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Abstrak

Desain dan pemodelan suatu trafo mikro untuk integrasinya pada sebuah konverter flyback
dihadirkan pada makalah ini. Parameter geometris trafo mikro ditentukan dari spesifikasi catu daya
switching-nya. Model elektris m-dari trafo mikro ini menekankan pada semua efek parasitik yang
dihasilkam oleh penumpukan berbagai bahan lapisan yang berbeda dan memungkinkan penghitungan
parameter teknologis dengan menggunakan parameter S. Sebuah penentuan dimensi parameter
geometris yang baik dapat mengurangi rugi-rugi daya pada trafo mikro secara efisien dan memungkinkan
tercapainya nilai tegangan keluaran konverter yang diinginkan. Simulasi efek elektromagnetik dengan
menggunakan perangkat lunak FEMLAB3.1 pada dua kasus juga dihadirkan. Pada kasus pertama, tanpa
inti ferromagnetik, dan yang kedua dengan inti ferromagnetik untuk memilih trafo mikro yang memiliki
kompatibilitas elektromagnetik yang lebih baik dengan komponen di sekitarnya. Untuk menvalidasi dimensi
geometris dan parameter teknogianya, dilakukan simulasi dengan perangkat lunak PSIM6.0 pada
rangkaian listrik yang setara dengan konverter yang memiliki rangkaian listrik dari trafo mikro yang
dihasilkan.

Kata kunci: konverter fly-back, integrasi, micro-transformer planar, parameter S

Abstract

This paper presents the design and modeling of a square micro-transformer for its integration in a
flyback converter. From the specifications of the switching power supply, we determined the geometric
parameters of this micro-transformer. The m-electrical model of this micro-transformer highlights all
parasitic effects generated by stacking of different material layers and permits to calculate the
technological parameters by using the S-parameters. A good dimensioning of the geometrical parameters
reduces efficiently the energy losses in the micro-transformer and permits to reach the desirable value of
the converter output voltage. We have also simulated the electromagnetic effects with the help of the
software FEMLAB3.1 in two cases. The first case, without ferromagnetic core, the second case with
ferromagnetic core, in order to choose the micro-transformer that has better electromagnetic compatibility
with the vicinity components. To validate dimensioning of the geometrical and technological parameters,
we have simulated with the help of the software PSIM6.0, the equivalent electrical circuit of the converter
containing the electrical circuit of the dimensioned planar micro-transformer.

Keywords: fly-back converter, integration, planar micro-transformer, S-parameters

1. Introduction

Since its appearance, power electronics has never ceased to evolve. Currently, this
discipline is present in the majority of electrical systems, ensuring control of energy supply and
the integrity of the components. Planar micro-transformers are widely used in monolithic
integrated circuits; so, new techniques must be developed to reduce the size of elements and
reach better efficiency. The monolithic and hybrid integration of power electronic devices pose
new research challenges in the coming years. The micro-transformer constitutes an important
component of the switching power supply such as the flyback that is the most commonly used
for low output power applications where the output voltage needs to be isolated from the input
main supply. The output power of flyback circuits may vary from few watts to less than 100
watts.
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2. Presentation Of Flyback Converter

The converter is the starting point of the design of the micro-transformer. We have
chosen a flyback converter (figure 1) because it is composed of a transformer and few passive
components. The principle of operation of the flyback is based on the energy transfer from
primary to secondary through a transformer [1]-[3]. The specifications shown as Table 1 and
Table 2.

Table 1. Main Specification

Parameters Values
Input Voltage [Vin] (V) 12
Output voltage [Vou] (V) 5
Output power [Poy] (W) 5
Duty cycle [a] 0.5
Operation Frequency (MHz) 100

Table 2. Material Specifications
Elements Material Characteristics
magnetic Ferrite (NiZn) Maximal induction of saturation: Bnax= 0.3T
Relative permeability: y,= 1400
Relative permittivity: =12
Resistivity: pnize= 10°Q.m

Conductor Copper (Cu) Resistivity: pc,= 1.7 .10°°Q.m
Oxide Silicon dioxide (SiO,) Relative permittivity: €= 3.9
Substrate Silicon (Si) Resistivity: psi= 18.5 Q.m

3. Dimensioning of the Micro-Transformer

By taking into account selected electrical and magnetic characteristics, we evaluate the
volume of the magnetic core. This enables us to define the section on which we will put the
electrical circuit of the micro-transformer; then we will evaluate the dimensions of this circuit in
order to meet the specifications of the converter in terms of magnetic storage of energy and
losses in materials.

3.1.Dimensioning of the magnetic circuit
Turn ratio

a  Vour
= = 0.417 1
mn a—1 Vin ( )

The primary inductance L, is calculated for a maximum current undulation a = 0.5:

V2 a?
L,= —n- (2)
Z-f- Pout
The secondary inductance L is derived from the relation (2):
Ly =m?xL, 3)
The total magnetic energy stored is therefore:
1, _1 5 -9 4
w= ELpli” = ELSlout =3.125107% 4)
Maximum volume density of energy:
_ Br%lax _ 3
Womax = =25.59]/m (5)

2. Unizn
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Volume of the core:

V=

=1.2210710m3 (6)

vmax

So, 0.122mm? of NizZn is necessary to store 3.125nJ. We have chosen the square form (figure
2) for the windings with outer diameter equal to 1500 ym and inner diameter equal to
750 um.

Core thickness:

vV
€Nizn = dz_t (7)

3.2.Calculation of the geometrical parameters

The planar square windings are geometrically described by five parameters to each
winding (Figure 2) which are: turn’s number n, width w, the thickness t, spacing between
windings s and total length |;.

np ns Vd |
I} : [~ W A
L L + 4 I i
§
Vlg Tvz ¢ =R I\J’out
in(*
Vm(_) ° < . ,
i2 [
d:'n 4 .
KVT e
t
¥
Figure 1. Schematic diagram of flyback Figure 2. Geometry of square spiral windings
converter [4]

To calculate the number of turns, we have opted to the Wheeler method which is represented
by relation 8 [5]:

2
n davg

=y dave 8
L= ko T ®

The coefficients k; and k, depend on the geometrical form used. For the square geometry:
ks=2,34 and k,=2,75.

_ douttdin _ dout—din
dan N 2 Am - dout+din (X)

’

So, primary and secondary turns’ numbers are:

dout—d;
L 1 k < out m)
B ( + z dout+din (9)
Mp = dowe + 4,
t in
kluo ( ol 2 )
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ng = m.n, (10)
The calculation of these two parameters (Primary thickness and width) depends on skin

thickness (equation 11) which determines the width of the zone where the current concentrates
in a conductor [6] [7] [8].

pCu

0= |[——
T Uy f

(11)
To circumvent the problem of the skin effect and make the current flowing in the entire
conductor, it is necessary to fulfill one of the following conditions:

w < 26ort < 26 (11)
The current density for x ranging from 0 to t/2 is given by;

i) = joe B (o) (12)
The average value of the current density is:

[7e) +1]

. , 13
Javg = Jo 2 (13)

One of the two values t or w set in order to find the other. The width of the primary conductor w,
is is derived from the equations (14) and (15) for a value of t = 2.5 (t: thickness of the
conductors of primary and secondary).

ip = SCp-javg (14)

Scp, = wy,. t (15)
Where Sc,: primary conductor’s section.
In most cases, micro-conductors are in contact with the substrate that has good conduction
properties of temperature. This allows us to use the boundaries conditions: j, = 10° A/m? [9].

Primary spacing

oyt —din — (2.wp. np)

= 16

° 2.(n, — 1) (16)
Primary total length

It, = (4np (dout - (np - 1)slD - (np.wp))) —Sp (17)
We have taken the same spacing for both the primary and secondary windings:

w, = [dout - din - 2. Ss- (ns - 1)] (18)

2.ng4

Secondary total length:

1ts = [4- Ng. (dout - (ns - 1)- Ss — (I’IS.WS))] — Sg (19)
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The magnetic circuit design must also take into account the existence of losses and the
appearance of the skin effect in relation to the high-frequency operation. These side effects,
which degrade the performance of the component, can be reduced by flipping the magnetic
cores. This may, however, increase the total volume of the core.

4. Modelling of Integrated Planar Micro-Transformer

The electrical behavior of an integrated micro-transformer is shown in Figure 3. Figure 4
shows the electrical equivalent model extracted from the diagram in Figure 3, which will be used
to simulate the behavior of the micro-transformer. The equivalent circuit of Figure 4 contains the
following electrical parameters:

1. Inductances L, and L, of the two windings
2. Serial resistance R, and R0f the two windings
3. Oxide capacitance Coyp, Coxs
4. Resistance of the magnetic layer Ryagp, Rmagss
5. Resistances Rqup, Rsups associated to the silicon substrate
6. Capacitance Cguyp, Csups associated to the silicon substrate,
7. Coupling capacitance Cgp, Cys Of the two windings
8. Coupling capacitance Cy between the two windings
primary winding
5i
l Ckp
aub 1L
Ri"""% ch-hr NiZn T Rmagp  Coxp Rp ' 1p Coxp Bmagp e
- Ho L H
l‘?-hgp 5i02 p- i
Rsubp Rsubp
Comp Cur ot =ck
5i02
£ T #53
Cii Rsubs Reubs
Cu §- 5t
% Z o eyt
Coxg Lg C Rmags
Cons Neln Csubs mege . 0 o ? Cgubs
Rimoge si Cuﬂ
R...,‘% %Cu. secondary winding
Figure 3. 3D cross section of an integrated Figure 4. Equivalent circuit of an integrated
planar micro-transformer. planar micro-transformer [10]-[12]

4.1.Calculation of the technological parameters
The analytical expressions of different elements are:

It It
P Rsg = pey. — (20)

Rs, = Peu-—F —
P cu
Wp'teff WS'teff

t
t.s © is given by the expression; teg = O (1 - e'(ﬁ))

€si €si

R =2.P¢; ™ R =2.P¢ . —— 21
subp = 2P Reubs = 2.5 1 (21)
€Nizn €Nizn
Rimagp = 2-Pyizn Wo oy Rimags = 2-Pyizn Wyl (22)
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Coxp = E'on- f -
ox
1 \A
Csubp = E'ESi- Z ] :
si
1 t.1
Cx i

[0).4

4.2.Concept of S-parameters
The scattering parameters of the micro-transformer can be easily obtained from the

localized model. The S-parameters of Figure 4 are calculated as follows [13]:

c 1 W g
= —.Ex:
oxp — 5 %ox tox
_ Wg. lis
subs — E &si- e
si
t- lts

= € ——

S

First, we calculate the ABCD matrices for each block.

1
1

¢ pl, 1
_ijoxp

A B [1 R
e ol =lo 7

+ Rimagp

Rsubp

+ -
1+ ](‘)Rsubp Csubp

L, . L
A Bl _ [ﬁ ]‘"(M _M)}
[c D]y__ 1 Ls

ljwM M |
[A B] :[1 Ry
¢ pls lo 1

1
¢ ol = 1
c pl, | 1 R
) .(‘)Coxs + Rmags + 1 +jw1§jllzljscsubs

A B 1 !
2 5l,-]! o

Where M = k. /L. L

Next, we can combine the blocks a, B, vy, O, €, @ in cascade:

A Bl _[A Bl [A B] [A B] [A Bl [A B] [A B
c D],_[C D]a'[C D]B'[C pl,'lc Dls'lc Da'[C Dl

(23)

(24)

(25)

(26)

(x)

Then, we can combine the large intermediate block | with block ¢ in parallel. The final ABCD
matrix of the entire transformer F is given below:

Finally, we can convert the A, B, C, D parameters to S-parameters as follows:

[A By _ 1 [ ABy, + A,B;
¢ bl 7B +B, [(¢;+Cp).(B, +B;)+ (D —Dy).(Ap — A;) D,B; + DB,

(x)
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Bg
s _ Ap + Z, Cg.Zy — Dg S, = 2. (Ap.Dp — (By.Cp)) @7)
AF+];—§+CF.ZO+DF AF+];—§+CF.ZO+DF
B
Sy = B Sy = B 0 (28)
Ap + =5 + Cp. Zg + Dg Ap + =5 + Cp.Zy + Dg

Zo

Z

0

Here, Z, is the characteristic impedance of the line. Also, note that due to reciprocity, we will

have Ag.Dg — Bg.Cg = 1; therefore, S1,=S,,.

5. Geometrical And Electrical Parameters Results

5.1.Geometric dimensioning results

The geometric parameters of micro-transformer are shown in the Table 3.

Table 3. Results of dimensioning of geometrical parameters

Geometrical parameters values
Primary turns: n, 5
Secondary turns: ng 2
QOuter diameter: do, 1500um
Inner diameter: di, 750 ym
Thickness of magnetic core: epiz, 57.24 ym
Thickness of winding: ¢ 13.13 ym
Width of primary winding: w, 46.39 ym
Width of secondary winding: w, 169.62um
Inter-spacing of primary winding: s, 35.75 ym
Inter-spacing of secondary winding: s 35.75 ym
Total length of primary winding: /t, 2.25cm
Total length of secondary winding: /t; 9 mm
Conductor’s skin thickness: & 6.56 um

We note that the values of the calculated geometric parameters are according with technical

integration.

5.2.Results of electrical parameters
The Table 4 shows the electrical parameters calculated.

Table 4. Electrical parameters results

Electrical parameters values
Primary inductance: L, 36 nH
Secondary inductance: L 6.25 nH
Primary serial resistance: Rs, 1.45Q
Secondary serial resistance : Rs; 0.16Q
Primary magnetic resistance : Rpagp 103.98 KQ
Secondary magnetic resistance :Rpags 71.1 KQ
Primary resistance of silicon substrate :Rsusp 3.54 KQ
Secondary resistance of silicon substrate :Rgyps 2.42 KQ
Primary oxide capacitance :Coxp 2.5 pF
Secondary oxide capacitance :Coxs 3.66 pF
Primary capacitance of silicon substrate :Csusp 0.54 pF
Secondary capacitance of silicon substrate :Cgyps 0.79 pF
Primary coupling capacitance :Cy, 0.14 pF
Secondary coupling capacitance :Cys 0.057 pF
Coupling capacitance between two windings :Cy 10.79 pF
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Influence of frequency on the primary and secondary inductances and serial resistances
The curves of Figure 5 show the influence of the frequency on inductors and series resistances
(primary and secondary)

Im(Z Im(Z
> — ( 11) LS — ( 22) (29)
w w
Rsp = Re(Zy4) Rss = Re(Zy;) (30)
Lp=(f) Ls=f(f) Rsp=(f) Rss=f(f)
1 T T TTTTTIT T TTTTTT T T TTTTT T T
[ R [ FEEETL o Lp|
08F — + A4+ +ItIH — —I— = =I+I+ *T"Q‘Qf\‘ﬂﬁ*“?’
[ R [ L 1AL o 1
0.6F — &~ b — o e L s - iy
[ R [ /}/HH \‘\ [ RRRE o
Lo I | Vo |
°-“”T777m*177”1 ******** \’{4 T
[ R | | \ /
02 = v 9 TN~ = T O TIME|T T T |
|

T b
| LT

Inductances (nH)
o
Serial resistances (Ohm)

|
|
I
+ T [l
- | o [
=T T — il I=1+1+H
(RN | [Nl | e
02 Lo o L\L\L,LJJL\L\;;{,,\,L\,\
(RN [ (R (R [N
_0_4,,LJJL‘L‘U,,LL,U‘JL,LJJLL@U,J,LUJLL
[ RRTI [ [RII i (R
(RN [ [Nl H\\/\HH o
O - T Tmn T T rOTmE T T YTITT T T C T
(RN [ [Nl \‘\/HHH o
08F =+ A4+ +IHIH — —I— FIEIHIHE — /A HIH — - E
(RN [ [Nl RN o
-1 Lo L1 Ll Lol Lo
6 7 8 9 10
10 10 10 10 10 Frequency (MHz)
Frequency (MHz) (b)
(a)

Figure 5. Primary and secondary inductances (a) and serial resistances (b) versus frequency

Figure 5 shows the influence of the frequency on the inductance and series resistance of
primary and secondary windings. We observe the characteristics of inductance behavior: The
inductive behavior, a transition zone and finally the capacitive behavior [14].

Influence of frequency on the quality factor of primary and secondary windings
The quality factor expresses losses of power in the micro-transformer; it is defined as following
[10][12]:

stocked energy

- dissipatedenergy (31)
The quality factors of inductors primary and secondary are given by the formulas (32)
Im(Zy4) Im(Zy,)
0y, = =227 32
1 Re(Zy1) 2 Re(Z32) (32)

Figure 6 shows the evolution of the quality factor as a function of frequency for the primary and
secondary inductances.

Quaiity factar Q

\
1.5 2 25
Frequency (Hz)

x 10°

Fig. 6: Quality factor of the primary and secondary windings versus frequency.
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6. Simulation Of The Operating Converter

We performed simulations in order to test the operation of our flyback converter in three
cases: The converter contains an ideal transformer (lossless), a real transformer (with losses)
and an integrated micro-transformer. The simulation was performed using PSIM software 6.0.
Initially, we need to calculate the following three parameters:

Load resistance of the flyback converter
The load resistance of the flyback converter is given by Equation 33.

V,
R="2-50 (33)

Lout

Capacitance of the flyback converter
The capacity of the fly-back converter is given by the formula below. For a voltage undulation
equal to 0.25V, the capacitor C is equal to:

GZmVin
=—= 34
C= A —whav, e 20NF (34)
Magnetizing inductance
The magnetizing inductance is defined by,

“N'Z 'dgut
Ly = n2. S22 22 = 0.9 mH (35)
2. eNizn

6.1.Simulation of the operating converter with an ideal transformer

In this simulation, the circuit of Figure 7 contains an ideal transformer and the Figure 8
shows the waveform of the output voltage and current of the converter. We also note in Figure 7
the two modes of the converter: the transient and steady state. The output voltage is 4.9 V
instead of 5V. This is due to voltage drops across the diode and transistor. In the steady state,
the current is 0.98A, which corresponds to an output power of 4.8 W in place of 5 W. The Figure
9 shows the waveform of the voltage and current across of both transistor and diode of the
flyback.

6.2.Simulation of the operating converter with a real transformer

In this simulation, the circuit of Figure 10 contains a real transformer and the Figure 11
shows the waveform of the output voltage and current of the converter. We also note here the
existence of two modes of operation of the converter: the transient and steady state.

out Vout
5.00

0.00 f

-1.00
0.00 2.00 4.00 6.00 8.00 100

Time (ms)

Figure 7. Flyback with an ideal transformer Figure 8. Output voltage and current of
flyback with an ideal transformer
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Figure 9. Voltage and current of both transistor and diode of the flyback with an ideal

transformer

The output voltage is 4.25 V instead of 5V. This is due to the voltage drop across the

diode and the transistor, the resistive losses in the conductor and then the magnetic core
losses. In the steady state, the current is 0.85A, which corresponds to an output power of
3.6Win place of 5 W. The Figure 12 shows the waveform of the voltage and current across of
both transistor and diode of the flyback.

Figure 10. Flyback with a real transformer
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Figure 11. Output voltage and current of

flyback with a real transformer

$88840.00 505863945 995847.891 995011.837
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Figure 12. Voltage and current of both transistor and diode of the fly-back with a real micro-

transformer
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6.3.Simulation of the operating converter with an integrated micro-transformer

In this simulation, the circuit of Figure 13 contains an integrated micro-transformer and
the Figure 14 shows the waveform of the output voltage and current of the converter. We note
again, the existence of two regimes of operation of the converter: transient and steady state.
The output voltage is 4.24V instead of 5V. This is the voltage drop across the diode and the
transistor, the resistive losses in the conductors and then the magnetic core losses. In steady
state, the current is 0.84 A, which corresponds to an output power of 3.6W instead of 5 W. The
Figure 15 shows the waveform of the voltage and current across of both transistor and diode of
the flyback. We note that the micro-transformer delivers the same power as a real transformer.

Vout lout
00

2.00

0.00 2.00 400 6.00 8.00 10.00
Time (ms)

Figure 13. Flyback with an integrated micro-
transformer Figure 14. Output voltage and current of
flyback with an integrated micro-transformer

100 |
050 { | EEm— | f : |

0.00 S : M B W— S E— -

-0.50
999440.00 999451.689 999483.579 999475.068 999486.758 999498 447
Time (ns)

Figure 15. Voltage and current of both transistor and diode of the flyback with an integrated
micro-transformer
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7. The Flyback Converter Efficiency

The efficiency of converter (Formula 36) tells us about his performance. Pj is copper
losses and Pf is Iron losses.

Pout — P — P,
n= out j f (36)
Pout
Pout = Vour-Iout (37)
P = Rseq-lgut (38)
Vi
p, = (39)
! Ieseq

The efficiency found is around 82%, so near to the performance of an operating flyback
converter which is 85%. We conclude that this reduction corresponds to the joules losses
generated by conducting windings and the iron losses in the ferromagnetic core.

8. Simulation 3d Of The Electromagnetic Effects In A Planar Micro-Transformer

In this section, we present the distribution of the electromagnetic field in a micro-
transformer with and without core. This simulation was performed using the software FEMLAB
3.1.

8.1. Simulation without magnetic core

Figure 17 shows the planar micro-transformer without magnetic core. Figure 18 shows
the distribution of magnetic field lines in the micro-transformer.

Efficiency of Fiy-back converter

T T T T T T
| | | | | |
PF —— —+ = — = —l— = —— k= = — 4 = — — —I— — = b b
| | | \fuﬂuu;:ﬁéﬁégéﬁmoooooooo
B — — — Lo Lt ge0000fTT
| | patt 5000 | |
| et oo I I |
L] B et el e e el
| ;‘\P oDOO | | | |
0
B T i (e i e B e
= i N OOT L i : o Ideal ptransfo i
350 L s
540 ‘j [ | | || % Integrated transfo -
=) e R T 7
= 40 | | | | | ‘0
B | i e e e A
! 4 | | | | | .
| B T 0
L | | | | |
i I | | | |
10 ";OT""F”’T”’T””F’”T””
| | | | | |
e B e e e e
ol | | | | |
A0 I I | I | I
0 1 2 3 4 5 6 7
Outup power Pout (Watt)

Figure 16. Evolution of the flyback converter Figure 17. Planar micro-transformer which to
efficiency versus frequency be simulated without magnetic core

8.2.Simulation with magnetic core

Figure 19 shows the micro-planar transformer with magnetic core. Figure 20 shows the
distribution of magnetic field lines in the micro-transformer. When we insert a ferromagnetic
layer on the top and bottom of the insulating layer, the majority of the magnetic field lines are
concentrated at the walls of the magnetic block (Figure 20). So, we conclude that the
ferromagnetic layers are required to have a good electromagnetic compatibility in the case of
the integration of a transformer.
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Min: 0

Figure 18. Propagation of magnetic field lines in a planar micro-transformer without magnetic
core

Magnetic core

Dielectric

Magnetic core

hin: 0

Figure 20. Propagation of magnetic field lines in a planar micro-transformer with a magnetic
core

9. Conclusion

In this paper, we have presented the dimensioning, the modeling and the simulation of
a square planar micro-transformer. First, we have determinate the volume of the magnetic core
necessary for the storage of energy and the accumulated losses. Then we have calculated the
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geometrical parameters taking into account the maximum area occupied by the windings. We
have used the S-parameters method to determine the technological parameters.

Next, by using a software simulation PSIM6.0, we have compared the waveforms of the
converter output voltages for the three simulations. Finally, by using the software FEMLABS.1,
we have visualized the electromagnetic phenomenon in planar micro-transformers, with and
without magnetic core. The aim of this simulation is to study the electromagnetic compatibility of
the micro-transformer with the vicinity components in the converter.

We conclude that the results of dimensioning in this paper are interesting indeed.
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