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"Choke"?
I do not know the origin of the word "choke" came from but very soon after electricity was put to use in hundreds of ways by 1900, 
people were winding coils of insulated copper wire around iron to make an inductance to inhibit the flow of ac currents.

At some point of electronic evolution, an inductance was found to be a good filter device for reducing 
noise current flow between point A and B in a circuit. Someone might have said  the inductance "choked the flow of alternating current."
And indeed any inductance does this, and the effectiveness of a filter choke depends on its quantity of inductance, and wire resistance, and several other factors.
The unit of inductance is the Henry, named after Joseph  Henry, a great American scientist who died in 1879.

I don't want to get bogged down  into the deep muddy swamps of the mathematics surrounding all inductors.
Definitions of Inductance are well covered elsewhere on the Internet, and readers need to read MUCH MORE than I am saying here.

But basically, if there is change in current through the centre of a coil of insulated wire, there will be a change of magnetic field 
produced, and the field produced tends to produce an "electro motive force", emf, which opposes the 
flow of the current. A steady DC flow does cause a magnetic field to be produced, but while it remains 
unchanging, the inductor seems to have a simple resistance equal to the measured resistance of the wire.
but when we change the current, the resistance appear to rise, and it rises proportionally to the frequency
of the current flow. This frequency dependant resistance is called the impedance, or reactance of the inductor.
It is always expressed as a number of ohms at a certain frequency. 

Suppose we have an ac signal feed to the choke through a resistance  in a simple 3 element series circuit.
A signal voltage can be applied to a choke and resistance in series and an equal value of current will flow through both and the magnitude 
of current flow in Amps depends on :-
1, The inductance value in Henrys, which can change due to the nature of the iron in response to voltage and frequency,
2, The resistance in Ohms,
3, The magnitude of the voltage source amplitude in Volts, 
4, The frequency of the signal voltage applied.

Here is the set up used for measuring a choke very simply.
Fig 1
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This simple test set up has signal generator to produce a range of sine waves between 2Hz and 30kHz.
The generator should have adjustable output levels and adjustable frequencies, but when any level is chosen,
the output level of all frequencies will be the same. 

The amp raises the level of generator signal and converts the high output resistance of the signal generator to 
a source of signal with a low resistance, so that anything we might connect to the amp will not affect the voltage level
at the amp. 

The point of interest in the above circuit is at the top of the R, the test point.

Suppose we connected an unknown value of inductance in series with a known resistance of 1,000 ohms.
Suppose we set the amp output level to 10Vrms.
Suppose we set the frequency to 1,000 Hz.  
We would like to find out if the L is suitable for a filter element in a power supply.  
Let us say the inductor has a core of 25mm stack x 25mm tongue E&I laminations,
and is fitted with an air gap, and wire size looks to be approximately 0.35mm dia. 
Assume we have measured the wire resistance of the choke, and found it is 50 ohms which is the same as if the wire was in a straight length
of unwound wire. All inductors have some "dc resistance", ie, plain old resistance, measured with a dc flow.
So all inductances are not perfect and all are equivalent to a resistance-less inductor plus a series R equal to the measured R.
So 50 ohms is effectively in series with the amount of choke inductance, and in the above circuit is 
in series with the 1,000 ohms series R above. Because 50 ohms is 1/20 of the 1,000 ohms, its effects 
on what we want to measure can be neglected.

Now we have to think mathematically to better understand the choke and its behaviour with alternating signals. 

ZL = L x F x 6.28. 
Where ZL = impedance of the choke in ohms,
L = inductance in Henrys,
F = frequency in Hertz, or cycles per second,
6.28 = constant for all equations and equals 2 x pye = 44/7.

Looking at this formula, straightaway we see  that ZL will be low at low frequencies, LF, and high at high frequencies, HF.

Reactance is a name to both L and C circuit elements. Impedance is the "resistance of the L or C" reactances at a certain frequency.
The pure L or the C actually has NO resistance and therefore current flow through such reactances does not dissipate
any heat, and no work is done in the L or C except upon the wire leads for C and the wire resistance in L.
Energy is transferred by the L or C and can be temporarily stored, but not lost if the L or C
is perfect, ie, has low resistance wire or leads.

Suppose that in this test above we measure 0.159Vrms at the voltmeter, and we see it is a sine wave on the CRO, ( cathode ray oscilliscope ).

We can say there is a flow of current, IL, and  =  0.159V / 1,000 ohms = 0.159mA in R and L.
We also know that there is 10Vrms at the amp output.
So there is very close to 10Vrms across the choke, and if we were to probe across the L we would measure nearly 9.8Vrms.
Without explaining the phase shift of signal due to the effect of the L reactance, along with an appalling amount of maths, and how that complicates
the accuracy of measurements,  let us say there is simply 10Vrms across the choke.
The impedance Z = Voltage across L divided by current flow through L; impedance follows Ohm's Law.
So ZL = 10V / 0.159mA = 62,890 ohms.   
ZL = L x F x 6.28, so L = ZL / ( F x 6.28 ) and in this case L = 62,890 / ( 1,000 x 6.28 ) = 10.0 Henrys.

If we adjust the frequency downwards, leaving the applied amp signal constant, we will see that the test point voltage slowly rises, and 
at  100Hz, and we may have found the voltage across the 1k = 1.59V.
And working with the above formulas, we would arrive at a very similar inductance figure.
However, just because an inductance measures 10H at say 1kHz, it does not mean it will be 10H at 
other frequencies. The iron's permeability ( µ ) changes with frequency as well as with voltage amplitude.
Usually most E&I laminations have maximum µ at some F below 100Hz, often around 30Hz.
We can measure the choke impedance at any F and/or voltage level and work out if the choke will suit our purpose.
The measurements indicate that as F is lower, current flow increases, because ZL falls.
Air cored inductors have CONSTANT inductance at all F and all voltages for audio applications
because there isn't any non-linear iron to complicate what is measured. But its difficult to make large amounts of inductance
without using iron, and only iron wound chokes have any uses for audio gear as :- 
1, Filter chokes for "capacitor input" CLC  filters in power supplies,
2, Filter chokes for "choke input" or LC filters in power supplies,
3, DC supplies or sinks for anode or cathode, known as "choke loading", or "choke feed", or "parafeed".

For filter inductances for speakers, attenuator networks in amplifiers, etc, air cored chokes are often used,
although many modern chokes used as bass speaker filters to remove HF the chokes have moulded 
iron core in a solenoid design. The HF chokes to shunt the LF signals in HF tweeter crossover filters are invariably air cored.

For filter chokes in power supplies, we really only need to know what the inductance will be at 100Hz, because 100Hz is the 
frequency of the output from a rectifier and is twice the mains frequency in UK, Europe, Aust, and elsewhere. Any power supplies built in these countries will work fine where 60Hz mains exists, such as the USA, 
( although iron wound components designed for 60Hz operation may not work well when transported to 50Hz countries.)
I am Australian, and all my formulas in this site are based around 50Hz mains and metric measurements unless stated otherwise.

The above test circuit may be used for measuring a whole range of inductance types for the audio band.

There is a convenient quick way of measuring an inductance if we find where the ZL = RL in ohms.
The resistance used is a known accurate value, say 1,000 ohms.
The signal can be applied as suggested from the amplifier, and at the lowest possible frequency the resistance voltage will be nearly 
the same as the amp signal because the choke should have very low impedance to LF and allow all the amp signal to proceed unhindered. 
If the F is raised, the resistance voltage begins to fall, and 
there is a point where resistance voltage = 0.707 x amplifier voltage. If the probes of the voltmeter meter  are taken to read across the choke,
you will find there is 0.707 x amplifier voltage across the choke.
This is where the voltage across L and R are equal. Their sum is 1.414 x amplifier voltage, and not simply equal to the amplifier voltage.
This is because of the 45degree phase shift, which you all have studied in your basic LCR theory lessons elsewhere.

(((  If you have not studied the basics of LCR theory, shame on you, so spend a few weeks now before you become 
utterly confused by what you observe in amplifiers. )))

The frequency where VL = VR = 0.707 x source voltage is known as the LR network "pole" or "cut off point"
or -3dB point.  If you know the exact resistance value, and you simply read where VR = 0.707 x Vsource,
then L = R / ( F x 6.28 ) 
But as I said, with iron cored L the L changes all over the place with voltage and F,
and L at 30Hz could be a lot higher than at 100Hz, or at 1kHz, or 10kHz.
The iron cored inductance value changes for applied Vac levels, and during each cycle due to hysteresis, something else everyone 
should read up about. 
Where a given circuit has a choke or transformer in the signal path the non linear iron properties 
will cause non linear current flow despite an applied linear voltage, so circuits will always sustain some distortion signals originating in the iron.
The model for the iron cored L distortion generator is one where the choke impedance is low at very low Iac around the zero crossing
point of the signal, and then Z rises as Iac rises, and then becomes low again as the core saturates. The resulting distortions are not unlike the 
dreaded crossover distortions in underbiased class AB amps, and are mainly 3H when no dc flow is present,
and is 2H and 2H with dc present. Distortion from the equivalent quantity of non linear choke impedance is easily suppressed sufficiently by the use of a low signal source resistance such as triodes with low Ra, and with NFB. Iron wound components when well designed contribute far less distortions 
to signals than to the vacuum tubes themselves, unless the tubes pentode, and in this case the distortions without NFB become considerable, as in the case of the thousands of early radio sets made with a 6V6 to power an OPT with no NFB. The awful audio quality was made all the more 
awful by the accountants who ensured quality was minimized in favour of lower production costs and higher company profits. 

    
(1) Chokes for CLC filtering in power supplies.
A choke in a CLC filter is an effective way to greatly reduce power supply rectifier noise and mainly 100Hz hum from entering the B+ voltage rail
and audio signal path.  The aim of using a choke is to reduce 100Hz hum by a large amount which justifies the resources spent on the choke
which are greater than if we used an CRCRC filter. A typical use for a choke might be in a two channel amp where 
each channel needs 125mA, and  it should not have more than 5mV of ripple voltage at the connections to OPTs especially if the 
amp is a single ended variety, which are far more prone to rail hum than PP amps.
SE amps are also all pure class A so Ia does not change, so good regulation of the B+ supply voltage
naturally exists, and the direct voltage drop across any resistance in the hum filter does not matter
if we allow for it in the choice of power transformer and design the resistance to cope with any heat produced.

Consider the CRCRC filter following a rectifier, with all C = 470uF and R = 4 x 47ohms. 
So if Idc = 250mA, and total R in a CRCRC = 188ohms, then there would be 47Vdc across all R in series.
And 11.75 watts of heat are produced, and to escape damage during faults or overloads, the R should be rated for 40 watts, so the R must be large,
or on a heat sink. Four 10 watt resistors of 47 ohms each can be glued to a chassis of Al with a bed of hi-temperature silicone sealant,
or a pair of aluminium clad wire wound 100 ohm resistors bolted with heat paste to the chassis.

The CRCRC filter may have 470uF reservoir capacitor with 1.2Vrms of 100Hz ripple.
The following pair of R&C filters using 100ohms plus 470uF will each have an attenuation factor = ZC / 100, = 3.4 / 100 = 0.034.
Two cascaded filter section have an attenuation factor = 0.034 x 0.034 = 0.0011, so ripple voltage at the output 
of C3 = 1.2V x 0.0011 = 0.00132Vrms, or a tiny 1.3mV.
This could sound a little over zealous, and for an RC filter to have any real advantage, we only need to 
have R at least equal to 10 x ZC, and an attenuation factor at 100Hz of 10 is available.
So three RC sections each with 39 ohms plus 470uF will give a final attenuation factor of better than 0.001.
If each R was reduced to 50 ohms, the ripple would be 0.0055V, we would have achieved a 1/216 total factor and 
perhaps good enough.
Total voltage drop = 25Vdc across the total of 100 ohms, releasing 6.25 watts of heat.

Now if we wish to use a CLC filter to achieve an attenuation factor of 1/216, and using the same 470uF caps, 
the one and only L must be at least equal to 2160 x ZC at 100Hz. If ZC = 3.4 ohms for 470uF, 100Hz,
then ZL = 216 x 3.4 = 734 ohms, and L = ZL / ( F x 6.28 ) = 734 / (100 x 6.18 ) = 1.17 Henrys.
The frequency resonance, Fo, between L and the C2 must be checked.
Fo  = 5,035 / sq.root ( L x C ) 
where Fo = Hz, L = mH, and C = uF.
Fo here = 5,035 / s.rt ( 1,170 x 470 ) = 6.8Hz, somewhat close to the audio band.

We could double the value of the C to 940uF with two C in parallel, and this halves the ripple voltage to 2.8mV and 
reduces Fo to 4.8Hz. A choke need have no more than 50 ohms winding Rw, so volts dropped = only12.5V, and power in heat = 3.2 watts.
A choke of higher L of perhaps 3H isn't too hard to make, because its only slightly more bother than making one for 1.2H. 

If our resources allow us to make a choke,  or we have bought one cheaply, or find one in a pile of junk,
we should use that choke. 

If someone you know is just plain infatuated with chokes, well OK, leave them to the choking experience.

The best way to design a filter choke for CLC use is to work from first principles with Hanna's method clearly spelled out in the 
Radiotron Designer's Handbook, 4th Ed, 1955, pages 247 to 250.
I have never found time to convert Hanna's Method to metric units, which were introduced to Australia in the 1960s.
There is another good little book, Coil Design and Construction Manual B.B. Babani, first printed 1960.

So when I use Hanna or Babani to check my design for a choke, I simply go back to using Imperial measures of inches which I still know well. 

But not all of you will beg borrow or steal a copy of RDH4, and since men never read boks any more, I will prod your lazy brains with an alternative,
and include a typical example which almost everyone will find useful at some time if they 
build any tube amp supply which needs a supply from 50mA to 270mA. at any B+ voltage from +300Vdc to +550Vdc.

Suppose we want a choke able to take 270mAdc flow, and which will perhaps fit onto a chassis underneath, not dissipate more than 4 watts,
and thus have less than 55 ohms dc resistance. 

It does not matter what you wind with copper wire and iron cores, the maximum current density in the wire should not exceed 3A/sq.mm.
You will always find that if you have more than this current density, the wound iron cored article tends to get too hot.
In summer, a tube amp chassis gets quite warm at least, and so let us not tempt fate with hot little chokes.

As the core size is increased, the turns and their length increase, so Rw increases, but the larger size allows a greater 
area for heat radiation, so as long as the current density is maintained low enough, the choke with higher Rw won't get much hotter than a smaller one.

We would need useful amount of  inductance, at least above 1Henry. 
This is small filter choke L value compared to the usual 5H to 10H much favoured in 1960. But in 1960, PSU filter capacitors were very low values
of between 4uF and 32uF. Now we would use between 100uF and 470uF without any hesitation, because the modern electrolytic
capacitors now made are fabulously reliable, and designed for continual hard labour in switch mode power supplies in 
1,001 locations including your PC PSU, where 50Hz mains is directly rectified into a large value C, and a 470uF cap rated for 450Vdc
costs less than a hamburger.  So plenty of C can always be found to complement a 1H choke.

Nearly all my choke designs start with a choice GOSS E&I laminated core with 25mm tongue with 25mm stack.
This size of choke can dissipate about 4 watts of heat without rising in temperature too much. 

So if we know the dc flow, we can tailor the winding resistance, Rw to suit, and get the best 
available amount of inductance filtering. In heavy dc current situations, the Rw needs to be low, eg, for an anode supply to output tubes,
and in low dc current circuits the Rw does not need to be low, so preamp PSU do not need chokes.

So let us accept the simple premise of a 25mm x 25mm core area using wasteless patter E&I, and 4 watts heat dissipation.
This will have a winding area available in the bobbin = 300 sq.mm, turn length Lt = 140mm , iron magnetic path length mL = 140mm.

The first question is what is the wire size required for the proposed dc current?
It is mathematically difficult to relate the wanted dc wire resistance, wire copper dia, and bobbin winding area,
and turn number all in the one equation, and it is because of the enamel thickness involved,
which varies in thickness for different wire size, and has a greater fraction of wire dia when dia is small.

So I have prepared a useful table for everyone to read off the number of turns required for a given current.
The inductance isn't given, because gapping and other considerations vary widely.

Winding window area = 300sq.mm, average turn length = 140mm, iron magnetic path length = 140mm. 

	Cu wire dia, mm
	turns, max.
	Resistance, ohms
	DC current max
	 L, Henrys
µe = 200         

	0.20
	4,800
	380
	89mA
	25.0

	0.25
	3,100
	157
	138mA
	10.8

	0.30
	2,200
	77
	197mA
	5.4

	0.35
	1,600
	42
	267mA
	2.88

	0.40
	1,300
	26
	339mA
	1.9

	0.45
	1,050
	17
	420mA
	1.24

	0.50
	870
	11
	522mA
	0.85

	0.60
	600
	5.3
	752mA
	0.40

	0.75
	390
	2.2
	1.16A
	0.17

	1.00
	230
	0.73
	2.02A
	0.06

	1.40
	120
	0.19
	4.0A
	0.016

	2.00
	60
	0.05
	7.7A
	0.004



This table allows a simple choice to find wire size for a winding around a stack of 25mm x tongue of 25mm.
If current = 270mA dc, simply choose the wire size for the current rating just above 270mA, ie, 339mA
and the wire = 0.40mm, and you should get 1,300 turns onto the bobbin.
Or put another way, if we had a spool of 0.40 wire, we know we could have 1,300turns and with 330mA.
The wire current density is all slightly under 3A per sq.mm for all wire sizes. 

Here are some useful formulas :-
However, I did come up with this equation for cores with equal Tongue and Stack dimensions. 

Winding resistance, Rw   =      N x Lt x 0.0000226     for all core sizes.
                                                      d squared
where Rw is in ohms, 
N is turns, Lt is turn length in mm, 
0.0000226 is a constant for all equations and because the resistance in ohms of 1 metre of 1mm dia wire = 0.0226 ohms,
and d is the copper dia of the wire we are using in mm.

FOR 25MM X 25MM CORE ONLY, 
Simplifying above eqtn, Rw = N x 0.00316 / d squared.

( And d = 0.056 x sq.root ( N / Rw ).

So for the 25 x 25 core, Rw with 0.4mm wire = 1,300 x 0.00316 / ( 0.4 x 0.4 ) = 25.7 ohms.

The bobbin window L x H = 12.5mm x 37.5mm, and with bobbin wall thickness and clearance 
the bobbin winding area = 8.8mm x 34mm = 300sq.mm.

Turns possible = wind area  / oa wire dia in mm squared, = 300 / od squared. 

Here is a formula I came up with does allow the tongue size to be found 
for a given wire size and wanted winding resistance for core with stack height equal to tongue width :-

T   =   25 x cube root of Rw   x   cube root of ( d squared  x od squared ),

where 25 is a constant, Rw = ohms, d = Cu dia of wire, od = overall wire dia including enamel. 
 
So for 26 ohms and d = 0.4mm, and od = 0.47mm, 

T = 25 x 2.92 x 0.328 = 23.94, and we would choose 25mm.

If the resistance was to be  50 ohms,  with the same wire size, 

T could be 25 x 3.68 x 0.328 = 30.2, so we could choose T = 32mm.

Then actual number of turns can easily be worked out once a core has been chosen.

Should anyone wish to use a larger stack of 25mm laminations, then the turn length will increase
from the 140mm used to make the table, and winding resistance will increase, but as I mentioned, this is of little concern
if the current density remains constant.
A 50mm stack instead of 25mm stack gives a core area total of double the 25 x 25 square size,
and available inductance is doubled.  For most E&I cores, the stack should not exceed 3 x tongue width.
The higher the stack, the more difficult it becomes to clamp all Is tight against the Es, and a 
special clamp must be arranged. 

Neat layer winding methods are best where patience, skill, and machine lathes allow.
These days polyester-imide coated high temp grade 2 winding wire is much more rugged than fragile enamel of the past
and wire can be wound on without layering neatly, but gradually letting turns pile up while slowly feeding on wire and slowly traversing the feed point
so wire crossings are not at a sharp angle, and keeping the level of the wire as free as possible from forming large humps and troughs 
when you get close to nearly filling the bobbin.
Skill and practice gets it right. Tension in the wire is light, and varnishing can be done as you go 
with Wattyl 7008 floor varnish daubed on after each 200 turns. Terminations on the bobbin should be provided where wire is less than 0.75mm dia.

Some of you may have the good book, Coil Design and Construction Manual B.B. Babani, first printed 1960 and re-printed 14 times I know of.
Mine is a 1991 copy, somewhat grubby from from so much use.

Some people will just try to read the tables in the book and wind something, and maybe they end up with a sub optimum choke that lacks 
enough inductance which is all too easy to do especially in the case of a choke for a choke input power supply.
Babani's book with its tables requires someone to have lots of experience and an IQ = 259 to be assured of not making a mistake.
Neither exists in the minds of many DIYers.

People may find some old and useless transformer with an open winding which may yield a suitable amount of iron for a choke.
Chokes in PSU do not demand that the iron be top grade GOSS.
I have obtained material from re-cycled cores often. First you remove any yokes and bolts if possible for re-use.
To extract E&I laminations from a well varnished transformer is difficult because they are all glued together by varnish.
If you simply place the transformer into a small wood fire for 20 minutes until just red hot, the heat vaporizes and burns off any plastics.
Next day when the lams have cooled, the E&I lams will all just fall out loose, and the heat won't affect the iron's magnetic qualities.
Don't cool the hot cores in water.

If the material is not 25mm tongue size, the turns and current and wire size will have to be worked out to suit the window size.

At this point I must discuss the iron permeability known as µ because for all the chokes we make, it will be varied to suit the purpose of the choke 
which usually means the iron will all be placed into the bobbin in a few basically different ways.
apart from method (1) below, each method has the effect of lengthening the magnetic circuit length, and thus reducing 
the maximum possible permeability, µ.

(1) All Es and Is are reversed in direction as they are stacked up, and E&I are thus maximally overlapped and interleaved.
This gives the choke the maximum inductance it can ever attain, because µ will be at a maximum and for 
high grade GOSS material it can be 17,000. This method is usually only ever used where no dc flow is present.

(2) All Es are piled together facing the same direction as they are stacked,  and a pile of Is clamped to the 
pile of Es, with gapping material inserted when we know what size to use. Even without any gap and 
Is are hard against Es, the maximum µ available will probably be approximately 1/10 of the value it was when 
maximal interleaving above was used in (1). The resulting  µ for anything other than maximal interleaving 
is the effective µ, known as µe.
This is because the core has imperfect mating surfaces, and the change of grain direction between all E and all I
has the effect of an equivalent gap larger than what is actually present.
So the maximum µe for a butted core without a gap can only be measured if we need to know what it is.
It cannot be accurately calculated.

(3)  Es for the whole choke are grouped into say 5 piles of equal height, and stacked into the bobbin with each pile facing
alternate directions. Is are stacked into piles of the same height and each pile is butted to the open E ends.
This method allows the µe to be intermediate between being maximal with maximal interleaving,
and the µ/10 value or less achieved above in (2).
This method is rarely ever used, but applied sometimes to PP OPT or in balanced chokes where one wants the core to 
resist being saturated by unbalanced DC currents in each 1/2 primary, and still be able to get a high enough 
and more constant amount of inductance.

For a power supply filter choke, there will ALWAYS be a full gap between all Es and Is and ONLY method (2) is ever used.

When E&I are stacked close, maximum inductance without a dc flow can be determined with the test shown on the top of this page
where we apply a signal at 100Hz at about 10Vrms and measure current in a sensing resistance, and 
work out the ZL at 100Hz. Then the inductance is calculated from L = ZL / 628.

For all choke inductances, L  = 1.26 x Nsquared x Afe x µe
                                                       1,000,000,000 x ML 
where L is in Henrys, 
1.26 and 1,000,000,000 are constant for all equations,
N is the turns,
Afe is the cross sectional area of the core in sq.mm, 
and µe is the effective permeability,
and ML is the iron path length. 

So µe   =   1,000,000,000 x ML x L   
                 1.26 x Nsquared x Afe.
Let us suppose the maximum L of the example inductance with 1,300t on Afe = 625s.mm
with a close butted core = 3H, and with no dc present.

µe max   =    1,000,000,000 x 140 x 3   
                   1.26 x 1,300 x 1,300 x 625

              =     315.

If the µe was reduced by the presence of dc or by placing a gap into the core
with sheets of paper so µe = 200, L would become 1.9H.

NOTE  Adding a gap of 1 sheet of 0.07mm notebook paper for a gap
right across the core gives a total REAL gap of 0.14mm.

This is because in an E&I core there are TWO gaps in ONE magnetic length,
one each side of the holes bounded by E legs and I.

Major errors in gap length calculations and choke function can arise if this fact is not remembered carefully.
So adding a gap = 0.14mm will change µe.
µe   =             µe max of iron butted close without a real gap                  
                   1 + ( µ max  x gap in mm / ML of iron in mm )
Suppose in this case µe =              315                   
                                           1+ ( 315 x 0.14 / 140 ) 
                         =   315 / 1.315
                         =  239

What is the magnetic field strength Bdc when we have 270mA,
core = 25 x 25, and  µe = 239? 
The dc field strength for a choke, Bdc = 12.6 x µe x N  x Idc
                                                                          ML x 10,000
where Bdc is in Teslas, ue is effective permeability,
N is the turns, Idc in Amps dc, ML is the magnetic path length of the iron in mm,
and 12.6 and 10,000 are constants  for all equations to work.

In this case Bdc = 12.6 x 239 x 1,300 x 0.27  
                             140 x 10,000
                         =  0.755Tesla

This means that the iron is magnetized by the dc current to about 1/2 of its capability.
If the iron is GOSS, it may saturate at 1.5Tesla. So we really don't need to have any added air gap perhaps.

Maximum Bdc should not exceed about 1Tesla for CLC chokes.
We also need to keep in mind the AC field strength, Bac, and and keep the total 
of Bdc + Bac to below 1.5Teslas.
In the case of the CLC filter we have, the Vac across the choke is only 1.2Vrms.

The AC field strength, Bac   =   22.6 x Vrms x 10,000 
                                                           Afe x  N x  F
where 22.6 and 10,000 = constants, Vrms = voltage across the coil,
Afe = core section area, N = turns, F = frequency in Hz. 
In this case, Bac = 22.6 x 1.2 x 10,000
                            625 x 1,300 x 100  
                         =  0.0033 Tesla, 
This Bac is quite insignificant, and may be ignored, as it will make little difference to the sum of Bdc and Bac.

How well will this choke work with dc flow in a real circuit?
The CLC choke performance depends heavily on the gap size.
The inductance may be calculated for the air gapped value of µe, but 
as dc flow increases from nothing to maximum allowable,  µe will be reduced perhaps 50% because of the 
gradual effects of increasing dc.
To really set the choke to get the best benefit, the choke MUST be tried in the power supply circuit.
The gap should be adjusted for size to get the least ripple voltage at C2 of the CLC filter with the wanted idle current flowing.

The choke is not bolted and not clamped hard, but is connected to the CLC supply, possibly
with a resistance dummy load to make a dc flow equal to when tubes will be used.

I place the choke on  a block of wood to gain easy access to the gap. The Is tend to be drawn tightly 
against Es when dc flows, so there isn't any need for bolts to be tight during adjustments.

But each time the gap is adjusted, turn off the power and let the B+ discharge.
We do not want to see another premature death notice in a newspaper!!! 
I have my ac meter and work book set up close by to measure ac voltage across the choke.

I start with no paper in the gap, measure ripple at C2, then place 1, 2, 3, 4, 5, 6 sheets of paper 
in the gap increasingly, and record the ripple at the second C. A graph is then easily drawn, 
horizontal axis = sheets of paper, vertical axis = ripple voltage.
It isn't important to measure the gap, but only to find the right size for the gap.

This is all easily done in the workshop notebook accurately enough.

What one may find is that minimum Vripple occurs when say 2 sheets of paper installed, with higher Vripple
each side of this null point. I add one sheet of paper extra, and thus for me the gap has been optimized.

When this is achieved, apply some adhesive to all papers, and tighten the clamp bolts
making sure all Is are hard against Es and re-test to make sure Vripple remains low.

Setting the gap to suit the current to get maximal filtering takes is a much faster way to get the best from a given choke
than by tedious and very difficult calculations required to be made to do it any other way.
There is most certainly NO SIMULATION software available allowing typing and a PC to do it.
One must get right away from the damn PC, and be prepared to do real and dangerous work.

Gap size can ONLY be really well determined by hands on adjustments.
After the gap size has been established, if the Idc temporarily increases  in the case of a class AB amp,
the choke L will reduce slightly and the core might even saturate, but the slightly increased Vripple 
will not affect the sound. In well made class AB amps, the Idc flow rarely increases hugely because the 
470uF or more from OPT CT to 0V contains a huge reserve of energy, like a battery, and transients in music 
pull all the extra AB energy from this capacitance. In all the cases of 30 watt AB amps,
rarely does the B+ move more than 1V even with loud passages.

If Idc falls below the rated Idc, Inductance slightly increases, and filtering is improved.

NOTE, When measuring the Vripple at C2 in a CLC filter, tou WILL find an ordinary
DVM quite adequate, but when Vripple is a small voltage below 10mV, you will not 
often be able to read it accurately because the mains voltage level is constantly moving up and down 
according to who switches appliances on and off in your house, and in all the houses down your street.
Its not unusual to find that the signal at C2 jitters up and down with low frequencies with a peak to peak
voltage = +/- 0.05V.
To remove the effects of such LF noise, a high pass two stage CR filter must be made.
This can be two CR sections with C = 0.47uF, R = 10k, and a second CR with C = 0.1uF and R = 47k, giving
a cut off of about 28Hz with about 1dB attenuation at 100Hz, but 20dB at 10Hz and 40dB at 2Hz.
Use of an oscilloscope is the best way to look at the wave form and determine its amplitude from amoung the noise residual.

How is the inductance measured when the gap has been set?
Well, you don't measure it in the test circuit at the top of the page,
because the L without DC low could be twice the L with DC flow.

You look at your work book where you recorded the final Vripple measurement
when the gap was set.

The C2 and choke L form what is known as a second order filter low pass filter with 12dB attenuation 
per octave above the pole frequency of below 10Hz, and where the L and C become series resonant, Fo.
At F well above the Fo, all such simple filters will have Vac across L and across C in proportion 
to ZL : ZC at the higher F, in this case, 100Hz.
In the example with the choke we have wound with 1,300 turns for 270mA,
let us suppose we find 1.2Vrms 100Hz at C1 = 470uF and 0.004Vrms at C2, 470uF.
The ZC = 3.4 ohms.

L =   ZC x ( Vripple C1 - Vripple C2 )  
                 VripleC2  x  628 
   =   3.4   x  1.196 
         0.004  x  628

   = 1.618 Henrys

To double the amount of inductance for the same N and Idc, and same tongue = 25mm,
we would have to have to wind another choke with an increased stack of 50mm to double Afe. 
The Bdc will stay the same, and Bac would be halved, but this Bac reduction does not matter.

What is the resonant frequency of the completed choke with C2?
Fo for any LC =         5,035           
                           sq.root ( L x C ) 
Where Fo is frequency of resonance in Hz, L in millihenrys, C in uF.

In this case, Fo =         5,035                   
                            sq.root ( 1,618 x 470 ) 
                       =  5.77 Hz.
This F is OK, because its below 7Hz, but to halve Fo, the C must be quadrupled, or L quadrupled.
After seeing how much effort went into the choke and  how large the choke would need to be
if we wanted 4 times the L with 250mA, its obviously easier to 
add three more 470uF caps in parallel with C2, so the C = 1,880uF.
The law of diminishing returns is in operation, because reducing ripple voltage from 
say 4mV to 1mV is usually utterly inaudible, and even if Vripple was 10mV,
there should be little hum from a speaker.

CAUTION There is another big issue to address with a CLC filter such as I have suggested here.

At turn on, C1 and C2 all require fast charging up to full working voltage, say +420Vdc, and the total C could be 4 x 470uF = 1,880uF.
The flow of current in the first few mains cycles at turn on during charge up is quite high.
There is magnetization of the mains transformer, and the current is only limited by the mains wiring resistance, series resistances of windings, and diodes
and dc resistance of the choke. The high charge current can cause a mains fuse or any secondary fuse we may have in the HT winding
to blow all too easily. And even when all is charged up, and the amp is working there will be quite high peak charge currents of perhaps 1.3A peak 
flowing into C1.
Where a voltage doubler is used, the peak charge currents at the HT winding will be twice those at a full wave winding, maybe 2.6A. 

During the first 4 seconds it takes to charge the B+ caps, a limiting resistance of say 100 ohms of 20 watt rating should be allowed to 
remain in series with the HT winding and then shunted out with a relay acting after the 4 second delay circuit allows.
There should also be fixed resistances used between the HT winding and diodes.
C1 to the 
For a full wave bridge, the normal peak charges to C1 can be nicely limited by using a resistance of 7 x ZC1 at 100Hz.
Because here we have ZC1 = 3.4ohms at 100Hz, R = 22 ohms, and 10 watt rated.
If a CT winding is used, the 22 ohms can be placed between CT and 0V, or 22 ohms at each end of 
the winding to diodes. If a doubler is used, one would have two 22 ohms in parallel for 11 ohms in series with the 
one doubler winding.

If you measure the performance of the B+ power supply with added charge current limiters,
you will see these resistors cause slight de-regulation of the B+, but as i have said, its not important because 
all your music is made while the tubes are in class A and there is no change of anode supply current from the power supply.
The Vdc will also be slightly lower than the possible maximum at C1.
If instead of +440Vdc at 270mA, you get only +430Vdc with limiting resistors, its OK, because 
the power transformer will run a little cooler, and instead of dissipating so much heat in the HT
winding with such high charge currents, the peak currents are lower, and heat is mainly in the limiting resistors.
If the fuses don't blow during a fault, or protection circuits fail, you want some cheap resistors to fuse open rather than 
have a destroyed output transformer or power transformer.  

Peak charge current can be limited further by using 220uF for C1, retaining such resistances,
and place more C after the choke, say 3 x 470uF.

The use of limiting resistors does not reduce the Vripple at C1, but makes the up-going charge part of the 
Vripple wave take more time to achieve, and the down-going drain part of the wave becomes a shorter time.
In other words, because the added resistance causes charge time to be longer, peak charge currents  become lower 
to still achieve the energy in = energy out equilibrium at C1.

Tube rectifiers of any kind will destroy themselves if the capacitance values exceed allowable values 
given for the wanted Idc given in the data sheets. so with a full wave CT winding with two GZ34,
one on each phase of the winding for 270mA,  100uF is the safe maximum C1 value. The ripple voltage 
will be much higher, at about 6Vrms. The reactance of 100uF at 100Hz = 16 ohms, and if there is 
6Vrms at 100uF, ripple current = 375mA, which is about 1.41 x 270mA.
The natural "on" resistance of the GZ34 is the anode resistance of the tube, and is high,
and which limits peak charge, so added resistances have to be high to achieve any reductions.
In fact with tube rectifiers, the Vac to Vdc ratio is often a low 1.2:1 or lower loaded, but with Si diodes it about 1.35:1 loaded.
Tube rectifiers get hot because average voltage x average current = large waste of heat.

If you have a pair of tube rectifiers to feed 100uF and then have choke plus an enormous following C value,
during charge up the tube rectifier really struggles, and can experience excessive peak currents causing internal arcing
inside the tube. Too many of such occasions hasten the death of the tube rectifier.
Such GZ34 might be OK in a Quad 22 with pathetically low value C and horrible B+ rail filtering,
but in modern amps with large amounts of C they simply do not belong.

And finally, for those who like even better filtering, a real freeby.......

The L may be set up to resonate at 100Hz with a suitable capacitor of polypropylene or polyester type and at least 400V rated. 
The value is found using above resonance formula.
The cap is connected across the choke, but with a resistance also in series with the cap,
and usually between 15 and 47 ohms is approximately right.
Keen experimenters will measure the 200Hz ripple content and adjust R value for the least 2H.
This will probably make the C2 ripple voltage maybe at least 12dB or 1/4 of what it is without the RC.
With 1.6H one would need C = 1.6uF, and R about 22 ohms.
Its usual to get a 12dB reduction in Vripple at C2, so I guess I just saved you the cost of 3 more 470uF caps.
You owe me a beer at least. 



(2) Chokes for LC input filter power supplies.
The rectifier always must be a full wave type with CT winding and two diodes or a single winding with a four diode bridge.

The diodes do not charge up a capacitor directly as in the case of the CLC, but 
charge a C through an L which is simply a second order filter with low F pole as low as we can make it,
usually below 7Hz.

The diodes establish an ac voltage of  mainly 100Hz with even order harmonics all applied the choke input,
and all at an average level above 0V, allowing an average vdc level to flow, largely independent of Idc.
The action of the LC filter allows dc flow, but not much ac.
The choke input filter can give good regulation of the B+ output voltage where the current may change 
tenfold from idle conditions to full power, but regulation depends on winding resistances and diode resistances.
The high peak charge of the CLC filter do not occur.
The diode charge current flows almost continuously, so power dissipated in the HT winding is 30% 
less than in a typical CLC supply providing the same VA.

The choke input supply ripple voltage will be higher for the same amount of total L and C used in a C-L-C filter.
Despite its limitations, choke input supplies have admirers because the  current flow in the choke
is constant and there are no high peak charge currents to a capacitor, and for one reason or another, including whimsical preference,
the available HT supply voltage at the power transformer suits a wanted lower Vdc to be produced.

The choke used is designed to have high inductance under low current idle conditions, but when current 
is increased 10 fold, there will be no core saturation despite the fall of inductance due to increase in Idc.

The Vac wanted for a given Vdc = Vdc / 0.88

The choke must be mechanically quiet, and this is the difficult aspect of chokes used in LC inputs.
The Vac in Vrms ahead of the choke from rectifier diodes and at 100Hz = 0.6 x Vdc at the capacitor
A typical amp with B+ = +425Vdc will have a HT winding of 483Vrms with a bridge,
or 966V with a CT, for use with two diodes.

The peak Vac = 680V, and this is the peak to peak voltage for Vac ahead of the choke, and allowing for the 
large 2H component the 100Hz wave will be approx 230Vrms, nearly as high as the mains input 240vrms.

Choke inputs tend to hum, and vibrate, due to the high amplitude voltage of twice the mains frequency 
plus harmonics, which is applied across the choke effectively. 
So the choke must not saturate with combination of dc magnetization and the applied ac voltage caused magnetization.
This type of choke should be potted after being very well varnish impregnated; potting will stop much stray radiated magnetic field such chokes may generate, 
as well as quieten them. 
The varnishing is very important because of the high Bac at which the iron operates and the forces 
produced in the windings try to make the windings move around.

In late 2004, I used a choke input filter power supply for a customer's much revised Phase Linear 700W transistor amplifier.
The Phase Linear amp had rail voltages way too high for reliability, a noisy mains tranny, and heat sinks far too small.

With a choke input filter you get a maximum Vdc rail = 0.89 x Vrms of the transformer winding instead of 1.41 x Vrms of the winding. So for a given wanted output dc voltage of +60V, you need 67Vrms transformer windings. 
For the same +60Vdc with a bridge rectifier you would need only 43Vrms. But since the rectifier current flow is 
constant from a choke input supply the transformer windings can use thinner wire than for the bridge.  
The choke input filters much reduced the noise of the existing power transformer in this amp.
With reduced rail voltages, the amp still had a huge power capability.

I wound two chokes, for the +ve and -ve rails, and potted them in steel boxes with roof pitch.

I probably may have done better by placing the existing large Phase Linear power transformer in my open wood fire
to heat it up to red for a few minutes and let it cool for a day. 
Then the lams can easily be retrieved since all plastics are vaporized by the firing, but core steel is unaffected by the heating, 
perhaps even improved by the slight annealing, so the iron may be re-used, and the awful transformer re-wound. 
However, after a heroic struggle, the Phase Turner has remained as a very fine sub-woofer amp for 3 years so far.

If you insist you want a choke input filter, there are rules. 

Minimum choke value = RL / 900.

Where mains = 50Hz, and where RL is the Vdc output / dc current at the minimum current. 

This choke value is called the critical choke value.
Choke input PSUs were often used for class B tube amps where the anode input current flowing 
into the output stage varied enormously. But because the current into the caps after the choke is continuous in each 1/2 cycle,
and without a heavy peak charge current over a short % of the wave cycles, vacuum tube rectifiers
could be used, and in high power and high voltage applications, use of mercury vapour vacuum tube diodes such as 866
were good with a following class B amp of  kilowatt capability.

The minimum and maximum dc current flows must be known, and usually the minimum current is taken to be 10% of the maximum.
The minimum which must be allowed to flow even when output tubes are biased right off, as in the case of a class C RF amp.
Unless there is some minimum current flow which is called the "bleed current", the B+ Vdc can soar to the full value of 1.41 x the HT winding voltage, 
possibly stressing other components or insulation layers.

I recently revised a badly designed CR Audio Developments "Woodham" amp with a pair of PP channels with KT88.
The HT transformer voltage was 487Vac, and the cap input with Si diode bridge gave B+ = +650Vdc, for a dumbed down McIntosh 
style of output stage.  One could only get a brief 40 watts before smoke arose from this very poorly designed amplifier.

I found what I thought would be a choke which could be suitable. So after a few tests i potted it and got a better +425Vdc
at the at the reservoir cap after the choke at full current draw, and converted the amp to 50% UL.
I got 45 reliable watts at about 1/5 of the THD/IMD and better damping factor with revised loading for the OPT etc. 
I made a shunt regulated supply for input tubes which ensures 30mA is drawn right after switch on so B+ does not 
rise above +450Vdc, and as the output stage current begins to flow to a normal level of 250mA,
the shunt regulator reduces its bleed current "wastage" of energy, and B+ remains steady at +420V despite the huge change in current. 

In this amp, when Idc = 30mA, RL = 450V / 0.03A = 15,000 ohms.

To ensure the choke would work with low current to keep +Vdc less than +450V, the choke should have had a maximum
L value = 15,000 / 900 = 16.7Henrys.
The choke only had 9H at 30mA. At 250mA, when the load reduced to 1,680 ohms, the choke inductance 
fell to about 4Henrys due to the heavy DC flow.
The result was that the knee of the regulation curve wasn't sharp, and at low Idc the voltage at
the PSU tended to soar above +500V.

With a choke in the CLC supply, the Bdc can be allowed to be quite high at the highest Idc,
because the Bac is quite negligible. 
But in the choke for LC input, the Bac is MUCH greater, and for most designs, Bdc = Bac = 0.6Tesla max
for maximum Idc. Thus the choke for LC input is always going to be larger than the choke for CLC.

There is a simple remedy for where there is only 1/2 the wanted maximum critical inductance.
An R+C Zobel network is connected across the choke  to resonate with the L value slightly above where Idc is minimum.
I placed a 0.33uF cap plus 100 ohms for a Zobel network across the choke when its value = 8H,
so that the cap and the L were resonant at near 100Hz. 
The effect was quite remarkable, and this choke plus Zobel acted almost identically to a choke of twice the maximum inductance,
and B+ soaring was prevented, and Vdc better regulated, and a low bleed current was required.

So if one wants 250mA amps max, bleed current should be at least 25mA. For best natural B+ regulation,
the power transformer and choke should have low winding resistance. 
If the choke was 50ohms, the change in current of 200mA would cause an unavoidable drop of  10Vdc.
This isn't bad, but never use a choke of  500 ohms!

Let us consider the design ideas around a +425Vdc PSU for 300mA maximum continuous with LC input filter.
Let us design the choke without reliance on a Zobel resonant RC network across the choke to 
improve 100Hz filtering at low Idc levels. The Zobel should be added to the design upon completion
to not only improve 100Hz noise rejection, but to provide a resistance load at switching frequencies
to damp diode switching transient emf which could apply excessively high voltages to the power transformer insulation.

The more maximum inductance the better, and RL@Idc min / 900 is a fair guide. If the maximum L is available is thus sufficient,
AND the Bdc at full current still permits the choke to work as a pure inductance without saturation, the choke is well
designed. 
RL at 30mAdc = 425V / 0.03A = 14,166ohms.

Lcritical = 14,166 / 900 = 15.76H, so let's aim for 16H maximum.

Let us try a core of 25mm tongue, and for 300mA, use 0.4mm Cu dia wire, allowing 1,300 turns.
With a square core section, the Rw = 26 ohms.
Experience tells me the stack would need to be a lot more than 25mm.
What would be the stack height? Stack height can be worked out when we need to adjust the design for inductance.

First the dc magnetization effects must be established and the iron must be gapped to
suit a Bdc max not exceeding about 0.8 Tesla, ( 8,000 gauss ).

If we refer to the choke design for CLC, we ended up with a core with Afe = 25mm x 25mm.
If we have 1,600 turns, and 250mA, we found the Bdc was 1Tesla, and high, leaving little room 
for much ac magnetization. 
With dc magnetization, it doesn't matter how high the stack is,
it will not reduce the steel magnetization if the magnetic path length and current and turns remain constant.
The stack height could be 250mm, and with the same µe and gap and dc flow,
the Bdc would still be 1Tesla, ( 10,000 gauss ).
the CLC choke has quite a negligible Bac from ac flow, but the choke for LC input 
has a much larger voltage at its input, and 240Vrms at 100Hz in this example.
So the gap may need increasing to reduce µe so there is room for the Bac produced by 
the large ac voltage across the choke.
Working from the choke example for CLC, I concluded that the final amount of inductance with 250mAdc present = 1.3H.

From this, we can work out what the µe was for this size of core at the dc current level.

1.3H   =   1.26 x 1,600 x 1,600 x 25 x 25 x µe     
                       1,000,000,000 x  140 
µe = 90.

This is a very low figure, and it will about double for where there is no Idc.

So where we want a choke for LC input, we should start off with 
allowing µe = 100 at maximum Idc, knowing that when Idc was minimum, µe could double.
With such a condition, we still need to get Bdc less than about 0.8Tesla at maximum Idc.

The choice of µe = 100 minimum with maximum Idc allows some fine adjustment of the core gap for best results,
and we can allow µe = 200 for low Idc < 1/10 of max Idc. 
This condition also allows the use of low grade iron.

If we want 16H at low Idc when µe = 200, N = 1,300t, then what is the stack height for 25mm tongue?

L  = 1.26 x Nsquared x Afe x µe
              1,000,000,000 x ML
16H  =  1.26 x 1,300 x 1,300 x S  x 25 x 200   =    0.076 x S,  therefore S = 210mm. 
                      1,000,000,000 x 140

210mm is an entirely impractical stack height, so we cannot use 25 tongue material.
But if were able to double the turns, we would increase L  x 4 times and use stack = 52mm for 16H.
Trouble is that dc resistance would rise and Pd exceed safe levels.
Hanna was confounded by the difficulty of working out chokes, and came up with his 
solutions in his Hanna's Method. 
I have found Hanna's Method as described in RHD4 to work OK for CLC chokes where Bac is always low.
RDH4 refers ppl to a lot of references with regard to LC inputs. But the references are no longer to be found.
I found Hanna works best for LC inputs if twice the wanted inductance is sought which forces more turns into the process.

Then I came up with the Turner Method for Choke Inputs. 

(1) What is the range of load values supplied by power from the power supply?

Nominal wanted B+ at C = +425V, RL = Vdc / Idc.
Idc min = 30mAdc, RL = 14,166 ohms.
Idc max = 300mAdc, RL = 1,417 ohms.

(2) Wanted winding resistance, Rw, of choke = RL minimum / 30  = 1,417 / 30 = 47 ohms

(3) Maximum wanted L = max RL / 900 = 14,166 / 900 = 15.7H.

(4) Minimum  wanted L = min RL / 900 = 1,417 / 900 = 1.57

(5) Design choke for maximum L at minimum Idc and wanted Rw

Try wasteless pattern E&I laminations, 32mm tongue core stack = 32mm.
Window size = 16 x 46, winding area = 12 x 42 = 504sq.mm.
Turn L = 178mm.
Magnetic Length, ML = 178mm.
Wanted dia of wire for 300mAdc = 0.40mm Cu dia wire, 0.47mm oa dia..
Turns possible = winding area / oa wire dia squared = 504 / ( 0.47 x 0.47 ) = 2,281 turns, 
DC resistance =  N x TL x 0.0226 / ( 1,000 x D x D ) = 2,281 x 178 x 0.0226 / ( 1,000 x 0.4 x 0.4 ) = 57 ohms.
(6) Does DC resistance exceed allowed resistance for ideal B+ regulation?

if yes, try larger core tongue size and find wire size for the same turns. Then re-check turns and DC resistance.

Try 38mm stack x 38mm tongue E&I lams, window = 57mmx 19mm window giving winding area = 53mm x 15mm = 795sq.mm
Oa dia for wire, 2,281 turns = sq.root ( 795  / 2,281 ) = 0.59mm, select wire 0.50 = 0.57mm oa, giving 2,440 turns.
Turn L = 212mm, DC R = 47 ohms, just OK.

(7) Allowing µe = 200, calculate inductance at Idc minimum.
L  = 1.26 x Nsquared x Afe x µe    =   1.26 x 2,440 2,440 x 38 x 38 x 200  =  10.2H
              1,000,000,000 x ML              1,000,000,000 x 212

(8) Is L high enough? NO, so can stack be increased for required L?

Revised stack height for 16H = ( 16 / 10,2  ) x 38 = 59.6mm. Use 62.5mm standard size stack. 

(9) if stack has been increased for additional wanted L, what is new DC resistance?
From (6),  for 38mm x 38mm core, turn L = 212, dcR = 47ohms,
With stack = 38mm x 62mm, turn L = 260mm, Rw dcR = 57ohms, which is over the design aim.

(10)  If the DC resistance is too high, decide if the additional excess resistance is worth 
increasing the core and wire size further for the very small benefit of extra Vdc regulation.

(11) Calculate Minimum RL / Rw = 1,417 / 57 = 24.8.
If  answer is above 20, proceed further..

(12) Calculate maximum Bdc at Idc maximum, allow for halving of µe at min Idc, so µe = 100 at max Idc.
Bdc = 12.6 x µe x N x Idc   = 12.6 x 100 x 2,281 x 0.30  = 0.4Tesla
              10,000 x ML                10,000 x 212

(10) Is Bdc less than 0.8T at max Idc? YES, proceed to next check.

(11) Calculate Vac across choke = ( 0.67 x Vdc ) Vrms, 100Hz, = 0.67 x 425 = 284vrms.

(12) Calculate Bac   =   22.6 x Vrms x 10,000   
                                          Afe x  N x  F  
  =       22.6 x 284 x 10,000        
          100 x 32 x 1,892 x 100

  =  0.106Tesla 
  
(13) Is Bac below 0.5Tesla ? YES, design is OK

(14) Check heat dissipation. Pd = Rw x Idc squared 
= 57 x 0.3 x 0.3 = 5.1 watts Size of core will easily dissipate heat.

(15) Final maximum Idc capability = 580mA.

(16) Other rational considerations.

Try starting off requiring the choke's Rw = minimum RL / 20.

This will give a choke which is much lighter, and quite acceptable for where B+ regulation is not
a main concern.

(17) Other uses for this choke.

The choke has been designed for any continuous Idc up to 300mA, and for 16H at 30mA.
Inductance will fall to approx 8H at 300mA, depending on core material to some extent.

The design procedure shows just how difficult it is to get the high inductance one requires for 
choke input filters when Idc is low, yet have low winding resistance for good natural B+ regulation when Idc rises.
The size cost and weight of such a large choke is near that of a power transformer or output transformer
and it is the reason why I don't bother much with choke input filters.
At the end of the process you will find you have a B+ power supply which ends up not being  any better regulated than a 
plain CLC filtered supply, but costing a lot more, and requiring the Queen's Navy to move anywhere.

So if B+ voltage is higher, then both minimum and maximum RL will be greater, and critical wanted inductance 
will become higher greater, and to prevent soaring at low Idc, the bleeder current will need to be increased.
If the B+ is lower, the RLs will be smaller, and there is excessive available inductance, and less bleed current 
is needed.  The design inductance may be easily reduced by using a smaller stack of laminations.

The Zobel network for resonance at 100Hz required for 16H is 0.158 uF + 100 ohms.

The choke is expected to halve its inductance between Idc = 30mA and Idc = 300mA,
ie, from 16H to 8H, perhaps even less depending on the grade of laminations used.
The B+ Vdc output and ripple voltage should be plotted against current on a careful graph over a wide range of Idc from 5mA to 350mA (briefly).
The B+ voltage should be quite high near 1.4 x Vrms of the HT winding at low Idc,
and the at the "critical maximum RL" where Idc is only the bleed current, the Vdc should be no more than 
the 1.0 x Vrms HT winding voltage, and at twice the bleed current Vdc should be 0.88 x HT Vrms.
Vdc sag as idc increases is due to the power transformer winding resistances, diode on resistances,
and choke winding resistances, and if that all totals 1/15 of the minimum RL with loaded amplifier, you are doing well.
If RL minimum = 1417 ohms, and series R = 100 ohms, it means that if Idc were to change from
say 250mA to 450mA in a class AB amp, the B+ would only fall from +425V 415Vdc, which is only a 5% B+ drop,
and far less that actually used to happen in most good quality amplifiers made in the 1960s
by the specialist boutique makers of the day.

If the reservoir capacitor = 470uF, and inductance at 250mA = 8H, then resonance 
of LC filter = 2.6Hz, and will not affect the amplifier performance.
Fig 2.
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Here I have a combination of choke input plus following LC filter in the classic LCLC arrangement
used in many older designs for many large mainly class B amps.
However, perfectionists who like quiet rail voltages can use it for their class AB hi fi amp if they want
and where Ia does not vary hugely.

In Fig2, I have the choke input and following choke in the ground rail rather than in the B+ rail.
I have never found the placement of chokes in the B+ rail to work any better than being in the ground rail.
The actual 0V connection can ONLY be made where I have indicated, or else there benefits are entirely negated.
The wave form after the diodes and at the input to the L1 choke is indicated, and is an inverted wave form compared to 
when the L1 is placed in the B+ rail.

The ripple voltage at C2 above is less than 0.2Vrms, and if L2 was omitted, and C2 paralleled with C3, then ripple
at B+ would be less than 0.1V, and quite OK for PP amps.

However, for SE amps 100mV of ripple is too high, and the two LC sections are needed.

If a 470uF capacitor input is employed with bridge from a HT winding of 315Vac, the ripple at the first C = 1.2Vrms,
and with 2H and another 470uF, ripple is reduced to 3.2mV, and quite low enough for any SE amp.

As I have pointed out in my pages on power supplies, to avoid peak charge currents and higher than wanted heat dissipation
in HT windings, and noise in transformers, and noise in ground rail paths, use 220 uF as the reservoir cap,
and 940 uF after the choke. In addition to the lower input C value, use a series R of 7 times the ZC between C and diodes,
say 47 ohms, 10 watts, and the peak charge currents can usually be reduced  at least to a third with 220uF.



(3) Chokes for DC sources or sinks to tube gain stages

Chokes can be effectively used to feed dc current to a tube in its anode or cathode circuit to obtain a source of dc
which does not waste energy heating a resistance and which has far impedance than the resistance ever could have.
Its called choke loading, parafeed, etc.
The supply voltage for the gain stage does not have to accommodate the voltage drop across the resistance.
Cost and weight usually prohibits choke loading but if you know what you are doing, in some situations the choke
works magic, and sounds well.

There are some fanatics I know who do all they can to get rid if capacitors and resistances throughout their audio cicuits,
and I wish them well, for they have made their lives difficult.  For them magnetic coupling through transformers
is the only sure way to hi-fi nivirna. I find blocking caps and resistors do not block fine music flowing through an amplifier.
The fundamental problems associated with choke loading or transformer loading of intermediate amplifier stages are with obtaining wide
bandwidth and a flat response. Using any tiny amount of global negative feedback around a 
3 stage amp with two interstage transformers is entirely prohibited because of instability from phase shift.

I will therefore not dwell long upon design of interstage transformers which I have not yet found a need to ever use.

Usually the choke is used to supply dc to an anode or from a cathode of a triode with low Ra.
High µ triodes with high Ra get into trouble with chokes because the impedance of the choke needed means inductance 
must be enormous, and then because of the high source resistance, ie, Ra driving the choke, the iron distortion
is anything but tamed, and so I will NEVER use a choke to supply 1.4mA to a 12AX7.  The use of any pentode tube with 
choke supply is also quite pointless due to distortions produced. 

I have never used a choke to supply dc to any 6CG7/6SN7 or 12AU7  power amp input triode or preamp triode stage.
I believe the use of a transistor CCS is far easier, cheaper, and sounds better, and the headroom needed 
for the voltage across the CCS is always available easily, and power wasted is negligible.
  
But I have found plenty of need for choke loadings.

All my standard PP amps such as the 8585 have local cathode feedback windings in the output stage, and up to around 80Vrms 
needs to be applied to each phase of signal to each grid of on each side of the PP output circuit.
When I began to realize that the only really good way to drive any large octal output tube was with a suitable smaller
output tube strapped in triode, typically a 6BQ5/EL84, I began having problems with resistors supplying dc to anodes,
or from cathodes to 0V or to a negative supply. 
The driver stages needed to produce less than 0.1% thd at 80Vrms from each anode, because the amount of global NFB as 
only 10dB or so, and the distortion would not be reduced enough.
The biasing resistances in output  stages need to low at not more than 100k for all octal output tubes because grids tend to 
become slightly positive with respect to the applied grid bias voltage over time, and sometimes dangerously so,
and biasing the tube with excessive bias current that raises temperature and increases this small grid current.
So a driver stage driving output tubes, especially when many are in parallel, needs to be set up so it can easily
drive the grid bias R as well as the dc supply R to the driver tube, and this R should be 1/3 of the value of the following output stage 
bias R value. To satisfy the condition, never try to use a 12AX7, such as in the Mullard 520.
Even the 6SN7 used in a Williamson will struggle if there are 4 output tubes each with Rg = 100k.

Hence I don't muck around, I either use EL84 or EL86, or 6V6 and in PP amps they are used in an LTP,
with about 14mA Ia each. 
In my 8585 to ensure the RL seen by the triodes is as high a value as possible for lowest distortions, I supply DC to anodes via 
a choke with CT with fully interleaved E&I laminations with 25mm tongue size, but perhaps only a 10mm stack,
and with  thousands of turns of fine wire, perhaps only 0.15mm Cu dia, and this makes an inductive impedance 
which is hundreds of kohms, and which has negligible loading on the triodes compared to the capacitor coupled 
following stage grid biasing resistances.
The choke is a 'balanced choke' and acts like a primary of a PP transformer. 

I have also tried the idea on my 300 watt amplifiers with 12 x 6550 per channel.
The method works extremely well. The 300 watters have chokes with cores = 32mm stack x 25 tongue and thicker 
wire, but the chokes still have ZL very high compared to the 16k or parallel Rg cap coupled to EL84 anodes.

Since my first attempts to make 300 watters with multiple output tubes, I have now moved to using a 
balanced choke to bias the output tubes from 0V, so that all 12 coupling caps and separate bias resistors 
may be abolished, and the ends of the choke are coupled each end to each driving anode via 
100uF elcaps with 0.47 plastic bypasses. There is now 18k anode dc supply resistances acting as the dc and ac load.
This means the EL84 triodes work with exactly the same load as before, but the biasing of output tubes is properly
held constant at 0V for ALL output tubes through the low winding resistances of the choke.
There is a high enough B+ supply to obtain the wanted Vswing, and with IA = 14mA, and RLdc = 18k,
a swing of  80Vrms at each anode means a small peak current change of only +/-6.2mA Pk.
Having the balanced choke in the grid circuit means any unwanted imbalance of dc currents in the LTP halves 
does not affect the choke.

The only problem is bandwidth. To avoid the shunt C and shunt L effects of the choke used for for LTP
I have a low value 4k7 in series with each end of the choke, and so the triodes' lowest load value possible is 4k7,
and phase shift caused by stray C and L is virtually eliminated.

Fig 3.
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The above shows the choke with center tap in the anode circuit.
The  inductance is higher because the laminations fully interleaved with balanced dc flow.
Ra-a of the two triodes = 4k4, and the choke ZL = 4k4 at 2.3Hz, so the bass will be OK.
The typical shunt capacitance can be about 300pF, which has equal ZC to Ra-a at 120kHz.
So the HF will be well extended, and the 4k7 will isolate L and C from having any effects. 

Fig4
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In this schematic, the choke is used for biasing the output grids instead of the  two 18k, which 
now have been moved to carry dc to anodes. The loading of the tubes is the same as in Fig3.
Because there is no dc flow in the choke at all, the choke can have thinner wire if desired, and the effect of 
reducing wire dia from 0.25mm to 0.2mm is a doubling of inductance.
But notice the caps coupling the anodes to following choke circuit.
The LF pole for what is effectively a series resistance damped high pass filter with 50uF to 630H CL values
giving a pole at 0.9Hz. But at low levels of operation, choke L falls to 
much lower than the hundreds of H when signal voltage is high, and at 4Vrms a-a the L could be 
1/20 or even less than values shown so the Fo could be up to 10 times higher.
The 100uF shown  as coupling caps could be excessive, and maybe 22uF is OK, but this has to be trialled
and with NFB stability at LF becomes slightly unpredictable. 

The recipes for the chokes are given on the Fig3 and Fig4  schematics, so happy winding! 

I am presently building a pair of SE amps with a pair of  845 in each amp to make 50 watts of pure class A.
Fig 5.
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The amps will be set up to allow the use of any variety of 845 or 211. The latter require considerable class A2 drive, ie, grid current drive to 
enable a full power output above the class A1-A2  threshold for handling transients.
Each 845 will have separate cathode biasing using a constant current sink as the cathode resistances, but are well bypassed to 0V with 470uF capacitors.
Variations in mains voltages will never much upset the biasing which could otherwise become troublesome if fixed bias is used.
Cathode biasing is the ONLY way SE amps should be supplied to owners who are not at all technically trained because mistakes with setting
bias on tubes with power supplies over 1,000V are usually spectacular, and disgustingly expensive. 

V3, an EL34 triode cathode follower buffer drives the pair of output tube grids directly.
This buffer stage must be capable of working into grid current without causing horrendous distortions.
There is a negative 370Vdc supply, and dc is passed to 0V through L2 choke loading in the cathode circuit.

If the EL34 does try to conduct excessive current, and more than the planned 25mA maximum, 
the 845 grid voltage will still be kept low because of the choke's low dc resistance. Should the 845 Ek ever rise more than 50V above the wanted 
Ek levels, the active protection will shut down the amp. 

The buffer is driven by a single ended V2 EL34 triode drive stage to make up to about 130Vrms of drive voltage.
The V2 EL34 has excellent linearity, gain of about 9, Ra = 1k5, and will be happy with Ia = 22mA.
The dc is supplied through choke L1 plus 1k8 resistance for a damped LR with high Z. 
Alternatively, there would have to be a 22k 60 watt rated resistance to the +800V rail for 845 tubes, so I want to use 
a choke to get the dc to the anode. With the choke, the ZL is huge at most frequencies
and the load is dominantly just the buffer biasing R = 220k, and the high value impedance loading this driver tube helps
to give very low distortion and beautiful sound. L1 and L2 have identical design.

What is the design for the chokes?

The Ra of the EL34 in triode with Ia = 22mA is approximately  1k5.
The wanted cut off point is at 5Hz, so inductance wanted, L =  1,500 / ( 5 x 6.28 ) = 48H.
If more inductance can be found, it is welcome.

Unlike the filter chokes mentioned above in parts1 and 2, the chokes we now are considering 
need not have low dc resistance, and as long as the current density is well below 3amps/sq.mm, high winding resistance
can be used to help bias the cathode follower driver buffer.

Design Ia for EL34 is 22mA, but we must allow wire size for 100mA in the case of some overload problem.
For working Bdc, allow Ia = 22mA.
Suitable wire will be 0.20mm Cu dia, capable of a sustained 100mA long term. Oa dia = 0.25mm.
Let us try a core with tongue 25mm, GOSS, with winding area available = 300sq.mm.
Turns available =  4,800.

The wanted Vac swing will be perhaps up to 150Vrms and unlike the power choke we must be able to get down to 14Hz 
without core saturation from too high a Bac. Bac would not want to be higher than 0.5Tesla.
To find the stack height :-

Bac  =   0.5   =    22.6 x 150V x 10,000      =   20.2 / S, so S = 20.2 / 0.5 = 40.4mm. 
                             25 x S x 14 x 4,800

Therefore, try a bobbin for 25mm tongue x 38mm stack.

Turn length will be 166mm, and winding resistance = 4,800 x 166 x 0.0000226 / ( 0.20 x 0.20 ) = 450 ohms.
about 1k2 ohms may have  have to be added to the choke to make it act as a large enough biasing resistance for the cathode follower
whose grid is biased by resistance from the Vdc at the bottom end of the choke.
The 1k2 ohms will help isolate the choke's shunt C and shunt L to a small but not unwelcome amount.
The EL34 Ek will thus be around +35V above the -370V rail. Some trimming of the added cathode resistance 
will be required.

What µe is required to keep Bdc below a safe 0.5Tesla maximum?

Bdc = 12.6 x N x µe x Idc   = 0.5 max = 12.6 x 4,800 x µe x 0.022     = 0.00094 x µe, so µe can be 0.5 / 0.00094 = 531. 
             10,000 x mL                                 10,000 x 140

The value of µe = 531 is quite high and we may not obtain it by merely butting all Is hard against all Es.
If we tried, µe might only be 300 max, depending on the iron's maximum µ when all laminations are fully interleaved.
But for any sample of iron that you may have, and if you are in doubt, use a larger stack than the minimum I have calculated,
so wind the choke, install the E&I just close butted, and measure the inductance with a 50Hz signal of 10V across the choke.
The performance of the choke in this application will always be better if the stack height is increased.
Where the core is just butted close but with no actual gap, the µe is often about 1/10 of the max µ attainable with 
fully interleaved lams, so if the max µ was 3,000, when butted the µe = 300, and when 10,000, perhaps you get µe = 1,000.

The inductance with µe = 300 will be 

L   =  1.26 x 4,800 x 4,800 x 25 x 38 x 300     =  59H and this seems to be plenty. 
                  1,000,000,000 x 140

But the inductance could be more if the stack was increased to 50mm.

Alternatively, we could use C-cores which will allow easier fine adjustment of the µe between say 300 and the max µ
of perhaps 10,000. Trouble is, finding a supplier of C cores is like searching for a needle in haystack.

A larger core size could be used, such as 32 tongue x 32 stack, so the turns with 0.2mm wire = 8,000.

The Bdc for 32S x 32T = 0.7Tesla max, = 12.6 x 8,000 x µe x 0.022 = 0.00125 x µe, so µe wanted  = 561.
                                                                       10,000 x 178
If µe = 300 only, 

L   =  1.26 x 8,000 x 8,000 x 32 x 32 x 300     =  139H and this is more than we need. 
                  1,000,000,000 x 178
We could then afford to have a smaller stack of only 20mm, and still get 70H, depending on µe with dc..

If the µe was found to be only 300 after tests with such a slightly larger core, the choke would be able to carry more dc flow without saturation.
I have figured on 22mA with EL34 in triode, and I see little reason why there should be more because with a load of above 100k, 
the current swing is only 1.66mArms at 166Vrms with Ea = 275V. 

The sizes for cores for such good quality chokes will always be larger than what you see in mass produced amplifiers, because mass market
makers invariably try to sell you less inductance and bandwidth to reduce their costs and boost profits.
So while core sizes of 25T, 28T, and 32T seem large, they are not, and its just what good design calls for.

With fully interleaved GOSS lams, the µ is at its maximum at perhaps above 5,000, and the inductance easily over 500H,
but with dc flow the core would be solidly saturated, leading to severe distortions with ac.

The other way of gaining a higher µe over 300 which one might get with simple E&I close butting is to arrange the laminations 
in close butted piles of Es and Is about 5mm high.  Alternate the insertion direction when filling the bobbin so each pile of Es face 
alternative direction. This should give a gradual transition between maximum possible µ and the wanted value of µe for the core.
The experimentation can allow you to obtain some surprisingly fine results, without having used more iron than you need to.

The alternative is the use of C-cores for this choke, and these have a µ max well over 5,000 when butted together without any gap material,
thus allowing some very thin gap to be placed to lower the max µ to a µe which is acceptable.

The gap in a choke core will make the choke have a more even amount of inductance regardless of voltage and frequency because 
the gap dominates the µe equations. A gap filled with non magnetic material is linear, and iron is not.
With a gap, the effective magnetic path length is increased from being just that of the iron.

Magnetic length with a gap = Iron mL x [ 1 + (  µ  x  gap / mL   ) ]
The equation for inductance has µ on the top line of the equation, and mL on the bottom as a factor µ / mL.

With a gap this becomes                       µ                           
                                      mL x [ 1 + (  µ  x  gap / mL   ) ] 

Therefore the equations with a gap are simplified by leaving the iron mL on the bottom line,
and simply changing the top line figure for µ to µe found as :-

µe       =                          µ                  
                      1 +  (  µ  x  gap / mL   )

For 25 tongue GOSS material, µ max without any gap might be 10,000, and mL = 140mm.
Therefore with a gap = 0.5mm,

µe   = 10,000  / 1 + ( 10,000 x 0.5/140 )   =   272.

If the iron had µ = 3,000 max,  µe = 3,000 / 1+ ( 3,000 x 0.5/140 )  =  256, which is very little different to the 
higher µ material.

But if the gap was only 0.05mm, the higher µ material gives µe = 2,188.
and the lower µ material gives µe = 1,615, so its a considerable difference.

We can expect a more "linear inductance" from higher grade iron that has been gapped, because a maximum 
and very variable iron µ has been much reduced by the gap, and L will not change drastically with voltage or frequency.
And the higher the grade of iron, the lower the distortions. 


Back to Power Transformers and chokes.




