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Equivalent circuit of a transformer

It has been spoken in the chapter that deals with transformer of small value on the equivalent circuit, and that now we reproduce for low frequencies and enlarging it


a   =   n   =   N1 / N2
relation of transformation or turns


nM   


magnetic inductance


M   =   k ( L1L2 )1/2   
mutual inductance between primary and secondary


k ~ 1


coupling coefficient


L1


inductance of the winding of the primary (secondary open)

L2


inductance of the winding of the secondary (primary open)

L1 (1-k)   

inductance of dispersion of the primary

L2 (1-k) / n2  

inductance of reflected dispersion of the secondary

R1


resistance of the copper of the wire of the primary

R2


resistance of the copper of the wire of the secondary

R0


resistance of losses for Foucault and hysteresis

C1


distributed capacitance of the winding of the primary

C2


distributed capacitance of the winding of the secondary

ZL


load impedance



and their geometric components


S


section of the nucleus

lA


longitude of the air

lFe


longitude of the iron

lmed


longitude of the half spire




Equivalent circuit of a inductor


If to the previous circuit we don't put him load, we will have the circuit of an inductor anyone with magnetic nucleus. The figure following sample their simplification




where L = L1, R = R1 and C = C1.


It is of supreme importance to know that the value of the inductance varies with the continuous current (or in its defect with the average value of a pulses) of polarization. This is because the variation of the permeability, denominated incremental permeability , changes according to the work point in the hystresis curve. If we call as effective their value ef, for a section of the nucleus S and a longitude of the magnetic circuit lFe (remember you that the total one will consider the worthless of the air la), we will have that


L   =   ef . N2S / lFe

ef   =   ef     sin polarización

Now we see an abacus that shows their magnitude for intertwined foils and 60 [Hz] (also for 50 [Hz] without more inconveniences)




Measurement of the characteristics


Subsequently we will see a way to measure L, ef y ef.


With the help of a power supply DC and a transformer CA the circuit that is shown, where they are injected to the inductor alternating and continuous polarized limited by a resistance experimental Rx. Then we write down the data obtained in continuous and effective


VCC1  = ...   VCC2  = ...   VCA1  = ...   VCA2  = ...   




and we determine


R  =   VCC1 / ICC  =  VCC1 Rx / VCC2  = ...


L  =   -1 ( Z2 - R2 )1/2   =   -1 [ ( VCA1 Rx / VCA2 )2 - R2 ]1/2   = ...


If we measure the dimensions of the inductor (or transformer) we also obtain for the previous equation the permeability effective dynamics


ef  =   L lFe / N2S   = ...

and that effective one without polarization (we disconnect the source of power DC) repeating the operation


VCA1  = ...   VCA2  = ...   ICC  =  0    R   = ... (with a ohmeter)

and with it


L  =   -1 ( Z2 - R2 )1/2   =   -1 [ ( VCA1 Rx / VCA2 )2 - R2 ]1/2   = ...


ef  =   L lFe / N2S   = ...

Transformer of alimentation


For projects of up to 500 [VA] can reject at R0 in front of the magnetic nM and, like one works in frequencies of line of 50 or 60 [Hz], that is to say low, it is also possible to simplify the undesirable capacitances of the windings C1 and C2 because they will present high reactances.


As it is known, the characteristic of hysteresis of a magnetic material is asymmetric as it is shown approximately in the following figures. The same one, but not of magnitudes continuous DC but you alternate CA it will coincide with the one denominated curve of normal magnetization, since between the value pick and the effective one the value in way 0,707 only exists.
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For this transformer this way considered it is desirable whenever it transmits a sine wave the purest thing possible. This determines to attack to the nucleus by means of an induction B sine wave although the magnetic current for the winding is not it; besides this the saturation magnitude will be the limit of the applied voltage.


In other terms, when applying an entrance of voltage in the primary one it will be, practically, the same one that will appear in the magnetic inductance because we reject the dispersion and fall in the primary winding. This way


v1   ~   v0   =   V0pico cos t

therefore


B   =    / S   =   ( N1-1 v0t ) / S  =   V0pico ( S N1 )-1 sen t   =   Bpico sen t


v0 / n   =   N2 . t   =   N2 . BSt   =   Bpico S N1 cos t   =   V0pico n-1 cos t

where the lineal dependence of input can be observed to output, that is to say, without the permeability is in the equations.


Subsequently obtain the law of Hopkinson. She tells us that for a magnetic circuit as the one that are studying, that is to say where the section SFe of the iron is practically the same one that that of the air SA (remembers you that this last one is considerably bigger for the dispersion of the lines of force), it is completed for a current «i» circulating instantaneous that


N1 i   =   HFe lFe + HA lA   =   B ( lFe / Fe +  lA / A )   ~   B ( lFe / Fe +  lA / 0 )


   =   B S  =  N1 i / Reluctancia  =  N1 i / [ s-1 ( lFe / Fe +  lA / A ) ]  = N1 i S Fe lFe-1
being


0



permeability of the vacuum ( 4 .10-7 [H/m] )


r



relative permeability of the means


   =   
0 r


permeability of the means

ef   =   
0 [ rFe-1 + (lFe/lA)-1 ]-1
effective permeability of the means
and therefore we are under conditions of determining the inductances


L1   =   N1  / i  =   ( N1/ i ) ( N1 i S Fe lFe-1 )  =  N12 S Fe lFe-1

L2   =   N22 S Fe lFe-1
and also


L1   =   n2 L2

On the other hand, according to the consideration of a coupling k~1 they are the dispersion inductances and magnetic


L1 ( 1 - k )   ~   0


nM   =   L1 k  ~  L1
Designe


Be the effective data and line frequency

   
Vp  = ...   Vs  = ...   Is  = ...   f  = ...


Of the experience we estimate a section of the nucleus


S   = ...    >   0,00013 ( IsVs )-1/2
and of there we choose a lamination (the square that is shown can change a little according to the maker)


a   = ...   A  =   3a  = ...   IFe  =   Imed  =  12a  = ...



CUADRO DE LAMINACIONES DE HIERRO-SILICIO



Nº LAMINACIÓN
a
PESO APROXIMADO [Kg]





[mm]
SECCIÓN S CUADRADA


63

3
0,02




37

4,75
0,04




25

6,5
0,1




62

8
0,23




75

9,5
0,3




77

11
0,5




111

12,7
0,7




112

14,3
1




46

15
1,1




125

16
1,34




100

16,5
1,65




155

19
2,36




60

20
2,65




42

21
3,1




150

22,5
3,3




600

25
5,1




500

32
10,5




850

41
34




102

51
44



For not saturating to the nucleus we consider the previous studies

   
Vppico  <   N1 S Bpico  

   
Bpico  <  1  [ Wb/m2 ]

being


N1   =   0,0025 Vp / S Bpico f   = ...


N2   =   N1 Vs / Vp   = ...


Ip   =   Ip N2 / N1   = ...


As the section of the drivers it is supposed to circulate


s   =   Ø2 / 4

and being usual to choose a current density for windings of  3 [A/m2]


J  = ...   <   3 . 106 [A/mm2]

what will allow us to obtain


Ø1   =   1,13 ( Ip / J )1/2  = ...


Ø2   =   1,13 ( Ip / J )1/2  = ...


Subsequently we verify the useless fallen ohmics in the windings


R1   =    lmed N1 / s1   ~   22 . 10-9 lmed N1 / Ø12   = ...   <<   Vp / Ip


R2   ~   22 . 10-9 lmed N2 / Ø22   = ...   <<   Vs / Is

and also that the coil enters in the window «A» (according to the following empiric equation for makings to machine, that is to say it doesn't stop manual coils)


N1 s1 +  N2 s2  ~  0,78 ( N1 Ø12 +  N2 Ø22 )   = ...   <  0,25 A

Transformer of audiofrecuency


It is here to manufacture a transformer that allows to pass the audible spectrum. In this component, being similar to that studied to possess magnetic nucleus, the capacitances of the primary and secondary should not be rejected. This reason makes that we cannot reject the dispersion inductances because they will oscillate with the capacitances; that is to say in other words that the couplng coefficient will be considered.


However we can simplify the capacitance of the primary one if we excite with a generator of voltage since if we make it with current it will add us a pole. For this reason the impedance of the generating Zg will be necessarily very smaller to the reactance of C1 in the worst case, that is to say, to the maximum frequency of sharp of audio


Zg  <<  1 / max C1

We are under these conditions of analyzing, for a load pure ZLRL in the audible spectrum, the transfer of the primary system to secondary. We will make it in two parts, a first one for serious and then another for high audible frequency.





Then, like for low frequencies they don't affect the capacitance of the secondary one and therefore neither the dispersion inductances; this way, rejecting the magnetic inductance and the losses in the iron, it is reflected in low frequencies


T(graves)  =  n vs / vp  ~  { 1 + [ ( R1 + R2 n2 ) / RL n2 ] }-1 / ( s + min )


min  =  [ L1 / [ R1 // ( R2 + RL ) n2 ] ]-1
and the high frecuency


T(agudos)  =  [ n2 / ( 2 L1 (1-k) C2 )-1 ] / ( s2 + 2 s  max + max2 )


max  =  { [ n2 / ( 2 L1 (1-k) C2 )-1 ] . [ 1 + [ ( R1 + R2 n2 ) / RL n2 ] ] }1/2

  =  { ( RL C2 )-1 +  [ ( R1 + R2 n2 ) / [ 2 L1 (1-k) ] ] } / 2 max
and if we simplified the capacitance C2 we would not have syntony


T(agudos)  =  [ n2 RL / 2 L1 (1-k) ]-1 / ( s + max )


max  =  [ R1 + ( R2 + RL ) n2 ] / 2 L1 (1-k)

Transformer of pulses


This transformer is dedicated to transfer rectangular waves the purest possible. It is convenient for this to be able to reject the capacitance of the primary one exciting with voltage and putting a load purely resistive. The inconvenience is generally due to the low coupling coefficient that impedes, usually, to reject the magnetic inductance.


If we can make a design that has the previous principles, and we add him the following


R2 n2 + s L1(1-k)  <<   R2 n2 // ( n2 / sC2 )
then it can be demonstrated that for an entrance step «V» in the primary one they are


T  =  n vs / vp  ~   [ n2 / C2 L1(1-k) ] / [ ( s +  )2 + 02 ]


0  =  [ n2 / C2 L1(1-k) ] - 2

  =  RL n2 / ( R1 + RL n2 )


  =  0,5 { [ R1 / L1(1-k) ] + ( 1 / RL C2 ) }


n vs  =  T V / s    antitransformer    V  { 1 + e-t . sen (0t + ) / k 0 }


k   =   [  n2 / C2 L1(1-k) ]1/2

   =   arc tag ( 0 / )




that it is simplified for worthless dispersion inductance and output capacitance


T  =  n vs / vp  ~    . s / [ s + ( R1  / L1 ) ]


n vs  =  V  [ 1 - ( R1  / L1 ) t ]


This analysis has been made with the purpose of superimposing the effects of the answer from the transformer to the high and low frequencies for a rectangular excitement; that is to say, respectively, to the flanks and roofs of the pulses. For this reason we have the series of following equations of design finally


m  =  1, 2, 3, ... 
(order of the considered pick)

  =   . T0 / 2


T0  =  2 / 0   ~   2 [  L1(1-k) C2 / n2 ]1/2

tm  =  m . T0 / 2 ( 1 - 2 )1/2

tc  ~  0,53 . T0 (time of ascent of the vs, defined among the 10 % and 90 % of V)


vx  ~  V  [ 1 - ( R1  / L1 ) t ]


v  =  1 - ( vx() / V  )  =  R1 / L1  (slope error)



Design


Be tha data


vmax  = ...      = ...    V  = ...    RL  = ...    n  = ...    


We choose a recipient and they are obtained of their leaves of data


a   = ...   b   = ...   c   = ...   lFe  =  2 ( 2a + b + c ) - lA  = ...    lmed  =   b   = ...   


A   =  a b   = ...    S  =   a2   = ...    lA  = ...   BSAT  = ...


T  = ...  (relative permeability commonly denominated as toroid)





For that seen previously


ef  =   0 ( T-1 + lFe/lA )-1  =  4.10-7 ( T-1 + lFe/lA )-1  = ...


Bpico  = ...  <  BSAT

N1  =   V  / 2S Bpico  = ...


N2  =  N1 / n   = ...


L1  =   N12S ef / lFe  = ...


R1max  =   L1 vmax /    = ...


R2max  = ...  <<   RL
keeping in mind the specific resistivity is obtained


Ø1 = ...   >   0,00015 ( lmed N1 / R1max )1/2

Ø2 = ...   >   0,00015 ( lmed N2 / R2max )1/2
and with it is verified it that they enter in the window


N1 s1 +  N2 s2  ~  0,78 ( N1 Ø12 +  N2 Ø22 )  = ...    <   0,25 A


The total and final determination of the wave of having left one will only be able to obtain with the data of the coupling coefficient and the distributed capacitance that, as it doesn't have methods for their determination, the transformer will be experienced once armed.

Inductors of filter with continuous component


The magnetization curve that polarizes in DC to an inductor with magnetic nucleus, their beginning of the magnetism induced remainder will depend BREM (practically worthless) that has it stops then to follow the curve of normal magnetization. With this it wants to be ahead the fact that it is very critical the determination of the work point. Above this polarization the alternating CA is included determining a hysteresis in the incremental permeability  that its effectiveness of the work point will depend.





In the abacus that was shown previously they were shown for nucleous some values of the incremental permeability. Of this the effective inductance that we will have will be


L   =   N2 S ef / lFe 


ef   =   0 / [ rFe-1 + ( lA / lFe ) ]  =  [ Fe-1 + ( lA / 0lFe ) ]-1
where ef it is the effective incremental permeability of the iron.

Design


Be the data


ICC  = ...   >>   ICC  = ...   L  = ...   Rmax  = ...   f  ~  50 [Hz]




We already adopt a lamination of the square presented when designing a transformer


a  = ...   lFe  ~  lmed  ~  12 a = ...   S  =  4 a2  = ...   A  =  3 a2  = ...


VFe  =  S lFe  = ...

choosing


lA  = ...   <<   lFe

We determine now


B HQ  =  H  Fe  HQ  =  ( N ICC Fe / lFe ) . ( N ICC / lFe )  =  ICC ICC L / lFe S  = ...

so that, of the curves of following Hanna we obtain


N   = ...




and in function of the specific resistivity


Ø   = ...   >   0,00015 ( lmed N / Rmax )1/2
verifying that the design enters in the window according to the following practical expression


N s  ~  0,78 N Ø2  = ...  <   0,25 A

Inductors of filter without continuous component


In approximate form we can design an inductance if we keep in mind the the graphs views and the square of laminations for the iron. This way with it, of the equations


L   =   ( N2 S / lFe ) . (Bef / Hef )

where Bef yand Hef they are the effective values ofef.

Design


Be tha data


L   = ...   Imax  = ...  (eficaz)   f  = ...


We already adopt a lamination of the square presented when designing a transformer


a  = ...   lFe  ~  lmed  ~  12 a = ...   S  =  4 a2  = ...   A  =  3 a2  = ...

and we choose a work point in the abacus of the curve of normal magnetization of effective values seen in the section previous of Transformer of alimentation, where it will be chosen to be far from the saturation of the nucleus and also preferably in the lineal area, this way if the Imax diminished it will also make lineally it the ef in a proportional way.


ef  = ...


N   =   ( lFe L / ef S )1/2   = ...


For not exceeding in heat to the winding we adopt a density of current of 3 [A/mm2]

Ø   = ...    >   0,00065 Imax1/2

and we verify that this diameter can enter in the window, and that the resistance of the same one doesn't alter the quality of the inductor


0,78 N Ø2  = ...   <   0,25 A


22 .10-9 lmed N / Ø2   = ...  <<   L

Autotransformer


The physical dimensions of an autotransformer are always much smaller that those of a transformer for the same transferred power. This is due to that in the first one the exposed winding only increases to the increment or deficit of voltage, and then the magnetic inductance continues being low


POWER IN A TRANSFORMER  =  Vp  Ip

POWER IN A AUTOTRANSFORMER  ~  Vp  Ip 1 - n-1




The calculation and design of this component will follow the steps explained for the design of the transformer, where it will talk to the difference of coils to the same approach that if was a typical secondary.




_______________________________________________________________________________
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