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ABSTRACT

Our project consists in the study, the design andethezation of aForward converter.
The design of a forward converter demands great precisimn walculating the different
parameters and restrictions that will have to be applteeh conceiving the model.

The first step was the understanding of the forwardester in order to know the majn
parameters needed and the different mathematical equatiotisef choice of the different
components of the forward. The use of the software PSIM coesptéis work for the
comprehension,the collection of different values and ftoe thecking of the circuit
calculations.

Once this had been done it was possible to proceée wohstruction and to the test the
forward converter in the laboratory. These differeatd@llowed us to validate the performed
design and simulations.

Then we have controlled the output voltage of the fatvweanverter with a feedbagk
control circuit in order to assure the optimal functiorihef forward and automatic control |of
the different parameters.

RESUME

Ce projet a pour but I'étude et la réalisation comptten convertisseur-orward
s’inscrivant dans un cahier des charges bien précisiaire tester.

Un travail préliminaire portant sur I'étude quadlitas du convertisseur permet de dégdger
les nombreux paramétres gu’il sera nécessaire de sanailisi que d’obtenir les différentes
équations mathématiques utiles pour dimensionner les égcmrstitutif du convertisseur.

La simulation par outil informatique vient complétette démarche amont et nous dide
ainsi a accéder a des résultats qu'il convient de confrontdpisnie prototype réaliser.

Ensuite le convertisseur une fois dimensionner, ent agapecté au maximum le cahjer
des charges est construit puis testé. Ces différents nests permettent de valider notre
convertisseur et les simulations effectuées.

Enfin l'intégration dans une chaine de contrOle pedtastservir le convertisseur tout en
assurant un fonctionnement optimal de ce dernier et le codeéldifférents parametres.

Keywords : Buck converter, Forward converter, Tramsfar, Inductor, Capacitor.
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SYMBOLS TABLE

Input voltage
Output voltage
Input current
Output current

Switching period

Time

Switchingfrequenc

Duty Cycle

Currentthrougl component

Average current in component X
Efficient current ircomponent »
Voltage acroscomponent
Transistor conduction time

Transformation ratio of the transforn

Transformation ratio between the primary winding and
demagnetize winding

Output power

Input power
Power in component X

Winding factor betweerPrimary windings surface and Second
windings surface

Winding facto in transformer due to isolation between differ
windings

Inductor winding factor between primary winding surfaaed
window surface

Maximum current density

Flux density
Maximum magnetic

Window surface or total windings surface over the core
windings surface over the core

Secondanwindings surface ovehe cort

Useful windings surface overe core or central surface of the ¢
Number of turn of thcomponer x

Air gap

Volume of the core

Magnetic power losses

Magnetic power losses volul

Leakage inductan

Magnetizing inductance
Thermal resistance for component x
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o dimensio
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Junction temperatu

Vacuum permeability

Temperature in component x
Current peak to peak in component x
Voltage peak to peak component
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Capacitance
Inductance
Laplace function
Decibel gain

°C
°C
Sl
°C

A
\Y

F

H

No dimension
dB



INTRODUCTION

Power electronics has increased a lot over the &gtdecades and there was much
transformation in this discipline. This evolution was gibke thanks to the development of
better and reliable switches in terms of voltage blogliapacities, current capacities, losses
and switching speed. One of the major applications of poslectronics is the dc-dc
conversion. We can distinguish two different types ofliapfions: the first one is the use of a
dc-dc convertor in order to supply a direct source knowirad we already have an input
direct source. For example the supply of a system frayunaglators. Second one is the use
of a dc-dc converter in order to supply a direct sourcevikigthat the primary alimentation
is an alternating current supply.

Our project aims to design a dc-dc converter rieioto be able to feed a domestic tool
such as a personal computer, from the electrical distribugdwork. The converter has to
provide a power of 100 W for an output rated voltage of 20 ikguan input dc voltage of
300 V generated by an ac-dc converter.

First the general structure of two different DC/Donverters will be studied: the Buck and
the Forward. Then we will go through all the stepsdésign a Forward converter as a
manufacturer process. Then we will test it to verify tasults with the design/simulation.
Finally we will design and insert a control loop thatjukates the output voltage of the
forward converter in order to assure the optimal funatifcthe different parameters.



| Power electronics dc-dc converter

[-1 Buck converter.

The Buck converter is a unidirectional convertemétans that current and voltage can’t
flow the converter with a negative value. Thus the enéltgycan be provided in only one
way in the converter.

The aim of such converter is to allow the energgdfer between a direct voltage source
and a direct current source. Thus average volthgeneeded to be fixed at the entrance of

l.source that respected criteriod£ U, £U,, andU
values.

can be settled between these two

out out

+ Converter +
U C) DC/DC U @

Figure 1: Buck converter.

I-1-a Commutation cell

The structure of the buck converter includely @ne commutation cell as shown in the
figure below.

Iin

HONERE

* Vout lout
U K2 H 2

Figure 2: structure of the buck converter

Through the mechanisms of conduction and lnhackf the two switches, two states are
possible.



If K,is conducting anK, blocking: V_,=V,, with U,,=-V,
I

Iout = I in Wlth K1

out

If K, is blocking andK, conducting: V,,= 0 with U, =V,

I, = 0 with leo = 1o
Vout
Vin
a lout T = - — — 7 F= = =] - = =1 - - = -
(a) o K1on K1off Klon K1off
K2off K2on K2off K2on t
I-IKI
Vout = = = = — —_—_— = —_
1
1}
{ } - IKI
Tout —_— —_—
t
UK2
0 + , t
Vout —_— —_—
fc) T
Iout | — — — — — e —_
t
DT {(1-0)T

Figure 3: Typical electric values: (a) output vajyb) switch K1;
(c) Switch K2.



+- IKE

l A lout
z out I T 10U
(a) —B] | {b)

Vin L -Vin :
Figure 4: Static characteristic: (a) Switch K1; (Bwitch K2.

Current and voltage sources can’t be reveirsellis circuit. Thus, it shows that switches
work in two segment for their own static charastiges (figure 4).

The first switch K1has applied to it a positive voltage and has taloet positive current.
Besides a command commutation is needed. So #ies¥ittch is a transistor type.

The second switch Khas to withstand a reverse voltage and has touobrad positive

current. The commutation happens spontaneouslkshi@nthe global state of the circuit. So
the second switch is a diode type.

Now we will represent the transistor by an TGB) in the next figure.

[-1-b The output load

In order to be able to define and to givefthmelamental relations for a Buck converter, the
current source needs to be specified.

Iin

O N e
D 73 |v, c j—CFt Vout
Rl 7

Figure 5: Buck converter and bharge.

This diagram which represents a Buck convérasra circuit with paralleled capacitor and
resistor, both connected in series with an inductbus, it provides to the output a source
with current nature. This type of output load snstard in a Buck converter.



I-1-c Fundamental relations

According to switches states, output voltaye,) can have the same value as input
voltage (V,,) or can reach zero. Output voltage is composedlttage pulses. Thus output

voltage is not a perfect direct voltage. The outipdiuctor and capacitor createa low-pass
filter. The cutoff frequency of this filter must senaller than the switching frequency. Then
the average value for the output voltage can bergbd at the load resistor. Thus output
voltage is lower than the input voltage. The foliogv relation links the average output
voltage to the duty cycle and input voltage.

1°7 1
V(tdt== V,dt==(DTV, - 0" V,)
T T

0

T
Vout :1
T 0

Thus, V., =V,,” D| (1)

D is the duty cycle which is defined by thdicdabetween the conduction time of the
transistor(t;) over the switching period’) .

D:tT—1 with 0£ D £1

Vo
Vin
Vout b = = = = e e e e e = ] R R —_—
t
DT (10T
I,
Iy
I
t
+ 1t
_———"__-—--—- __.——'—‘-'_—-_—-_ —
t
e
'-.---‘_--
1

DT - {1 _D}T +



Figure 6: Waves forms type of a Buck converter
Action on conduction time of the transistdoais us to control the dc output voltage. This

control happens over a wide span of values. Nesta$kV, , =V, " D is correct, only if the

out I

current that flows through the inductor is nevelf.ithe inductor provides a current with AC
and DC components. The aim of the capacitor idtmd the AC component of the current,
so that the DC component may flow directly throulgl resistor. Thus we will have an ac-
free average output direct voltage. Still, the azdor is not able to completelyabsorb the AC
component that is why there are small parts of AQent that also flow through the resistor.

I-2 Advantages of an isolated Buck

One of the major applications of power eletics is the dc-dc conversion. This type of
converter is used in electric appliances such #eryachargers. In order to improve the Buck
converter we can insert a transformer. There anai® advantages with this transformer.

In order to prevent a possible electric shock, @tioa is to isolate the output from
the input by using a transformer (see figure 7).

Converter

(a) Vin C) DC/DC

' BUCK

—

' Converter

' De/De

: Isolated
1
b 1
(b) Vin C) I
|

T ——--= =

Figure 7: (a) The Buck converter is not isolateohfrthe input;
(b) The converter is isolated, Vout is a floatiredue: there is no risk of electrocution.

In a Buck if we have an important difference betwé®e input and the output for

.V .
exampleV,, =300/ and V_ , =20V the duty cycle |SVL”t =0.067. It is very
difficult to generate such a small duty cycle. Tkaito the transformer as we will
see in the second part it is possible to increaseduty cycle in order to work with
such a large voltage difference.



The power applied to the switch in an isolated bwidkbe lower than in the Buck
as is shown in figure 8.

R l
(a) I|n= ‘"f WIL—E : :Ic-ut=1l§lA T
Vin=100V C) ] C R Vout=10V
. 1
Iin = I, = I +lout # lout
P.=lin-U; = 100*10=1000W
{b) '
Iin= _..--'-"—T ;1' n‘l‘_thL :Iout=1l]A —— Pout=100W
Vin=100V C) :uwl || ‘2!]\." D C _E'3R Vout=10V
Il

Tin =;_« I # ;— lout
P=lin=U; = 100.2=200 W

Figure 8: Difference of power applied to the swif@h between a Buck (a) and
an isolated Buck (b) for the same enter and etiteza

I-3 Forward converter

I-3-a From the Buck to the Forward converter

In the Forward converter (figure 9) the prisnaf the transformer is inserted in series with
the transistorT . The secondary is connected to the outpbGt filter, where the diodeD,
plays the same role as the free-wheeling dibd the buck converter. A second diobBg is
inserted in order to prevent a negative curretihénsecondary of the transformer.

The particularity of the transformer in thenkard converter is that it has a third winding.
It is supplied or not depending on if the dio@e, is opened or not. This third winding is
needed because of the nature of the source agilibé primary of the transformer. Actually,
without this third winding, the voltagg, =V,, when the transistof is conducting, then the

voltageU, =U, =0 when D, is conducting during the free-wheeling period.



Iin

| |
| |

Vin C) (| |: T 1

@ I I L
| I reen
| a | j’_l.g
y D I C R Vout
| | —|_
—_— |
Tin -
: Dm
js D1 L
- e s

* ! R
S T
(b) Vin C) " | |§ | | uz o2 u C R Vout

Figure 9: From the buck converter (a) to the fordi@onverter (b).

So, the average voltage applied to the tramsfo is different from zero. The magnetic
current then excessively increases its value uhél saturation of the magnetic core. The
purpose of the third winding is to assure the fiomcbf the complete demagnetisation of the
transformer at the end of each commutation periddeoconvertor.

I-3-b Explanation of the different waveforms

The voltage valudJ, (figure 10) in the primary of the transformer V§ when the
transistorT is conducting. Then, the voltage, in the secondary of the transformer is the
same but affected by the turns ratiof the transformertd,, = mU, = mV,, . As for the buck,
the voltageU, of the forward converter must always be highentkize voltag¥, ,. We
notice that the currernit, in the secondary of the transformer is positive @creasing also in
the inductance. The currentl, in the primary of the transformer is the sum o turrent
ml, (the currentl, refers to primary) and a component of the magimefizurrent of the
transformer.
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LUl
Vin

Np Vin
Nd

L2

Ns Vin
Np

—
—

F
o
=

_Ns Vin |
Nd

Iom
‘ﬁwt

Ns Vin
Np

, Im

vmﬂ@ymtﬁ__
Nd

Vin [ - — — | | _ _ _

| ToT (1-D)T

DT~ (DT
Figure 10: Waves forms type of a Forward converter

When the transistof is blocked, the current cannot circulate in thenpry of the
transformer. In order to allow the continuity ofethmagnetic flux in the core of the
transformer, the diod®,, is forward biased and conducts. The voltage otfird winding is

then - V,, which makes the magnetic current to decrease nBuhis phase, the voltages

and U, become negative because of the transformer effdut. diode D, forbids the
inversion of the current in the secondary of tlasformer and must withstand the voltage

N
V,, + mdV, | (2) with md = N—p the transformation ratio between the primary wigdand the
d

demagnetize winding. When the magnetize currentisthen the diodeD,, is blocked and
the voltageU, andU, become null. We will notice that this phase mustfinished before

the end of the next commutation of the transistorelse, as explained before, the magnetic
current excessive increases until the saturatidgheofmagnetic core.

11



During this latest phas@ (blocked), which corresponds to the free-wheelingse in the
buck converter, the diod®, is conducting, the voltag¥,, is null and the current in the

inductancel 4 is decreasing.

The voltage/,,, creates in the forward converter is thép, = mDV, | (3) with D the duty
cycle andm the transformer ratio between the primary andséendarym is fixed andD
variable betweerD and 1. But in fact its value must be limited undérbecause of the

demagnetisation stage.
In order to assure the complete demagnetisatiche transformer the surface under the

curve during the timg0, DT] of U, must be as large as the surface under the curimgdhe
time [DT,(@- D)T] (figure 11).

N
TV, —*

So: D, TV, =(@1- D —®
Ng

max)

P
max) N

d

Dmax = (1_ D

N N
Dmax(_p +1) =—F£
Nd Nd

N + H+ +
DT ' (DT

Vim = Diode {m) conduction time

Figure 11: Surfaces to be equalized in order tauasshe complete demagnetisation of the
magnetic core.
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Il Design of a Forward converter

In order to conduct this study all the maimatipns used in the forward’s design part are
taken from the booRrojetos de fontes chaveadag Professor Ivo Barbi (Reference [1]). We
also used PSIM simulation software for power et@uts in order to simulate the forward
converter and to get the main electrical parameters

lI-1 specific problem

The aim of this project is to design a forweethverter in a special application. The design
will help us to understand the difference betweesults given by simulation and results
obtained through real measurement. Especially fier efficiency that will be the most
important parameter to measure. Thus, we will sauftyrward converter that could have been
used in laptop computer isolated dc supply. We wailbpt a design process close from
manufacturers factories. Values used through trogept are close values used in computer
engineering. We consider that the input supply télprovided by a French standard three-
phase distribution gri®80v / 220/ /50Hz. The general diagram of this project is represknte
as it follows.

_/ 1 3000 Iin
ACDC Dm
D1 L 1
ny + . T N 1 1
— | Vin i-:
380V 220VIS0Hz @ ‘ u1 { | | | | IUE D2 ‘ U C R ‘Vout CcPU
o _ . Iout —|— |
UT '™ Tictamn 1eg. .
x T | Ddl‘?_f:.” Vclamp I
It ! L |
- == == _ __ _ — ! Celamp Rclamp :
Vout |
Ve Vg | I
PID -
Vout theo Drrzver [ |
|

| Clarmping c.l'rcw'tl

|
|
|
vt !
|
|
| Control and gate signal circuit |

Figure 12: General circuit of the project.

Nevertheless we do not study and design dyréfoe full circuit. It is needed to split it up
into different parts. The ac-dc fronte-end is nomsidered here. Thus, in this part the study
will be conducted in the order that follows:

Forward Transformer design and test.
Output inductor design and test.
Output capacitor design.

Switch choice.

Clamping circuit design.

Diodes choice.

13



Besides, before starting the study we negutdwide the specifications that will be used to
design the circuit:

V,, =20/ P =128V | _=0417A D, =045 k=07

[, =5A V,, =300/ h=08 k, =04 Jnax = 450A/ cny B = 03T
P, =100N V. =240/ f=50kHz k, =05  DB=03T
F?n:h’ Iin:i andVinmin:300/_ 20%

Ty,

lI-2 Forward Transformer design.

In a Forward converter the Transformer istibart of the circuit. Indeed as it was said in
the first part, not only isolation is provided byafsformer but also power reduction is
applied to the switch. The frequency and the payged in the study are small; that is why we
do not consider losses in the transformer durirgfittst phase. Besides in order to see if the
transformer is well designed we will make a thereeltulation of the transformer. We will

calculate the maximum temperature rise in the toamer and compare it with allowable
component temperature.

First of all we need to define the core thdkke used to build the transformer.

So we need to define the following parameters:

A, : Window area or total area occupied by the wigdimside the core. (figurel3)
A : Primary windings area inside the core.
A, : Secondary windings area inside the core.

A, : Effective windings area inside the core or cardrea of the core. (figure 13)

ks : Winding factor between Primary windings area &edondary windings arek, = A

k,, : Winding factor in transformer due to isolatiogtween different winding, = A

Ak
Primary windings surface over the core is taftotal surface of the core.
Thus A, = Ag
Nelp = AsJd =k,k, A, J with Jthe current density.
k,k,A,J )
p = —— Jal and I, =1, =P P DI,
I P Vin h\/ln

P . . . .
I- :ﬁ with 1 the current across the switch generated by thesigiel, linked to the
duty cycle.

14



Generally, manufacturers consider a currentemse of20% due to the magnetizing
current.

12P
Thus IP :FODLH (4)

lI-2-a Core dimensioning

We decided to design the transformer for histlapplication. That is why it will be
designed for the maximum duty cycle, the minimuipuinvoltage and the maximum current
density.

Ko Ko Ayd maVin min/ 1D
o - w DAN max "™ Inmin max thuSAN = NP1'2F)OLIt
1'2P0Ut kwkamax\/inminthax

According to the Faraday’s law:

Edt= Ndf

V,,T, = N,DBA, with T, the switch conduction time.

— \/in minTlmax
A= N, DB
Timax = Diaed = % with T the complete switching period.
Vi min D
Thus — __Inmin ™ maXx 5
A N, DBf ©)

So we have the design ratio that will give usdbee that we need to build the transformer.

12P
o 10%(6) thus|AA, =11cm’

AA T K3, DB

We refer this value in a core table. No vatagesponds directly to this one. We decide to
oversize the transformer core thus it will prevantoo high temperature rise. The present
design assumes that natural convection will coslttAnsformer.

We choseA A, = 284cm’. This value matches with ti&42/15type core (cf. volume of
components appendix 1). It's a core made by a &atwPactory. Besides the table also gives
us alsoA, = 18Icnv
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Figure 13: Core Geometry of the transformer genlgraked.

[I-2-b Number of turns

We need to determine the number of turns efdimgle-phase three windings Forward
transformer, according to (5).

— Vin min Dmax
p=— e | (7)
A DBf

N, =39.8| 45turns is adopted.

Indeed we have voluntarily overdesigned oangformer in choosing-42/15type core.
Thus, it allows us to choose a larger turns nundmeras to reduce the flux density and
consequently the magnetic losses in the transfo(@Br= 0.265T ). Nevertheless, the
magnetizing current increases.

Secondary turns number must be determined:

V,,.=U,D=(,-V.)D with V. the voltage drop into th®, diode.

Vout :\/inD&_ VFD
N

p

N
V D_S :Vout +VFD

n
p

& — Vout +VF Dmax
NP Vinmin Dmax
V., tV:D .
Ng =N, i‘}‘—gmax (8) thus|Ng = 94| 10 turnsis adopted.

Tertiary turns number can be determined.

If we want that the demagnetization was daménd the timeT, =T, when the duty cycle
Is maximum, the demagnetized diode time conductiast beT, = (1- D)T .
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ThusV, T,N, =V, T,N,

Ne T _T 4

Ne T T
Np 1 _ Npoax _ .
—=——-1 thus|N, = (9) [N, =36.8| 37 turnsis adopted.
Nd Dmax 1- Dmax

According to (3)V,,, = mDV,, we can now calculate the optimal value of the dgle
we will use in our forward converter in order toygaly with the specified output parameters.

D = Vout
mV,,
S =03

When we simulate the circuit PSIMwith D = 030 we find V,,, =19.7V . Nevertheless

we will choosgD = 031 in order to be more precise because it giveg |js=19.9V through
the simulation so output power is more precisely. me

[I-2-c Wires diameter

Now we need to calculate the Root Mean Sq(RKS) currents in each winding in order
to choose the proper wires diameter.

Secondary RMS current:

[ =t = 35A
rmsS \/E rmsS
Primary RMS current:
) 12P
According to (4 I, = ut 1 =14A
gto (4) "= "
[
Sol,,p=— | =098A
P \/E P

Tertiary RMS current:

Usually manufacturer use the following ratio:

| — I rmsP

rmsd 10

I =0.098

rmsd
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We need to use the American Wire Gauge (AVB)et (volume of components appendix
2) to determine for each winding the diameter ef Wire. Nevertheless theses values do not
directly match with the table.

AWG, =23
AWG table gives]AWG, =18 Yet we have voluntarily oversized the wire diaméteorder
AWG, =33

to reduce the skin effect.

Indeed the skin effect shows that 99% of A@ent is contained in the extreme part of the
wire where the reactance is not so high. We can evaluate the portion ofrettiee current is

, : 75 : , :
contained withD =—. Even if our frequency is not too large we neegdg attention to

JT
this phenomenon. Indeed, wire impedan&e= R:/?I where; is the material volume

weight, | wire length andS = f (D) the surface that AC current use in the wire (whigh

function of D). Besides, Joule losses are given By: RI?. So we understand that if the wire
area effectively carrying the current increasesjle) effect is reduced. That is why we
chooseAWG, =22, AWG, =18 andAWG, = 28 The other reason why we oversize our
wire diameter is that it is difficult to work with adesmall diameter on such a small core. It is
a mechanical problem; manufacturers can have probleocastruct the transformer.

[I-2-d Measurement of the transformer’s losses

We built the transformer and then started toitests is said at the beginning we do not
take care about losses in order to design first. Nevertheless, if the losses in the power
transformer are not too important for the design, wel ieemeasure losses to know if the
magnetizing current is not too high. In fact to do theseasurement in transformer we must
put an air gap ¢ = 0.Imm) for two reasons: The first one is that it will preveaturation. The

second is that it will provide us with an accurate mesamant of the magnetizing inductance.
The value of the air gap is low in order not to haveoastoall magnetize inductance.
N 2
We measure the leakage inductahecg, .. With L o= L, + N—F’ L, with
S

L, : Primary inductance.

2

% L, : Secondary inductance refers to the primary side.
S

First we measuré, by putting the secondary circuit in short circuit aheint we measure
L, by putting the primary circuit in short circuit. Finallye make the calculation of the
leakage inductance. Experimental measurements givg s, = 33/7H . Besides, tests also

give magnetizing inductandé , we put the circuit in open circuit and measi#er L, at the
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primary. But becausé/ 32 L, so we obtainM =19mH. So we are able to calculate the
magnetized current and the power losses in the leakagetande.

V, dt = Mdl
V,T _V,D
Im - In - In max (10)
M Mf

I, =14A] It is a small value as expected. Indeed, in a forwardextevthe demagnetizion

current is small.

Thus, now we can measure the power stored in thegleakductance when the switch is
closed. In order to understand how the calculation is madeaw describe the circuit through

an equivalent circuit as is shown in the following diagram

Ii 1)} L
In [ v o
= R T
Dm 02 u C R Vout
Vin (::::) | | é; M
Lout

éLleakage

LT
SN

i wr r

Figure 14: Equivalent circuit of the Forward conterwhen the transistor is blocking.

2

N . . , .

P eakage = % L cakage lout N—S +1, f|(11) (Secondary current is referred to primary side).
P

P =52W

Leakage

This power is an approximation, since we simplitiee circuit. Nevertheless, it is not too
high.

lI-2-e Thermal dimensioning

A thermal calculation of the transformer is needéuls it will tell us if the transformer is
well designed. Indeed, if the maximum temperature thes iisto the transformer is less than
the maximum temperature authorized by the component nsrtbat the design is successful.
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To do the thermal-calculation of the transformer we widé simplified equations that are
usually used by power electronic manufacturers.

Isolant\ Isolantj {resin) Wire
Core

A\ P

SN

R % Ta

™
™

~ Ttmax

Figure 15: Repartition of temperature in the traorsher.

First of all we need to calculate the volumetric magratieer losses into the transformer.

K, = 410°°

P, = DBZ"‘(th + K, f 2) with K = 4100 which are experimental constants.

Thus P, = 0.124V /cm?®

Yet we need to calculate all the magnetic losses thee central core that is why we
measure his volumé/,

V, =57(AA,)*° V, =87cn®
So the magnetic power losses are:
P.=PR.V., P. =1IW
Now we are going to calculate the primary winding losses:

R = NleRPJIrmS,,2 with I, = 4\/K =54cm length of one winding around the central core
and R, the resistance per meter given by the tablO&tC R,, = 0.000708\/cm

Ry = 017W
Besides we do the same for the secondary:

Rus = Nol,Rg,l s With I, =1, and Ry, = 0.00028@\/cm

P, = 018N
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Thus the total losses into the transformer are:

R =Rw tRist R

Transfoloses

P

Transfoloses

=142V

We need to find the Thermal resistance of our core that veetodmiild the transformer.

23
S AA)T
R, =183°C/W

Finally we know that the Thermal equivalent equation is:

DT = PTransfoIosesRT (12)

We consider being in the worst situation it meaas the ambient air i§ =50°C . Thus
we can find the maximum temperature that can rise itraosformer:

TT max = Ta + PTransfoIosesRT

T

T max

=76°C

This temperature is very far from the maximum tempegaallowed in, both, wires and
magnetic core, which 16C°C . So we can say that our transformer is well designed.

[1-3 Output Inductor Design

The output Inductor is a very important componerihefforward converter circuit. Indeed
it filters the AC component and delivers the DC commbioé the current that will supply the
load.

[I-3-a Determination of the inductance’s value

Thanks to the Kirshoff law, when the switch isdocting we have:

u,-V
DI - 2 out T
L Lf 1
&\/in - & Dmax\/in - VF
N, N,
DI L= Lf Dmax
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l’:llsvin (1_ Dmax)_ VF Dmax
L= ° o T (13) with DI, the current peak to peak], = 04l ,
L

is a simplified relation used by manufacturdds, = 2A

[1-3-b Determination of the inductor core

The inductor core must be determined and then thetor number of turns. This method
is actually the same as for transformer turn.

The expression of the flux gives us:

F =Ll =B,.,A.N with N inductor number of turnsA, useful inductor windings
area over the core or inductor central surface of the aod |, the maximum current that

goes through the inductdg, =1, +% =6A.
LI
=—F| (14)
BmaxA\eL

Like for the transformerNI,, =J,.kA, with k inductor winding factor between

primary winding area and window area.

ThUS LI PK - ‘]maxkANL
BmaxA\a-L I PK

LI~
SolA A, = ﬁ (15)

A, A, =05%m’| This value matches with tle30/14type core (volume of components
appendix 1).

Thanks to tables\, = 120cny
And according (14)N = 25.8| 26 turnsis adopted for inductor.

Now we need to calculate the RMS current in the windim order to choose wire
diameter.

[I-3-c Determination of the inductor’s wire and gap

Inductor RMS current:
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IPK = IrmsL :6A
Thus, thanks to the wire table (volume of congmts appendix INWG =16. We have
chosen less than what the table gives us because ih fact | .,

Finally the Air Gaplg) into the inductor is the last thing to design. Inde@dGap is the

place where most parts of inductor energy is stored.gAp is linked to inductance and
reluctance by the equation that follow.

the reluctance.

2
Ig = N"m A, (16) with 773 = 4p 10 "usiand Rel = 9
L mAL

lg = 065mm

Besides, we designed the output inductor and testiedarder to know if the design
matches with what we built. First we need to measurenthectance. With the Air Gap value
of Ig = 0.6478nm we obtained. =127/H .

Thus we notice that if we reduce the Air gap we witéase the inductance. After further

manipulations we chostg = 04mny and them we obtainet =1587H which corresponds to

just 102%of the value of the inductance calculated.

[I-4 Choice of the INEP components.

We will not build ourselves any components thatweelld select to conduct our project.
For example diodes, switches, capacitors, resistors aedramed circuit. We will choose
them from commercially available components in orderebtige appropriate ones. Yet, in
order to speed up the prototyping process, we havedosehcomponents from tHRIEP
workshop. Thus, some components will be oversizedroer to match with standard
manufacturer values. Besides it will save money to choosdasthmanufacturer components
(since they are very cheap), rather than ordering accuratecomestifacturer. Finally it will
also give good result in simulation.

There are three fundamental parameters to choose diodewitettes:
- Switching frequency.
- Rated voltage.
- Average, RMS current and thermal calculation.

For a resistor we need to specify two fundamental parameters:

- Resistance.
- Power losses.
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The current that flows through these componentssponsible for losses and temperature
rise in junction. Thus depending on the current valuermal dimensioning may be needed.
Finally for capacitor we need the capacitance value anctée voltage.

Thanks tdPSIM software, we can have access to RMS and average currensltage
peaks. So, in all this part we will give value that willdi#ained through simulation. Besides
we will choose the most accurate components accordingigcsimulation. Then simulate
again to see if it matches with the expected results.

[I-4-a Output Capacitor Design

The aim of the output capacitor is to absorb t@ecArrent component in order to prevent
it from flowing through the resistance. Thus the aurtéat flows through the output load is
only a DC current. Nevertheless the output capacitor ddinért the entire AC current
component from the output inductor. That is why if leek very accurately to output current
it still has some oscillations at the switching fregme

The design of the output capacitor requires s@meific values. Indeed we cannot build
ourselves a capacitor which is too complicated. Thus eegl the capacitor voltagé., the

capacitor peak to pealRl, current, but also the minimum capacitar@€ethat is required for

the circuit.
As soon as we know these three valugs[fl, ,C) we have to check into tables of a

capacitor manufacturer. One of the most famous capacitamsifaccturer i€EPCOS .First of
all, as in the output inductor design the current gegleak adopted wa&s, = 2A. Thus the

same current peak to peak will be adopted for output capa&sign. According to thé.
waveform:

I

AL
L SN 12,
\\“-«_,/ \“'-...../

Figure 16: Waveform of the current in the capacitor
I = %sin(prt)

DV, 1
2 C

| dt

DV, DI, .
=——= sin(2oft)dt
> T o (20ft)

DVe _ &cos(z,oft) thus at the beginning fdr="0

2 4pC
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DI,

besides usually to design capacitor usually manufadakeDV,. = 00N,
C

Thus we obtainDV, = 02V andC =32nF

We consider thaV¥, €V,, with a tolerance to40%of load variation of the capacitor

ut

component.
C max = 28‘/
C,.. =321F
DI, =DI, =2A

Before choosing the capacitor we need to considelif¢ghéme of our output capacitor
component. Indeed in our study we decided to design afdreonverter circuit for computer
use. Thus the average life time of a laptop computer isdrb0 years. To match with tables
and diagram fronEPCOS(volume of the component appendix 3 and 4) we will skom life
time of 11 years.

Besides we must specify in which ambient temperaheeotitput capacitor will work.
Like for the thermal-calculation of the transformer wel wiinsider that the ambient air is at
50°C (the worst condition that can face the capacitor).

Thus by using diagram we find the rauBIL =2 thusl . g =1000MA

AC,R
(I acr is the maximum current that flows through the capacitr the maximum

temperature authorized in the componEd&C ).

By using the table of capacitor froaBPCOS for V., =35/ and forl ,. . =1000nA we
have to choose the component with. , =1260nA (nearest value). Thus it gives us the
capacitance of output capacitor:

Yet we can’t have such capacitor to conduct our prorause it is too expensive. That is
why we will choose in the workshop of the INEP deparitran output capacitor with

V. =35/
C = 220nF
DI, =2A

So to respect the information that was given byetable need to put0 capacitorsthat

we chose from the INEP workshop in parallelz(%):lo).
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lI-4-b Determination of the switch

We need to know the theoretical value that banapplied on the switch. Maximum
theoretical voltage applied across the switch é®eding to (2):

N
U, =V, 1+—2 U, =66/
N

d

So we consider using tHBFBG20 Mosfet 1000 V/high frequency(available in the

INEP workshop).
Indeed we must choose a MOSFEETMOSFET withimiam voltage higher than the one

given by calculation and simulation.

[I-4-c Determination of the heat sink for the sshit

The MOSFEETMOSFET will have to be cooled in ordet to be destroyed. That is why
we need to calculate the Joule losses in the MOSFEE

P

Mos

= RDSI rmsT2 (17)

with | the efficient current that flows through the MOSHEMOSFET.

rmsMos
This value can be calculated with complicateathematical equations. Nevertheless we
prefer to usePSIM software. |, ., = 092A. BesidesR, is the MOSFEETMOSFET on-

msT —

resistance, its value depends on MOSFEETMOSFETistjon temperature. According to
diagram (Volume of components appendix 5) thisstasce can be determined for a specific
junction temperature.

We choose to work in the worst situation ttet MOSFEETMOSFET can bear. It means
his junction temperaturd; =100°C, this value is usually used by engineers becabse t

MOSFEETMOSFET is still working normally at this tperature. Above this temperature the
MOSFEETMOSFET performance gets worst and at 156egsgt gets destroyed. Most of the
time MOSFEETMOSFET junction temperature will besléisan this value. Nevertheless, the
chosen component needs to be placed in their tetiyvermechanical limits in order to have a

good design. SoR,; =1.8*11» 20W. And thus we find:

P

Mos

=16.9W| of losses.

Now we have estimated the losses in the MOSMEBESFET. We need to make a
thermal-calculation in order to know if the MOSFEEDOSFET will be able to keep is
junction temperature unddr, =100°C . Indeed, is the MOSFEETMOSFET able to evacuate

power losses (Joule effect) without an externat bigék or not?

Like it was used for the transformer thernatualation, according (12):

26



DT :Tj - Ta = PMothhMos

with R,,,,,sMOSFEET MOSFET total thermal resistance from MOSHERction to ambient,
with ambient temperaturg, =50°C .

TJonction T Ambiant

TCase THeat sink

Rinic =23°CIW  Rucu =05°CIW  Ryyna =59,2°CIW

R (o1 =62°CIW
Figure 17: Equivalent circuit of the MOSFEETMOSF&Tthermal resistance.

First we are going to calculate the junctiemperature into the MOSFEETMOSFET
without an external heat sink.

Tj = Ta + PMothhMos

with R, . = 62°C/W according to diagram
ThusT, »1100C

So we can see that this temperature is tob aigd the MOSFEETMOSFET would be
destroyed. We understand that we must put an ettdreat sink in order to reduce
MOSFEETMOSFET total thermal resistan¢¢S 12643 Heat Sink.This kind of external
heat sink is chosen because it is the smallesinotie INEP workshop.

Thus, we choose: ambient aif =50°C and junction temperatufe=100°C . We need to

determine the MOSFEETMOSFET total thermal resistati@at matches with the junction
temperature needed.

DT =T, - T, = ByosRimos thus

Rinos = E—T = 296°C/W

Mos

So now we have MOSFEETMOSFET total thermal reststams it show in thermal
equivalent diagram

RthMos = RthMosjc + RthMosch+ RthMosha

We need to evaluate the external heat sink therms&étance that we will choose.

RthMos = RthMosjh + RthMosha
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R(hMosha = I%hMos - I%hMosjh

Rimosin IS MOSFEETMOSFET thermal resistance from junctmexternal heat sink.
S0, Riyosip = 23+ 05=28°C/W

Rimosha = 016°C/W

Now if we check the diagram, (volume of componegppendix 6) that gives us thermal
power evacuated by this external heat sinkO@r . We can see that this external heat sink is
able to evacuat®5W . Yet the power that has to evacuate MOSFEETMOSEE®.OW .

So it is necessary to put a fan while using thiemsal heat sink to provide thermal resistance
that we calculate befor@hus we use diagram that gives us the air speadreegby fan to

respect such thermal resistaniceour case we can seen that air speeiis *.

In fact in an open system configuration ivésy difficult to predict the air speed. This air
speed is too important for such a small applicatiime possibility that can be adopted to
reduce air speed is to use two MOSFEETMOSFETs iralleh Indeed if the two
MOSFEETMOSFETSs are put in parallel the equivalettre resistance will be divided by

R .
two. Ryge, = % so the power losses calculated before will becedy two.

P

Moseq

= 845V

Besides we can wonder if we still need an rede heat sink for these two
MOSFEETMOSFETSs. Thus we calculate:

Tj = Ta + PMosethhMos
With Ryye, = 62°C/W T, » 574°C

this temperature is still too high and the MOSFEEI®SFETs will be destroyed. Thus the
external heat sink chose before is still needed.

We use diagram in (volume of component apper&li that gives us thermal power
evacuated by this external heat sink BF . We need to evacuat®@45/N (external heat sink
is able to evacual®.5W ). So we do not need to put a fan to respect the MESMOSFET
maximal junction temperature that we have chosen.

To conclude we will adopt MOSFEETMOSFET patadiolution in order to avoid using a
fan in the circuit.

[I-4-d Clamping Circuit Design
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The equivalent circuit that we introduced bef(diagram 14) can’t work in reality. Indeed
the Leakage inductance stores energy that it wi# ¢o the switch in a very short period of
time when it is opened. This energy delivering itie switch will create a huge voltage
across it and will be able to destroy the switche Temperature inside the switch will rise to
high value and thermal transfer into the silicoll maot be efficient to transfer heat to ambient
air. So the switch will blow. That is why we needuse a clamping circuit in order to divert
this energy. It we will be designed for the maximduty cycle.
~ ol

ok Tk B
w| @ 3[E

Iin

Lout
EL leakage
D
Cfﬁfll.ﬂ Velamp
o
I
!_I |: Cclamp Rclamp
r e I
bocd bocd bocd

Figure 18: Equivalent circuit of the Forward conterwhen the transistor is blocking with
the clamping circuit.

The figure that follows shows the importanéehe clamping circuit in order to limit the
voltage across the switch due to leakage inductaieeneed to design the clamping circuit
and especially the clamping resistance that willtlthe voltage across the switch.

Ut t

Uclamp

WVin+ Np Vin | | — —UTmax
Nl

Vin |- — — — | I

|
| t

oT (1-T

Figure 19: wave form of the IGBT.

In fact the power delivered to the clampinguit is more than the power stored into the

leakage inductance?,,,, = KP,_.... With K a constant given by the expression :
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c

clamp

We must choose the voltage clamping that welaviike to expect in the clamping circuit.
The theoretical maximum voltage applied acrosssthiéch isU; =667/ . We consider that

difference betweety andU ,,,,, when the impulsion is done will bE15/ (value that
can support the switch chosen). Thiig,,,, = 78 . SoK = 43 andP,,,,, » 22V

clamp

T max

2
clamp

Besides (16) give uB,,,, =

thus we find the theoretical value the clamping

lamp

resistor:

Ruamp = 27-TKW

Then we simulate the circuit wifdSIM and we obtain the result that follow:

For Ry = 28KW U, =714/ andU, ,, =664

Thus the difference between these two voltagesss tharl15/ so we will adopt:

Rclamp = 28kW

Then we must select diode and capacitor. Accorttingimulation diode rated voltage and
average current are:

=70W andl =0.027A

Dclamp Dclamp

U

Then we choose Diode typdUR1100/1000V/1A/high frequency Becausel ., is very

small in comparison witbA. We understand that the power losses will be gergll in it, so
any external heat sink is required. For the capauie can calculate theoretically the value of
the capacitance.

P
Coamp = fuﬂ with DV =10V (voltage peak to peak), value usually taken by

clamp

manufacturers. Thus we obtaty,,,,, = 56nF
So, we choos€,,,, = 60nF| which is an industrial value.

[I-4-e Choice of the diodes

Aims of D1 and D2 Diodes are to prevent negative current to flovotigh transformer
secondary and to allow freewheeling during demagoet time.Dmaim is to allow
demagnetization into the transformer.

1
P

maximum voltage that can drop theoretically irdon diode isU,, =2V,, =600/ thus we

. . N .
Theoretical voltage into the secondaryUs =—=V,, » 67V and U, £U,. Besides, the
N
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have to choose a diode with maximum rated voltagedual to 25V, =750/ for safety
reason.

Rated voltage and average current of thestedigiven by simulation are:

For D1U,, =8N andl,, =17A
For D2 U,, =65/ and | ;, = 335A
For DmU,, =540/ and |, = 013A

Thus we choose forD1 and D2 DIODE MUR810/100V/8A/high frequency and for
Dm DIODE MUR1100/1000V/1A/high frequency.

lI-4-f Diode thermal calculation

It is no use making a thermal calculation fddm diode becausé ,, = 013A is very

small compare tdA.
But we must calculate power losses acrb$sand D2 :

D <> —AMN—]—

RF VF

PUF: UFXI AV
9 PRF << PVF
PRF = RFxI Ems

Figure 20: Equivalent representation of a diode.

P,, =Vq I, with V. the voltage drops into the diod¥, =1V (volume of components
appendix 6) andP,, =V, I, .

P, =17W
P, = 335V

In fact tables do not give us diode total mh&r resistance junction-ambient air.
Nevertheless the diode used has a similar struetsithe MOSFEETMOSFET. That is why
we will choose as an approximation the following:

Rip1 = Ripz = Rimos =62°C/W
and Rioijn = Riozjn = Rismosin = 23+ 05=28°C/W

First we are going to calculate the junctiemperature inD1 and D2 diodes without an
external heat sink.
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T, =T, + Py Rip

Thus |T;; »155C T,, » 258C

So we can see that temperatures which canirrisediodes without external heat sink
being too huge folD1 and D2 diodes. They will be destroyed. Like for the MO&HEwe
need to put external heat sink in order to put esoohto the worst situation that can occur
without destroying it. For the same reason we chbl$3512 Heat Sink

Ambient airT, =50°C and maximum junction temperatufg =100°C
So,DT =T, - T, =50°C

Total thermal diode resistance is given by:

Ryos = 'IDDTD = 294°C /W
D1

Ripp = [F))TD =149°C/W
D2

We need to evaluate external heat sink theresiktance in order to respect maximum
junction temperature.

Ripina = Rior = Rinoajn

Ripina = 26.6°C/W

Thus we obtai
Rypona =121°C/W

Now if we check the diagram, (volume of comgots appendix 7) that gives us thermal
power evacuated by this external heat sinkDdg . We can see that this external heat sink is
able to evacua@®V. Thus we understand that the heat sink is ovetsiae these diodes
because the maximum power that diodes have to atat1335V . Nevertheless we keep
this external heat sink because it is the smablestthat we can find in tHBIEP workshop.

Yet if we had wanted to save money we wouldehaduced the size of the external heat
sink just to match with an evacuate powei3d&V .

External heat sink use fins in order to inseetheir surface to deliver to ambient air more
heat. So reducing the surface will reduce the p@vacuated by the heat sink.
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[l Auxiliary Power Supply (Gate driver circuit)

The auxiliary power supply creates the gatgali for the transistor of the forward

converter in order to control the commutations.
L
I

1}]
ACDC T
N$ + J_ Dm R1
: ¥ Vout
o _ ™ g on
% Y
. Il
=

1T
o
Inl
1
Iz}
Il
11
Iz}
|1
1T

Dclamp Vclamp

T Cclamp

Rclamp
r _______________________ l
Fmm m e m e e - — —

+ Dmd
15V () Cd=
- Td

=

W

Ded

1t VYV
Dzd
\% Dztd

Dzd

|I Integrated circuit |I

=
2

Figure 21: The auxiliary circuitry.

[1I-1 Driver and integrated circuit

Driver and integrated circuit are componenteded to create the gate signal that
commands switching of the power stage. Neverthaldgsr and integrated circuit also need
a control system provide a well regulated outputage. Yet, in a first phase, we will design
the gate driver integrated circuit without feedbaantrol. Indeed we will test these two
components over the power stage and manage thecylty thanks to a variable resistor. In
order to realize an auxiliary power supply we viallow these steps:
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Gate driver design.
Choice of the integrated circuit.
Auxiliary power supply test.

[1I-2 Gate driver design.

To keep the isolation between the input arel dhtput of the power stage, we need to
design a driver in order to assure this functiaguge 21). Thus we understand that if we want
to provide isolation to integrated circuit we ndedlesign an isolated gate driver.

As we can see the driver circuit looks likeraall forward converter, supplied by a small
power application o5/ . This value comes from maximum gate to sourceageltof switch
powerV;s = 20V (volume of components appendix 5). This small powiralso supply the
integrated circuit and then needs to be isolated. dduld have designed this small power

supply but it would have taken too much time. Wé use a small, commercially available
power supply.

AC/DC
A+
$ — Forward Vout
m —
pu
. D 7 %
~F-r-rr"—-"—e—-e—e—e—ee—eee——e——e——— — _l
! 1
: ACE |Regulator :
| ~ o+ L 15V |
| A .
! ne2 - I
| =
1 Power supply - J'

Figure 22: External power supply scheme.

It uses a small isolated transformer at low frempye(6kHz) that provides small power
(» 2W). Now we must design our driver. It looks like madl forward transformer which
doesn’t use an output inductor and an output cegratVe will use the same equation as used
in part 1l to design all the component of the drigéage. First we need to give project data
that will be used to design this small circuit:

Vida =Viamina =1V Vg =13V 71 =08 k,=04 J_ =450A/cn?
P, = 623N Pug=5W  f=50kHz k, =05 DB=03T

|, = 042A |, =033A D, =045 k=07 B, =03T

These data are close to the reality. Mosheit come from the second part data and from
software simulation. Before starting the transfarroalculation we need to precise the data

value chosen and notably why the output power efttiver isP  ,=5W . The power needed
for the gate of power stage switch is the saméapower needed to load the capacitor inside
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the MOSFEET gate. We have access to the capacitatoeding to switch table (volume of
components appendix 5. =500pF

ThusP, = %C- V. f = 2810°W. Itis too small a power value. We chogg,,= 5V |.

ISS

iss

Choosing this power means that we are goingversize again the driver transformer.
Oversizing the transformer is needed for two speai€asons. First if we design too
accurately our transformer we will face mechanipabblem to build it. SecondNEP
workshop doesn’t have too small core transformesi@es we keep the other values from the
power stage design because our transformer wondcbarate, it doesn’t matter if we keep
the same values.

[11-2-a Design of driver transformer core

As was done in the second part we use the sapmation (6)(AA,), = 0.056cm’
We chose (AA,), = 00&m* this value matches with thE-20 type core (volume of
components appendix 1). 39, = 0.31Xn?

[11-2-b Number of wire turns

According to (7)|N, =14.4| 15turns is first adopted. To simplify the design we choose
to have the same input and output voltage in theedrSo, N, = N, = N, = 15 Even if the
number of turns is the same the demagnetizatidrowifulfilled.

[11-2-c Wires diameter

We have the same RMS current (efficient cujreneach winding.l :I"—”‘d = 023A.

rms \/E
So,| AWG,,,., =29 We also reduce the skin effect because we hamesiaed our design.

I11-2-d Measure of the driver transformer’s losses

We put an air gapg = 0.3mm in the transformer that we built. And we measure
inductances Loteakage=128MH , M, =198nH and (10) give usl 4 =7A. So the

magnetized current is too important for such a Egaplication. It will destroy our driver
circuit. The only way to reduce such current wiigeping the same air gap is to increase the

number of turns. We proceed with the same equéti6pas for the input inductor.
2

M, =% with Rel the reluctance of the core. ThRel =11510° is calculated for 15
€

turns. So we can evaluate the magnetizing induetareeded to design transformer with

having a magnetized current b .

3 \/ind Dmax
I

M, =137nF

md
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Finally [N = /M, Rel =40, So we build a new driver transformer with the sam

characteristics but we adopd Turns and an air gap.Finally, we test it and we obtain.
L =322mH, M, =138H andl , = 097A and we getP, cumge= 14W | these losses

dLeakage —
stored in the leakage inductance are not too ldgkhfs small application.

[1l-2-e Heat calculation

Driver transformer is over designed for anpotitpower 2000 times higher than it is
needed. That is why it is not required to makeearttal calculation. We truly know that the
temperature into the transformer will never risehi® maximum temperature allowed by the
component even if it the worst situation (maximumbgent air temperature).

[11-3 Determination of the driver switch

As was done in part Il we will choose composendm thelNEP workshop. That is why
some component will be over size to match with nfacturer values. Driver is a very small
power application thus it will be useless to malerinal calculation for components.

The driver switch is connected to the integplatircuit. Its commutation state changes,
because of the integrated circuit. Thus it will\pde the commutation operation of the power
stage switch. Theoretical maximum voltage appliedoss the switch isU,, =2V,

U; =30V . Efficient current that flows through driver swhtes |, .., = 029A

RMS current is so small that thermal calculatisnuseless and we don’t need to put an
external heat sink. So we consider using IRF532/MOSFET/ 100V/high frequency
(available in the INEP workshop).

[11-4 Driver circuit protection Design

Like in part Il we have to design a protect@rcuit, (figure 21) notably for driver switch
(D..D,y) but also for the gate power stage switdh,{,R;) and gate driver switch

(Dzgs Ry)-
We will use software simulation to get the requiedekctrical values, and then we will choose
the closest components needed available itNE® workshop.

l1I-4-a Switch gate power stage protection

The power stage switch gate must be protesigce characteristics of the power stage
switch prevent us from applying on it more thaéV/ (volume of components appendix 5).
Thus we must select a ZenerZener diode to prevghtJoltage rising and a resistor. So we
want to have a maximum voltage 20V applied to the gate. Besides according to simulatio

U, =148V and | o, = 02A thus we choos&ener Diode/20V/1A/high frequency(D,).
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The resistor resistance is given by the eqoati, = 22C_R; witht, =17ns: rise time
given by MOSFET characteristicC,.. = 500pF the capacitance of interne gate capacitor
(inside the power stage switch).

So, R, =154W. Yet this value is not a commercial value. Thus eh@ose R; =22W|.

Besides, there is another parameter to selecpiv®priate resistor. We must know the losses
expected into this resistor. According to the idtration of part Ill, fixed output power to
design driver circuit iSW . We expect that power losses in the resistancs bei20 times

less than this. Power losses in the resistor me(s2.510 'W|.

iss

[11-4-b Driver switch protection

We will use a standard diod®(,) and a ZenerZener diod®¢,) in this circuit. The aim
of Zener diode is to protect driver switch from thigoltage rising. Diode rated voltage and
average current arél , =13.3v andl 4 = 0.002A. Thus we choosklUR810/100V/1A/high

frequency for the standard diode.
We want to have a maximum voltaget@f applied to the driver switch. Besides thanks

to simulation rated Zener voltage i,, = 40V andl , = 0.002A. So, we choos&ender
Diode/40V/1A/high frequencyfor the Zener diode.

I11-4-c Driver switch gate protection

As in power stage the gate of this small dwitwust be protected. We proceed in the same
way and taking the same componeR}, ¢ R; and D,,, = D,;). Even if it is oversize we are

sure that the gate will be protected, besides treythe smallest components available in
INEP.

l11-4-d Driver demagnetizion diode.

As in power stage this diode allows demagaé&tm of the driver transformer. The
maximum voltage that can drop theoretically idond diode isU 4, = 2V,, =30V thus
we have to choose a diode with maximum rated gelta equal to :
25V, =75

Rated voltage and average current of these diodes ¢y simulation ardJ , , =30V and

I om = 0.004A so we choosMUR810/100V/1A/high frequency.
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[1I-5 Integrated circuit.

The PWM control integrated circuit provides tiuty cycle and the elements to implement
the control for a basic dc-dc converter. In fae tuty cycle is generated by the comparison
between a triangular signal and a continued sigialus Integrated circuit is a very
complicated component since it uses miniaturizeohsistors and comparators. We will
choose one from thENEP workshop. The main one available and suitablethc kind of
application isSINTEGRATED CIRCUIT UC3525.

First we are going to design the external comepts needed to connect the integrated
circuit to the power circuit. These external comgruis enable us to settle the integrated
circuit operating conditions. To fulfill this desigve will use integrated circuit characteristics.
In the first design a variable resistd®,() will be used to control manually the duty cyclela

see if results expected by simulation are accasiecan be seen in the figure 23.

L. _.

UC 3525

UC 3525

ELEL L N

CgrE
L

Figure 23: The PWM integrated circuit.

C, =5nF, C,.=1nF and R, = 286kW are given by the integrated circuit tables (voluwhe
components appendix 8). The compon€ntCt and R, fixed the frequency for the integrated
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circuit. Indeed we prefer to fiR, because resistor variation is less important tegacitor

variation. Thus thanks to the relation given by ofanturerC, = 1t . 001nF

f (O7R)
R,,R.,R compose the scheme of the variable resistor.dntlfee value given to this resistor

will correspond to the maximum and the minimum eatliat the duty cycle can take.
Thus the duty cycle will evaluated betweers¢heno limit values. In order to create the
time D of the duty cycle the integrated circuit compareiangular signal with a gate signal

V, (figure 24).

U,
33 ] 51
0.8 (°--¥--

Vo

Figure 24: Generation of the duty cycle.

So, thanks to the characteristics of the integratecuit we can find the value &®,,R,, R,
(figure 23).

D=0 =
Rp=10 R-*5
’ R 22 o8
Vo=0,8 Ro+Rq
0.8Y [ 3
T R 5
n 1=R <0,01A
2 2+ R
I=0,01A Rp € [0:1K Q]
+5V
Rp Vo mmp R)=3800
Ri=4200
R1
I<0,01A {Ra +Rph5_ 545
+5V Vo= 2 05 R|}"'R2"‘R1
I<0,01A

Figure 25: Calculation of the resistor for the igtated circuit.
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For more safety we will take the double fditla¢ resistors. To conclude the different
connections are given in the volume of componepgpeadix 8. Then we could give the last

scheme (figure 26) to the technicians and thenicordur result with our prototype.
1 D1 L 5
NN - - o

11
(w]
11
11
[m]
]
11

C 3
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[ |
L-1

Declamp Velamp

— 1T
3 Ry
- I
Dmd Dzg
Cq=— . E .
1 S | | | | =
3 = R,
Ded |_|: = F
Td Rd !
) z
Dzd E
Dztd R1 2
1 c. [A 10
Dzd B l_E 8
6
= R, -

Figure 26: General scheme for the technicians.
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IV Test of the laboratory prototype

We start to test the built prototype. We ext step by step in order to prevent the
destruction of components if we need to adjust seatee. Thus we connected each part of
the full circuit one by one.

V-1 PWM integrated circuit test

First we test the IC that will provide the ylatycle. After observing waveform of the IC
we noticed that we were at saturation in the drividre duty cycle was higher than 0.5
because the first value chosen for the variablistogswas too high. We decided to limit the
duty cycle from0O to 0.5 through an easy operation. Indeed therdvareoutputs of the IC
that provide duty cycle. Both are displaced I . Thus, if we connect both of them
together the duty cycle will be generated betweeand 1. Besides each output has the same
frequency. Thus if we sum both by connecting thegether the frequency will be the half.

So we decided to short circuit the 14 output ang o multiply frequency by two in order to

keep the same frequency. So we find the new capaCit = 1 . 005mF that we
2f (0.7R;)
must include in our IC (we kept the same resi®p).

After testing it again we notice that the sfammer driver was never saturated for different
values of the variable resistor because the dutieayas now limited between 0 and 0.5.

V-2 Driver circuit test

In the driver we faced only one problem witle resistoR;. Indeed we under evaluated
2
the power losses in this resistor. The losses mendy (16) P, =\%. In fact maximum

value that can reaclf; is less thari5v since the driver transformer has a turn ratio.ddd
the losses that can support this resistdf.is> SW which is too high since the driver circuit

was designed to providBW . The resistor used can only withstail. So it would be
destroyed. The losses come from the dischargeeointher capacitor of both power stage
switches and provide a negative current throughehistor. One option to reduce these losses
and so to minimize this negative current is to grag¢e into the PC board the scheme that
follows.
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Figure 25: Scheme to reduce losses of Rg.

This option is usually used by manufactures@sn as they want to reduce power losses
into the driver circuit. So the current that follewnust be very low and the component used
must support higher voltage than the voltage pexiddy the dc supply. Thus this option
helps to divert the negative current into anotlesistor higher thariR; and thus, drastically

reduces the losses in the circuit.

V-3 Power stage test

Then we tested the main part of the conveliest we noticed that to have accurate results
we need to connect a high capacitor in paralléhput. Indeed, the wires used to connect
input converter to grid are too long and have auatance. Thus to cancel the voltage drop
effects of this inductance we connectlaF capacitor very close to the PCB dc input
terminals.

We started to supply the power stage andtranhalf power. Thus we checked the heat of
component to see if nothing was burning. What ayggean half power is that the resistor in
the clamping circuit was rising to a very high tergiure without being destroyed but for
more safety we decided to put several resistoparallel (with the same total value) in order
to reduce the heat. Thus we checked thanks toaltossope all the fundamental waveforms
and we saw that the converter was deliver2@y in output and the waveform was the ones
expected as in the figure 10.

Finally we run the power stage to fullygw for different value of the duty cycle, input
voltage or output current (by changing the load) tmok the different values (appendix 1).
It gave us an access to the efficiency of our pypt which is the most important parameter
to define if the design is accurate or not.

N N
D=0,33 D=0,3
0.8 N 0.8
0,7 - [
0.5+ ’ 05 4
} — Pout{W t — Pont{W
5 100 n } 5 100 n }
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Figure26: Efficiency functions of output power.

We can see that to have the exact valug0gf in output for300v/ in input the duty cycle
must beD = 031 unless the efficiency i& = 74%. We obtained the best efficiency around

77% around the input values which were used for tregtkeof our forward. The efficiency
reach its limit around Pout=100W which was expected

So, we succeed in the realization of our fedv@onverter because the experimental tests
showed that waveforms and values were close torthe which were expected.

V Control design and final test

Forward converter provide dc supply to vesnsitive electronic loads. Thus if the
voltage deliver to this electronic load (in our &aslaptop computer) changes too much they
can be destroyed.

Load

(R} —

i t

' I
Vout t ' '

AV
' '
: o
1 ] v
Correction time

Figure29: Efficiency functions of output power.

That is why a control circuit is needed toustljthe duty cycle as soon as a parameter
changes in order to keep always the same valuleedtput voltage.

Voltage can change if input voltage changéshe load changes, if the temperature

changes. To conclude the output load is intolet@mautput voltage variation. That is why an
accurate control is needed.
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Figure30: Appropriate representation for the tragsfunction
We simplify the circuit by an equivalent ciifcwhich is the appropriate representation in
order to deduce main transfer function of the adrdircuit (figure 30).
In this process we need to deduce the tramsfetion of the power stage. After analysis
his bode representation, we can deduce the tygerdfollercontroller that we need. Indeed
the controllercontroller will help to have a fujlséem stable and as fast as possible.

V-1 Pulse with modulator (PWM)

The PWM is a component inside of the integtat&cuit (input pointé and 2, both
connected to outp@t). It aims is to compare an ideal voltage withtagé that is required at
the power stage output. A reference voltage is ideavby the IC. According to the table
(volume of components appendix 8) the referenctagelis 5.1V . ResistorsR, and R, are
needed to connect the output load to the PWM. Wet aetermine resistors, the calculation is
made forV,, =20v Vies (51 R 025, besides we also want to limit the power

Vout 20 Rl + RZ
losses of theses resistors
2
Vmes + (Vout - Vmes)2 £ }
R R, 8

So we deduc® =816A and R, = 2384\. Later commercial values will be used and we

will connect these resistors to the PC board.

V-2 Power stage transfer function
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Figure31: Equivalent scheme of t-he forward transfer.

We use Laplace transform of the electricalgigns giving by the equivalent circuit.
Main equation provided by Kirchhof’s law:

ir(s) = VO%(S), ic(S) =SCV,, (), i, () =ic(S) +ig(s) =SCV,,(9) +VoutR(S)
V'— (S) = SLiL (S) and\/L (S) :Vy (S) - \/out(S )
VOUt(S) = 1
V(& gy s:; +$2LC

. N . . -
BesidesV, (s) = D(s)V,, N—i (main expression of the forward converter giviyg®)).

The IC provides the duty cycle (scheme 2{k) = \/8_(3)
T
Thus we obtain the transfer function of this twodst:
Vo - Ny
Vout(s) - UT NP
Vol9) 14 SII;E +°LC

We will design the controller for the worstusition. It appears wheR® +¥ | it means
that P.® 0. So the main transfer function that we will studys

out

Vi Ng
V. (s N . . . .
H(s) = 0u(®) _ Ur >—| (18) his cut frequency isf, = . 272Hz and his static
Vo(s) 1+s°LC 2p+/LC
gainisK = tj/i Ny (U; = 24V s the triangular voltage provided by the IC maatdirer).

T P
This transfer function is a second order. The sehtirat follow show the bode representation
of H(s), and the Bode representation in open loop wishédaate a full system stable and

fast.
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Figure32: (A) Bode diagram of the power stage (@4l Bode diagram for a fast and stable
system.

1 decade

:LOH{W}

we=2T1fc

The cut frequency wishes is fix by us, but it asespect the Shannon’s theorem.
fo» Ll £ l(Shannom so f, =5kHz.
1c 2

So to obtain this ideal Bode diagram we mdstacontroller before the PWM.
V-3 Controller transfer function

The controllercontroller aims is to providakstity and rapidity to the full system. That is
the most important element of the control circlitus we must design this component to get
an a bode diagram close from the ideal one. Imadia converter, the controller usually used
by manufacturers is the one that follow (figure.31)

v G Rtz Cf 1 Corrector
I i
— . ow—dl =
Vo Rip 1| Riz P
- =
tomm=- ﬂ\g . Ve
—
Vref Rref

Rip=-1BZ_ Rref= Rip +R;
ip n1+R2 I iz

Figure33: Scheme of the controller.

Manufacturers choose this type of controllecduse its Bode diagram is appropriate to
obtain a full system stable and fast.
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Figure34: (A)Bode diagram of power stage and cdigrdB)Sum of the two Bode diagram
from (A)

. @+R,Cs)(1+CR,9)
The controller transfer function|{3(s) = (19)

Ro R,
C;s(R, +R,)1+Cs
f (Rlp Rz)( i RZ + Rp)
This expression comes from the circuit analysi$ ta won't detail. We have to determine
the different components of this controlér,R,,R,,,C; .
We must use equations given by transfer functiehBode diagram analysis.
Thus we obtain four equations:

fr =0, fy =1, = : v fp =1 = ! , fp, =10 = :
20C R, 2C(R,, o0C ( Ro R, )
"R, *R,
1
Gy (G(f.) = ———— .
() Gy (H(f.))

By using MAPPLE software we solve this system ofi&wpns. So we obtailC, = 5.3nF,
R, =11KkW , R, =91kW, C, = 64nF, R, =60M, R, =1116kW .

Beside we need to take commercial values so we addpt: R, =820A, R, =2200M\,
C =56nF, R, =120KW, R, =82Z&W, C, = 68nF andR_ =120kW . R, is replace byR,
and R, in parallel.

V-4 Final test.

Before building the control circuit we teséments by numerical simulation to check if the
control is operating well. Thus we can see thatdhsigned circuit is working. Indeed if
output load change quickly the control changesdigghe duty cycle in order to still deliver
20V in output. Besides the time correction is smadl.v& built the controller and test it on
the PC board. We can see that the control is dpgrdhe output voltage was regulated and
fixed at 20v even if the load changes. Nevertheless we weralnletto supply the circuit
with more thanV,, =180/ . Indeed noise appears into the output inductafice.noise was
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produce by too high frequency, which makes the ¢tahce core tremble. Thus one solution
to reduce noise is to filter high frequency emissiby adding another capacitor in parallel of
R, andC,.

By adding this new capacitor we create a new pobystem transfer function that cut high
frequency af, = 2kHz. (Simulation allow us to measure the value offtequency cut) First

we usedC, =10nF. We notice that noise disappeared and regulatias sl working.
Nevertheless response to fast load changes wasdao(more thabhOms). We made a new
numerical simulation to find the appropriate valaed to have a rapid answer to load
variations.C, =1nF. Finally we test the circuit again. We see thaedisappeared and

control was properly operated.
Besides it was much faster to a load variat@am withC, =100nF .

To conclude control operates well its main functitmprovide quickly the appropriate duty
cycle even if the output load change in order itbhsive 20v in output. This is the end of the
full design of a Forward converter.

CONCLUSION

The design of a Forward converter demands gregision when calculating the different
parameters and restrictions that will have to @ieg when conceiving the model. The first
step of the design was the understanding of thevdidrconverter. The comprehension of the
different waves forms and the link between thedfammer, the duty cycle and the input and
output voltage. Once this had been done it wasildes® proceed to the forward design and
to see that the transformer was really the heath@fconverter. During this phase we went
step by step to design all the circuit element$ ag output capacitor and inductor, diodes,
switches, clamping circuit, driver and integratéduit. We saw that each problem’s solution
made a new one appears which had to be solvedottegu to the other step. The design
appears like a compromise of plenty parameterscand be totally accurate. Indeed during
this phase we have to choose commercial values @oemps not too far from the numerical
results. We oversized some components not to faemshamical problems. Finally we made
thermal calculations in order to check if composembuld not have been destroyed as soon
as they are supplied.
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The laboratory test shows us how the numlesgaulation first used in design was
powerful. Indeed it allows to predict waveforms atwl have a first idea of how the
components will react. Besides, during test wedasmme problems that showed that at some
points, the circuit was wrong. Numerical simulat@mympleted by laboratory test helped us to
solve these problems. Finally the control of th# system was the last part we studied.
Indeed it appeared that the control was the britheoconverter.

The control provides the security of the cater it checks if values expected are fulfilled
and adjust parameters if the nature of the ciahdinges.

To conclude this project allows us to undermdthow engineer works to design and realize
a complex power electronics system. Besides wendehthhow to work with numerical
simulation and calculation softwares, we undersdnitie method to solve problems in the
design stage but also in the test stage of a frojéwis, one of the best proofs is that we
finally arrived to good results for this systemtthe entirely calculated and realized. Besides,
this type of power electronics szstem is used tadgjlenty of consumer electronics such as
laptop computer but also electric engines. It & finst step to introduce to more and more
complicated system.

APPENDIX

Appendix 1: Table of values from experiment of our forward

Input parameters Output values
D lout(A) Vin(V) Vout(V) lin(A) Pin(W) Pout(W)
0,4 7,2 247 19,3 0,75 185 138 74,6%
0,4 3,85 252 20,5 0,43 108 79 73,1%
0,33 1,35 285 21,9 0,19 54 29,5 54,5%
0,33 2,7 285 21,6 0,29 84 58,4 69,5%
0,33 4 285 21,1 0,4 114 84 73,6%
0,33 52 285 20,8 0,49 140,5 108 76,89
0,3 1,2 300 20,8 0,17 52 25 49%
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0,3 2,5 300 20,2 0,26 78 50,5 64,8%
0,3 3,6 300 19,7 0,35 105 70 67,5%
0,3 4,5 300 18,5 0,41 123 83,2 67%
0,3 4,8 300 19,6 0,43 129 94 73%
0,3 4,9 300 19,9 0,42 126 97 7%
0,3 5,5 300 18 0,47 134 99 73,8%
0,3 6,5 300 18,4 0,56 168 119 70%
0,31 5 300 20 0,45 135 100 74%
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