of temperature in an integrated
micro coil on substrate in a conductor, dielectric and in a substrate, respectively. The
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temperature distribution increase in the copper and it decreases in the silicon oxide layers, and
the substrate. Our results were compared with those from the literature [5]. We notice the same
evolutions therefore quite acceptable and in very good agreement.

Tempetature (°C)
Tempetature (°C)

Tempetature (°C)

1
50 60 70 8 90 100 110 120 130 140 150
Y (um)

(c)

Figure 12. Evolution of temperature in an integrated micro coil on substrate in a, (a) conductor,
(b) dielectric and (c) substrate

7.3. Visualization of the Thermal Behavior

In this section, we present the temperature distribution in our integrated micro coil,
based on the finite element method [42].

Geometry of this study is created in 2D and 3D space dimension. This distribution is
obtained by solving the equation (46) of heat taking into account certain boundary conditions.

oT
pCy T -V(VT) =g (46)

Figure 13, (a) and (b) shows the geometry and mesh of micro coil in the air.

(a) (b)

Figure 13. Micro coil in the air, (a) geometry, (b) mesh
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Figure 14, (a) and (b) shows the geometry and mesh of micro coil on substrate.

(@) (b)

Figure 14. Micro coil on substrate, (a) geometry, (b) mesh

Figure 15 presents the temperature distribution of integrated micro coil in the air, (a) on
surface, (b) on contour. The maximum of the temperature is from 25°C.

Contour: Temperature (degC)
Surface: Temperature (degC)

425,008
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25.05 0 25.048
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25.04 -200 25.038
25.033
25.03 .
500 ] 400 25.028
25,023
. i 25.02 -600
800 25.018
1000 ] 25.01 -800 25.013
25,008
-1200 1 25 -1000 . . . . . 25,003
-500 o 500 1000 1500 2000 2500 ¥ 25 0 500 1000 1500 2000 ¥ 25.003

(a) (b)
Figure 15. Temperature distribution of integrated micro coil in the air, (a) on surface, (b) on

contour

Figure 16 shows the total heat flux distribution of integrated micro coil in the air, (a) on
surface, (b) on contour.

Surface; Total heat flux, ¥ component (W/m?) Contour: Total heat flux, x component (W/m2)
: : . T : : + + — A 78184
1200 [ ] 4 89.178 1200 1

1000 100,25
[ 1 80 1000 - 89.219

800 | 1 800 | 78.184

60 67.15

600 4 600 56.116
40 45.081

400 400 24.047
200 1 20 200 - 23.013
11.978

0 = = = = ] o oF R e i o 0.944
-10.09

-200
-200 20 21,125
400 400 | 32,159
00 43.193
-600 | ] 40 oo 54,228
800 b 65,262
800 50 76,295
-1000 | r

1000 | 87.331
-80 1200 1 98,365

1200 | . \ \ ) ) g 109.4

500 0 500 1000 1500 2000 2500 ¥ 93,67 500 0 500 1000 1500 2000 2500 ¥ 87,331

(@) (b)

Figure 16. Total heat flux distribution of integrated micro coil in the air, (a) on surface, (b) on
contour
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In Figure 17, we observe the temperature distribution of micro coil on substrate, (a) on
surface, (b) on contour. We note that the maximum of the temperature is from 37 °C.

Surface: Temperature (degC) Commour: Tempersture (dege
& 3621
A 36.52F .
1200 [m i
]
0
1000 36 - 35,087
300 w ST
bl 33330
600 34 o S
400 o — — — — b 32.7m
3z
200 32 0 b 31620
i == " L] e
0 — I )
b 304
200 0 o ] 20888
-400 L 207
600 LS
28 oo bl 27,504
800 800 - 27
-looo b= 25421
26 o
-1200 .
: L L L L L L " 2 @ 0 800 100 a ® 0 400
500 0 500 1000 1500 2000 2500 w25

- R (b)

Figure 17. Temperature distribution of integrated micro coil on substrate, (a) on surface, (b) on
contour

In Figure 18, we observe total heat flux distribution of micro coil on substrate, (a) on
surface, (b) on contour.

Surface: Total heat flux, x component (W/m?) W Contour: Total heat flux, x component (W/m?)
T T A21149x10° A 2,0154x10*
1200 x10% 1200 x10*
) = 2.0154
1000 1000 Pl 1.8035
w00 400 b= 15017
15 | 1.3709
500 500 k= 1.168
1 09562
400 400 0.7444
0s 05325
200 200 — — — - 0.3207
o F:'_'i—ﬁ o 0 il [TT™T i 0.1088
-0.103
200 200 0.3148
0.5 -0.5267
400 400 k= -0.7385
00 1 500 F={ -0.9504
= 11622
200 15 800 bl 1,374
bl 1.5859
1000 -1000 bt 1,777
2
1200 el 2.0095
-500 0 500 1000 1500 2000 2500 ¥ -2.1126x10° -500 0 500 1000 1500 2000 2500 ¥ -2.0095x10*

(a) (b)

Figure 18. Total heat flux distribution of integrated micro coil on substrate, (a) on surface, (b) on
contour

Figure 19. 3D mesh of micro coil on substrate
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Isosurface: Temperaturs (degC) Surface: Temperature (degC)

® -
A 36264 o v A 36,891
36.264 T
»
o
-
3
33.756
n
-
2
y
1 =
-l 31248 -3
L w 30,621
Surtace: Tamparsturs (dogc) = Shce: Temparaturs (degC)
. ™
asm as680
2
»
N
=
=
v
¥ 31.355

Contour Temperature (degc)

i
w
9
]

(e)

Figure 20. Temperature distribution in the micro coil on substrate, (a) on isosurface, (b) on the
upper surface, (c) on surface, (d) on scile, (€) on contour
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Figure 21. Total heat flux distribution in the micro coil on substrate
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In Figure 19, we observe 3D mesh of integrated micro coil on substrate.

In Figure 20, we observe the temperature distribution in the micro coil on substrate, (a)
on isosurface, (b) on the upper surface, (c) on surface, (d) on scile, (e) on contour. We see from
these figures that the temperature attained is from 37 °C. Our results were compared with those
from the literature [5]. We notice the same evolutions therefore quite acceptable and in very
good agreement.

In Figure 21, we observe the total heat flux distribution in the micro coil on substrate.

8. Conclusion

Thermal modeling of an integrated square spiral micro coil is a very important point in
microelectronic system. In this study, the temperature distribution in the different layers of
integrated micro coil can be determined as a function of position and time from the heat
conduction equation using two methods. The first is a mathematical model based of the
separation of variables. The second nomad element finite is presented for a good visualization
of thermal behavior in our component. Our geometry is created in 2D and 3D space dimension.
It is found that the temperature in micro coil increase considerably when we add substrate. It
has been demonstrated that the dependences of the heat source and loss, can be simulated the
thermal behavior.
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