Tema 5: Diseno de bobinas y transformadores

1. Conceptos de circuitos magneéticos

2. Disefio de inductancias (basico)

3. Pérdidas, calentamiento y revision del disefio
4. Disefio de inductancias acopladas

6. Diseio de transformadores



1. Conceptos de circuitos magnéticos

e [ H d I R v i Q] 4+ 1 4 1 1 1 1 1
¥ =2, Sentido segun regla de la mano derecha

Aplicacion a circuitos magnéticos Z Hyly = Z N iy = Fuerza magnetomotriz (MMF)
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Figure 3-10 (a) General formulation of Ampere’s law. (b) Specific example of
Ampere’s law in the case of a winding on a magnetic core with an airgap.

« Direction of magnetic field due to currents

« Ampere’s Law: Magnetic field along a path
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1. Conceptos de circuitos magnéticos Densidad de flujo magnético B=uH

B-H Relationship; Saturation

> H

<— Linear region —4
HB

Figure 3-12 Relation between B- and H-fields.

 Definition of permeability
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1. Conceptos de circuitos magnéticos

Continuity of Flux-Lines
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Figure 3-13 Continuity of flux.
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1. Conceptos de circuitos magnéticos Reluctancia magnética

SN, =Ni=SHIL =Y HuA " =435,
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1 solo bobinado Concept of Magnetic
Reluctance
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Figure 3-14 Magnetic reluctance.

* Flux is related to ampere-turns by reluctance
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1. Conceptos de circuitos magnéticos Andlisis de circuitos magnéticos

Table 3-2 Electrical—Magnetic Analogy

Magnetic Circuit Electric Circuit
mmf Ni v

Flux ¢ i

reluctance R R

permeability 1/p, where p = resistivity

Table 3-3 Magnetic—Electrical Circuit Equation Analogy

Magnetic Electrical (dc)

&—Q{-L Oh’l .H—R—_t_

Py A m’s law: - Al

d> R, =2 N,i, Kirchhoff’s voltage law: i >, R, = >, v,

k m k m
2d,=0 Kirchhoff ’s current law: >, i, = 0
k
Copyright © 2003
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1. Conceptos de circuitos magnéticos Ley de Faraday, Ley de Lenz, Autoinduccion

¢ External ¢, B dd _N d¢
,% iduetoe ,\’l‘c de e_dt_ dt
; [:_ 5 : = positive
— D D
: : € ; D ® = Flujo total
_ Q ; - i\‘] N = N°espiras
8 Y ™ 6sve tos ¢ = Flujo que atraviesa cada espira
(a) (b)
L= ae _ N ¢
|

Figure 3-16 (a) Flux direction and voltage polarity.
(b) Lenz’s law.

di
(Suponiendo una relacion lineal entre el
flujo y la corriente)

2

Como Ni=¢fR L=N _dq)di di
R e=— =L

di dt dt



2. Disefio de inductancias

Condiciones de disefio (sin tener en cuenta disipacion de potencia)
* Valor de la inductancia L
* Frecuencia de operacion (influye en la eleccion del material)

» Corriente maxima que circula por la inductancia (en el disefio de una inductancia toda la corriente es
magentizante. Toda la corriente que circula da lugar a flujo).

» Campo maximo que acepta el material Bypax = Bgar

 Resistencia maxima del bobinado. Rqyax

La existencia de un B,,,x Y un valor de L que conseguir implica un nimero minimo de vueltas (en
funcién también del tamafio del nacleo)

|_:|\|2 Ik
ka A
k

Ni=¢> R =ABD Ry
k k

> I—iLMax
BMaxAC



2. Disefio de inductancias

Dado un tamafio de nucleo y una seccion de cable utilizado, hay un nUmero maximo de vueltas
que caben

bobbin

Winding conductor

airgap

Double-E core example

9

« A, U

)
I MaxPcu

MLT

T p2
BMax KCu RCul\/lax

Factor de llenado (fill factor) Ko, N < m

SCu
La condicion basica que debe verificar una
geometria dada de nucleo es:
KeyAy o Li
u LMax
N Max >N Min 2

SCuMin - BMaxAC

S. .. — Pculcy _ PcyNMLT
CuMin — R - R
CuMax CuMax

MLT = Ly = Longitud media de cada vuelta.

Li
Fijando: N = Ny = — -M&X

- BMaxAC

K, = Constante geométrica del nucleo



2. Disefio de inductancias

Procedimiento de disefio (sin contar pérdidas de potencia, de momento)
PASO 1: Conocer todas las especificaciones

PASO 2: Para cada posible nicleo (material y geometria), determinar un tamafio que cumpla la condicion de K:

2 2:2
K. — AcAv o UlimaxPcy
9 MLT

T p2
BMax KCu RCuMax
PASO 3: Fijada la geometria y el material del ntcleo, calcular el nimero de vueltas (minimo):

Li
N = NMin _ LMax

BMaxAC

PASO 4 Determinar el 0an nececarin: | —
= A7V iVvillllliial Vi 3“'-’ LAINVVVOUL LU . —_—

PASO 5: Elegir la seccion del cable (comprendida entre un minimo y un maximo):

NMLT K
ScuMin = /OCI; ScuMax = CKlAW
CuMax




3. Pérdidas, calentamiento y revision del disefio

13.3.1 Core loss

Energy per cycle W flowing into »- D G
turn winding of an inductor, i(7) .,,<’AC
excited by periodic waveforms of + "N
1 o 1 g .
frequency f: () s S
_ -y \] Core
W= [ V()i(f)dt ﬁermeablhry
::'nec;rrfe core
Relate winding voltage and current to core B
and H via Faraday’s law and Ampere’s law:
dB(t
v(1) =nd, # H()(,, = ni(z)
Substitute into integral:
9 7= (3146(’1‘?{(?))[*%{(2%](1’!
t
one cycle
~(44,) | HaB
one cyecle

Fundamentals of Power Electronics 36 Chapter 13: Basic Magnetics Theory



3. Pérdidas, calentamiento y revision del disefio

Core loss: Hysteresis loss

BII.

W=(4L,) f HdB

one cycle

The term 4 ¢_is the volume of

the core, while the integral is
the area of the B—H loop.

(energy lost per cycle) = (core volume) (area of B—H loop)

P, = (.f](Ac(m] J HdB Hysteresis loss is directly proportional
to applied frequency

one cycle

Fundamentals of Power Electronics 37 Chapter 13: Basic Magnetics Theory



3. Pérdidas, calentamiento y revision del disefio

Hysteresis Loss in Magnetic Materials

= AN
. ac /
ﬁ;{r;:;rsis /} ° ? / \/ :
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» Area encompassed by hysteresis
loop equals work done on material
during one cycle of applied ac

» Typical waveforms of flux density,
B(t) versus time, 1in an inductor.

magnetic field. Area times frequency * Only B, contributes to hysteresis
equals power dissipated per unit loss.
volume.
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3. Pérdidas, calentamiento y revision del disefio

Eddy Current Losses in Magnetic Cores

Eddy current

8, (1)

® AC magnetic fields generate eddy currents
in conducting magnetic materials.

e Eddy currents dissipate power.

¢ Shield interior of material from magnetic
field.

Copyright © by John Wiley & Sons 2003

Bi(r)
°* B = exp({r - a}l/s)
0

_ 2
e 5 = skin depth = \/;

e v =2nf, f="frequency
* u = magnetic permeability ;
no for magnetic materials.

e o = conductivity of materi:

e Numerical example

® 6=0.050¢,; u= 103 o
f=100 Hz

e 5 =1 mm

Magnetics - 13
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3. Pérdidas, calentamiento y revision del disefio

Laminated Cores

* Cores made from conductive magnetic
materials must be made of many thin
laminations. Lamination thickness < skin

depth.

t
* Stackmng factork . 1 = 77005t

Copyright © by John Wiley & Sons 2003

A

05t
t (typically
0.3 mm)

Insulator

Magnetic steel
lamination

Magnetics - 14
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3. Pérdidas, calentamiento Ecuacion empirica:
y revision del disefo

P

,Sp :\T
C

Quantitative Description of Core Losses

P = kf a(Bac )d

e Eddy current loss plus hysteresis loss = e 3F3 core losses in graphical form

core loss.
HW mm-3
e Empirical equation - Pm gp = K fa [Bac]{j 'l“c":"“" ; 373
T = frequency of applied field. By¢ = Fin iz | 405 100_| 25
base-to-peak value of applied ac field. Kk, F /‘: .-":" 7
a, and d are constants which vary from j'.‘ ;’ ‘:’ &
material to material )/ / / /
[ loz ry ':’ r‘-’ —
o 4 F i F 4 A =
-6 ¢1.3 2.5 g { A,
L] pm’sp = 1.5)(1 0 f . [Bac] § / 7 I'}r‘l IIJ a
mW/cm3 for 3F3 ferrite. (f in kHz and v H’I ,f" r:' /Kr'
B in mT) ° f /, LT E
Pm.sp = 3.2x10°6 1.8 [B_]° LY /AW A1) A
< m15p = g x [ aC] '.l" :’ £ _’f:‘l_._._
mW/cm3 METGLAS 2705M (f in kHz !,;1, - & “,«'
and B in mT) 77 ARV *',.-"
e Example: 3F3 ferrite with f = 100 kHz / Y | AL ——25c
and Bac = 100 mT, Py p = 60 7 /.' /s /L;
" , AAW/AV i
mW/cm 1co 1600 Y

Peak ac flux density, B,

Copyright © by John Wiley & Sons 2003 Magiitics - 11
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3. Pérdidas, calentamiento y revision del disefio

Core Material Performance Factor

*  Volt-amp (V-A) rating of transformers proportional to f B__

* Core materials have different allowable values of B_ at a specific frequency. B_ limted by allowable Pmp.

* Most desirable matenal 1s one with largest B__.

* Choosing best material aided by defining an emperical performance factor PF = f B_. Plots of PF versus
frequency for a specified value of Pmp permuit rapid selection of best material for an application.

* Plot of PF versus frequency at Pmp = 100 mW/cm?® for several different ferrites shown below.

r

I
30|—
25 -

20 |~

15 —

PF=fB, TwkHz

10 —

(%13

10 100 1000
Frequency kHz

Copyright © by John Wiley & Sons 2003 Magnetics - 12
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3. Pérdidas, calentamiento y revision del disefio

Power Dissipation in Windings

- o bobbin o
« Average power per unit volume of copper dissipated | Winding conductor
. L 2
i copper winding = Pey s = Pey Upmg)™ Where | . ey
o i o
= : = T by airga
Jims = Lims/Acy and pgy, = copper resistivity. gap oo

=

» Average power dissipated per unit volume of

winding =Py, ¢y =Koy Pey (ers)3 : Ven = key hy Aw T
Vi where V,, = total volume of copper in the g
winding and V, = total volume of the winding. ¥ 9 i
N Acy T2 A "b—w"
» Copper fill factor k,,, = Ay < |

Double-E core example
* N =number of turns; A, = cross-sectional area

of copper conductor from which winding is made; * kg <1 because:
Ay = by I = area of winding window.
* Insulation on wire to avoid shorting

* k., =0.3for Leitz wire: k,, = 0.6 for round out adjacent turns in winding.
conductors; k,, = 0.7-0.8 for rectangular _ o .

* (Geometric restrictions. (e.g. tight-packed
circles cannot cover 100% of a square
area.)

conductors.

Copyright © by John Wiley & Sons 2003 Magnetics - 16
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3. Pérdidas, calentamiento y revision del disefio

Eddy Currents Increase Winding Losses Rac > Rpe

* AC currents in conductors generate ac
magnetic fields which in turn generate eddy
currents that cause a nonuniform current
density i the conductor . Effective resistance
of conductor increased over de value.

7 .
. PW.sp > Koy Peu Upms) ™ if conductor
dimensions greater than a skin depth.

I(r)
. ? = exp({r-a}/d)

5
* 0 = skin depth= ‘\/;

« w =2u{ f={frequency of ac current

—— —

L = U, for nonmagnetic conductors.

* o = conductivity of conductor material.

* Numerical example using copper at 100 C

Frequency| 50 5 20 500
Hz kHz | kHz | kHz

Skin 10.6 1.06 1 0.53 | 0.106
Depth mim mm | mm | mm

Copyright © by John Wiley & Sons 2003

L = magnetic permeability of conductor;

Eddy currents

J(t)

® Esin(mt} ®

Mnimize eddy currents using Leitz wire
bundle. Each conductor in bundle has a

diameter less than a skin depth.

Twisting of paralleled wires causes effects of
intercepted flux to be canceled out between
adjacent twists of the conductors. Hence little if
any eddy currents. _
Magnetics - 17
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3. Pérdidas, calentamiento y revision del disefio

Thermal Considerations in Magnetic Components

Losses (winding and core) raise core
temperature. Common design practice to

limit maximum interior temperature to 100-125 °C.

Core losses (at constant flux density) increase
with temperature increases above 100 °C

Saturation flux density B, decreases with temp.
Increases

Nearby components such as power semi-
conductor devices, integrated circuits, capacitors
have similar limits.

Temperature limitations in copper windings

Copper resistivity increases with temperature
mcreases. Thus losses, at constant current
density increase with temperature.

Reliability of insulating materials degrade with
temperature increases.

Copyright © by John Wiley & Sons 2003

Surface temperature of component nearly equal to
interior temperature. Minimal temperature gradient
between interior and exterior surface.
* Power dissipated uniformly in component volume.
* Large cross-sectional area and short path
lengths to surface of components.
* Core and winding materials have large thermal
conductivity.

Thermal resistance (surface to ambient) of magnetic
component determines its temperature.

P TS _ Ta R l_l R = 71
sp = Rgg(Viw + V) Bsa = A OSA h AS
* h = convective heat transfer coefficient =
10 C-m?/W P
h=7W/ (K m )
* A = surface area of inductor (core + winding).

Estimate using core dimensions and simple
geometric considerations.

*  Uncertain accuracy in h and other heat transfer
parameters do not justify more accurate thermal
modeling of inductor.

Magnetics - 20
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3. Pérdidas, calentamiento y revision del disefio

Procedimiento de disefio teniendo en cuenta la disipacidén de potencia
PASO 1: Conocer todas las especificaciones. Se incluye ahora una temperatura maxima de la inductancia.

PASO 2: Elegir un material adecuado para la frecuencia de operacion.

PASO 3: Determinar para cada posible ntcleo la densidad de flujo magnético méxima (por saturacion del material
o por calentamiento debido a pérdidas; elegir la condicidon maés restrictiva):

ATMAX — RH (Psp,CoreVCore + P V ): RH Psp (V + V ) ¢ hace ¢l diseno

sp,Winding * Winding Core Winding suponiendo:

P ATM AX 1 Psp,Core = Psp,Winding

TR Ve, V) RﬂhAS hz7,50gnz

Core Winding

1/d
spMax B — ACMax " LMax
B M - -

ACMax :\ kf a ) Max |




3. Pérdidas, calentamiento y revision del disefio

Procedimiento de disefio teniendo en cuenta la disipacidén de potencia

PASO 4: Determinar para cada posible ntcleo la resistencia maxima del bobinado (por un valor fijo o por
limitacion de calentamiento debido a pérdidas; escoger la condicidn mas restrictiva):

1/d .
P = P — m _ P V BACMaX _ [ PSp;COfE\J BMaX — BAC-I\/IaleI\/Iax

CuMax Winding R sp,Core ¥ Core kf & I ac
(2

Psp.core S€ evaltia a partir del B, obtenido en el apartado anterior. Si la limitacion es por saturacion del nicleo, la
potencia disipada en el ntcleo serd inferior a la que corresponde a la condicion de que las pérdidas de potencia
especificas del niicleo y el bobinado coincidan. Si la limitacion es por calentamiento, Pg, ¢, coincidira con Py

P

R —  CuMax
CuMax ~ = 2

ILRMS

PASO 5: A partir de aqui se puede aplicar el procedimiento bésico. El efecto del calentamiento se ha tenido en
cuenta al determinar B, Y Rcymax

22



4. Diseino de inductancias acopladas

En un transformador consideraremos que la corriente de magnetizacion
En bobinas acopladas el circuito de aplicacion exige que la corriente de magnetizacidon minima no sea 0.
Las condiciones que se calcularan en el circuito de aplicacidn son las siguientes:

 Valor de la inductancia magnetizante L,

» Frecuencia de operacion (influye en la eleccion del material)

» Corriente magnetizante maxima

e Campo maximo que acepta el material By = Bgar

* Potencia maxima total disipada en los bobinados

e (Corrientes eficaces de los bobinados

e Relacion de vueltas de los bobinados

Todo es igual que el método estudiado, excepto que hay que decidir como repartir el drea de bobinado entre los
distintos bobinados.

23



4. Diseino de inductancias acopladas

14.3.1 Window area allocation

Given: application with & windings

_ f}'l . i‘.’L
having known rms currents and > <
des'red turnS ratIOS Fms :’.}H'}‘E’HI . . s (J‘;’!F'}"EHT
1 2
w(t) v )
n, n, Ny
Core | .
r Window area WV, 0, rms current
7 I,
Core mean length
per turn (MLT)
N ”k
Wire resistivity p _
Q: how should the window
Fill factor X, area W, be allocated among

W, (Window Area) = Ay (Area of Winding)

Fundamentals of Power Electronics 19

the windings?

Chapter 14: Inductor design
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4. Diseino de inductancias acopladas

Allocation of winding area

Winding 1 allocation
o, W,
Winding 2 allocation
o, W,

eilc.

Fundamentals of Power Electronics

/

20

Total window
area IV,

Chapter 14: Inductor design
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4. Diseino de inductancias acopladas

Copper loss in winding j

Copper loss (not accounting for proximity loss) is

P

cl.j

=1 .?Rj

Resistance of winding j is

R. = ! Rj=p
“EW, SCu,j
with
(;=n,(MLT) length of wire, winding ;
’/V H(:Ij . . i WA Kuaj
Ay = wire area, windingj S, .=
. ’J n .
J
Hence .
n(MLT) b niip(MLT)
R-”' L H’rAK” Q; “ HZIKHCI’_;'
Fundamentals of Power Electronics 21 Chapter 14: Inductor design

Cambio de notacion
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4. Diseino de inductancias acopladas

Total copper loss of transtormer

Sum previous expression over all windings:

_ p(MLT) < ? ‘}'
P-:‘u.mr o P-:‘u.l T Pcu.l T oeee + Pcu B 2
ﬂt K j=1
Need to select values for a, a,, ..., o, such that the total copper loss
IS minimized
An alternate form:
— nmjm — ijm — n nk
(Im_ G‘m_ ITotl _ |1+7| + .. +7|

3 nl 2 Vi n, n,

n=1 J n=1



4. Diseino de inductancias acopladas

14.4.2 Example 2: CCM tlyback transtormer

i[04
Transformer model
’ n,o:n, |
- ! ' H N
1y ivY + D, | 0 .
| . i)(1) 4
E Lﬂff vﬂ‘ﬂr (ﬁ —— R 5 I/" I / _______________________________
i M
V - . B N 7
g \= _
___________________ < 0 >
I i(1) 4
_I o m
0. tM

0 >
w0y,
) ‘_DTS .

Fundamentals of Power Electronics 33 Chapter 14: Inductor design



4. Diseino de inductancias acopladas

Specitications
Input voltage V, =200V
Output (full load) 20Vat5 A
Switching frequency 150 kHz
Magnetizing current ripple  20% of dc magnetizing current
Duty cycle D=04
Turns ratio n,/m; =0.15
Copper loss 1.5W
F1ll factor K, ,=0.3
Maximum flux density B, =025T
Fundamentals of Power Electronics 34 Chapter 14: Inductor design
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4. Diseino de inductancias acopladas

Basic converter calculations

Components of magnetizing
current, referred to primary:

—(M2\ 1 V_ 5
I, (”I)D,R 1.25 A

Ay =(20%)1,,=025 A

Ly =T+ Aiy,=1.5A

M, max

Choose magnetizing inductance:

I VgDTS
M 2Ai,,
=1.07 mH

Fundamentals of Power Electronics

RMS winding currents:

— Ay,
flszp\/ 1%(’”) =0.796 A

L,="11,VD

I,=I,+21,=177A

n,y

35 Chapter 14: Inductor design

30



4. Diseino de inductancias acopladas

Choose core size

L2 [2 2/
K > p J:f ror[ﬂf_.mnx 108
B: P K,

max— ci

_ (025 T)*(1.5W)(0.3)

g

108

=0.049 cm”°

Una vez elegido el nacleo, se determina el numero de espiras de cada bobinado, los coeficientes o de cada
bobinado, el area que corresponde a cada bobinado y la seccidon del hilo de cada bobinado.

31



5. Disefio de transformadores

El flujo minimo serd 0 y la corriente magnetizante minima también.

dependerd tinicamente de la relacion Vs aplicada.
Una elevada L, no dara lugar a la saturacion del nucleo (de hecho es deseable), por lo que se puede minimizar la
reluctancia del nacleo. No se introduce un gap. El valor de L, no es una especificacion.

Flux density

Constraint #2

vl(() I

Flux density B(r) is related to the
applied winding voltage according
to Faraday’s Law. Denote the volt-
seconds applied to the primary
winding during the positive portion
of v(n as A;:

9 =J (1) di

n

area

This causes the flux to change from Si B varia entre 0 y un
its negative peak to its positive peak. To attain a given flux density, maximo. entonces:
From Faraday’s law, the peak value the primary turns should be ’

of the ac component of flux density is chosen according to

A

AB = M ny = M BMax = ;
2n A, 2ABA, n A
Fundamentals of Power Electronics 4 Chapter 15: Transformer design

32



5. Disefio de transformadores

La condicion para elegir tamafio de niicleo se modifica. Se utiliza el nimero minimo de espiras en funcion del

campo maximo obtenido a partir de A,.

Paso 1: Definir B,,,, (es decir, la amplitud de alterna de la densidad de flujo magnético). Normalmente limitado por
pérdidas de potencia.

Paso 2: Elegir geometria de nucleo viable de acuerdo con:

N >N_ N _ KaA, NMm=x1 (Bde0OaB,,,)

Max Min Max
Cu,min Max
g - pCuNMin MLT _ pCuNMin MLT |12RMS NMin :}\'I(B de_BMaX a+BMaX)
s RCu,MAX PCu,MAX 2 BMaX

2 2
| IRMS — |T0tl (teniendo en cuenta que hay multiples bobinados)

Paso 3: Fijada la geometria, se determina el nimero de espiras del bobinado 1 (N,,,) y posteriormente los de los

demas bobinados, los coeficientes a de cada bobinado, el area que corresponde a cada bobinado y la seccidon del
hilo de cada bobinado.



