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Power Transformers for Audio Equipment

Discover the different types of power transformers, and why you might

choose to use each type in audio equipment. By Pete Millett

eweomers to the fine art of ;
andio equipment design (you
don’t really believe it's & sai- |

ence, do you?) might think !
thet any power transformer providing |
the needed voltage and current ratings |
will work fine In their design, As you
may have learned from experience, this
is far from the truth. This article ad-
dresges issues with low-frequency
{50-B0Hz) line transformers, but mamy
of the same issues apply to sudio-fre-
gquency transformers as wall.

HOW TRANSFORMERS WORK: A
QUICK REVIEW

Grossly oversimplified, a transformer
works by converting an AC ourrent to & |
varying magnetio field, and then back
into an AC current. Coiling wire into & |
“wrinding” and passing current through
it produces the magnetic field. Con-
versely, the field passing through an- |
other winding induces a current in it, |

which is used to drive the load.

In & power traneformer, the "primary”
winding is driven with AC lins voltage—
the power that comes out of the wall
The voltages required {or the rest of the

gystem are generated in “"secondary”

windings. All the windings are placed

detat] (Photo 1) a little later.

MAGNETICALLY INDUCED NOISE
AND STRAY FLUX

chances are that at ong time or another

you've mun into  problem with linefre-
quency noise getting into the audio sig-

nal path. Sometimes this problem is
gimply the result of not enough filiering

i or regulation of the DC power supply, or
{ perhaps & ground loop In an input i

cuit. But often, magnetic coupling from
the AC power trmmsformer is the culprit.
In a perfect transformer, the entire

i magnetic fisld generated by the primiae
¢ ry winding would be contained entirely
i within the transformer and pass

through the secondary winding(s), of
oourse, nothing is perfect, and there is

i always ot least some part of the magnet-
on & "core” made of an iron alloy. This is |
done becauss the permesbility, or mag- |
| netic conductance, of iron is much high-
i er than that of air, which allows a trans- |
former to work much more efficiently. :
Thers are many different ways to build |
| the core using different materials, |
! processes, and shapes. I'll desoribe a !
: number of the more common types in

io field that escapes (rom the trans-
former. This field, called "stray flux” is
& primary concern in the selection of &
transformer for audio equipment.

If un AC magnetic field that leaks
from the power transformer intersects a
wire (or PCB trace), it will induce a
small curment inte that wire, just as if it

i were a secondary winding on the trans-
i former. The resuliant noise voltage pro-
| duced is generally very small, but in
i audio equipment, even a few millivolts
{ of noise In A sensitive circuit can be au-
If you've built much audio equipment, |
¢ their high impedances, are very suscep-

dible. Tube circuits, in particular, with

tible to picking up noise from power
transformer stray fluse

Stray-filux problems usually manifest
themselves as a line-frequancy nolse—

)l | more of & bus than a hum=—that is un-

{ related to powersupply ripple or filter
i ing. The nolse waveform on an oscllle-

geope is usually not sinusoidal—in-

| | stead. it looks more like the combined
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i waveform of the current drawn from
: the secondary(s), which has a much
| sharper peak, resulting from the filter
. capacitors charging on the rising edge
i of the AC waveform. You can often see
: large spikes that correspond to the re-
| verse recovery current in solid-state rec-
| tifiers, which s probably a subject wor
! thy of an article itsalf.

Photos 2 and 3 show oscilloscope

patterns of stray-flux neise in a tube
i headphone amplifier, which T'll talk
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PHOTD 2: Oscilloscope pattern showing
autjpil nolse (top trace) and the current
through the piate winding, using the ver-
tical El-core transformer.

PHOTO 3: Oscilloscope pattsrn showing
output noisa (top trace} and the current
through the plate winding, using the hori-
zontal El-core transformer. Note the

spikes from diode reverss recovery.

ahout more later.

The easiest way to ses whether you
hawve & stray-llux problem I8 {o move the |
transformer away from the rest of the |
pirouitry. Since the strength of & mag- |
netie field drops rapidly with Inereas-

ing distanoce from its source, often mov-
ing the transformer only an inoh or bwo
will diminish the noise dramatically.

Sometimes—especially in power am- |
plifiers—just keeping the transformer |
away from low-level circuits is an effec-
tive method of dealing with stray flux. ;

. fort to design & bettar product. One ol

i transformers that are inexpensive to

more expensive it is to build,

But in other situstions, as in a phono :

preamp, the design of the transformer |
itself needs to be addressed to provide |
acoeptably low noise in the finished |

product.

CORE TYPE—THE MANY DIFFERENT
WAYS TO BUILD A TRANSFORMER
You can bulld low-frequency power

trunsformers in many different shapes |
and configurations. 11! discuss & oum- :
ber of them in detodl, starting with the ;
most commonly used types, describing |

their construction and thair suitability
for use in audio equipment.
Almost all power transformers share

sore common characteristics. Typical- |
by, they are wound on cores made from
thin sections of an iron allay, usualiy a |
type of steel made just for this applica- :
tHon. Thin sections are used instead of 6 |
solid piece to prevent currents from |
being induced In the core itself-iron, |
after ull, Is an eleotrical conductor as |

well as a conduotor of magnetio flux

Difforent physical configurations and
moanufacturing methods for transform- |
ers have evolved over the years in an ef- |
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i The EI-Core Transformer

| former with the outer casing removed

PHOTO 4: A typical El-core transformer
with the case removed,

manufacture. As you might expeot, |
these two goals are generally at odds, |
and the batter the transformer Is, the |
! of copper. is wound around the trans-
i former in the same orientation as the
i windings, but completely outside the
The most common type of AC power |
transformer is called an El-core trans- |
| former, because the laminated iron |
| pore that it's wound on—before assem- |
i bly—looks just like the letters “E" and !
{ “L" Photo 4 shows an El-core trans- |
rent that produces an opposite magnet-
! io field, which tends to cancel out the
| original flux.

In an Elcore transformer, the wind-

ings are wound around the center leg of
| the “E"ghaped core piece. and the "T"
shaped pait is joinad to the "E7 to form
i & closed magnetic path. In reality, the
! thin, stamped "E” and "1" laminations
i are stacked up in altemating directions
| and assembled with a form, or “bob-
{ bin," containing the pre-made wind-
: ings. The joint between the "E" and “T”
| Is alternated between the two sides of
i the transformer to give the core greator
| mechanical strength.

While the El transformer is the least

pxpensive and most common type of
i transformer, it is also one of the worst
¢ In terms of its stray flux. The problem is
i all those "E” to “T” Interfaces—there is
is tn design a transformer that is nearly :
100 peroent efficient—meaning that all |
the energy in the primary winding is |
coupled to the secondary, and is not |
wasted by heating up the core or wind- §
| ings, or leaking megnetio flux outside
| the oore. Another goal is to design |
i | formers help lower the stray flux. The

always an air gap, oo matter how ting,
between the laminations. Fach of these
gaps (there are thres for each laming
tion), visible in the closeup (Photo 3},
provides an opportunity for magnetic
flux to leave the core.

Several “fixes” applied to El trans-

moet commean 8 to place o conductive
“fux band” pround the transformer.
This band, usunlly made of a thin sheet

gore. It s soldsred together to form a
continuous oo,

The flux band works by aoting as a
shorted turn around the outside of the
transformer. Any flux lines that cul
through the band induce an eddy cur

PHOTO 5: Close-up of the (amination
gaps in an El-core transformer.
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Another often-used fix is to weld an |
iron strap around the outside perimeter |
of the core, This tends to contain, rather :
; cans, or molded inside plastic resin and
: equipped with pins to mount directly
| anto a PC board,
entire transformer can be cantained, or |

than cancel. the stray flux, since the
iron strap has & much higher permeabil-
ity than the air around it Similarty, the
potted, inside a ferrous metal can

The Toroidal Transformer

s familinr sight inside high-and andis
equipment. The toroid looks like a

spaced around the diameter of tha
transformer (Fhoto &), Torolds are alzo
avallable potied inside metal or plastio

Like the El-core transformer, the

tions, it is wound from a single strip of
meatal, muah like a roll of tape, The fuot
that there are no discontinuities in the

i meduces stray flux to around 10% of that
lof a comparable EI transformer.
i Toroidal transformers still lealk magnet-
{ip fields, mostly becauss the windings
are not symmetrical—the wires are
| spaced farther apart on the outer diam-
 eter of the core than the inner.

: core of a toroidal transformer is made
i of an iron alloy, but instead of being
| composed of multiple, stacked lamina-
The toroidal transformer, or “torold,” 15 |

Generally, toroidal transformers are

| emaller (by up to 50%), quieter (magnet-
i Ically and sonically), and more efficient
: (95% versus B0%) than comparable El-
! core transformers. If they are so much
| better, you might wonder, why doesn't

doughnut, with windings equally | core makes the toroid very efficient and | everybody use them? The answer, as

on 24-or 26-step Swiss made switch with hand soldered 1/2

W 0.1% ultra-precision Holco metal film resistors. This is a
purists unigue hard wiring construction technique. It is enhanced by
exofic 4% silver solder and outstanding craftmanship. The result is
immediate with pinpoint imaging, breathtaking 3D effect and stun-
ning sanic improvement. With only 2 resistors in each step, ladder
type attenuator provides the ultimate high fidelity music reproduc-
tion. It is available as dual monaural or in stereo construction. Se-
ries stepped attenuator is a price-wise alternative in stereo
constuction. It offers astonishing result at an affordable price.

24 or 26-step 10K-500K
stereo series stepped
attenuator

{from LS $139.99)

P remium quality P&R RESEARCH ATTENUATOR is based

PHOTO 6: A small toroidal fransformer
for a tube headphone amplifier.

24 or 26-step 100K,
250K stereo or dual
mono ladder attenuator
(from US $259.849)

Bizh e ghowing &4 layer M-giop stersa laddar byps PO stiarualor

Wa have “Relerance” MKP cagaciter (5% MKP capachior with silver plated OFC coppar
wire and Teflon insulation. (Tul-100ul 400VDC,0.01uf-50uf B30V, 0.5% Haloo metal film
rasistof (1/2WEIW), speaker or ACA plug and socket, Alps volume, N.O.5 & N.1.B. (Gold
Lion, GEC, Mullard, Valvo, RTC, eio,) vecuum tube, toroidal rameformer, sudio grade
i | electrolytic capacitor from ELNA for audio |, Fubyson Black Gate and Roedenstain, audio-
{ | phile analog and digital IC. electronic component part, circull board drawing and produc-
t | tlan, e,

Qur specially designed OVA converters (Dalta-Sigma or UlraAnalag 20 bt and pre-amp
(passive or acliva) kits {by P&R RESEARCH) or fully assembled esotaric DVA comerterns
iby PROS AUDIO) provide greal "MUSIC" with a reasanable price. The design goal is
achieved by ingenious circultry &nd with the help of audiophiie component parts,

For full detailed calalogue, pleass send USE 1 or Emall (our web site Is undar devalop-
ment} us for details. Dealers inquirkes welcome.

P & R RESEARCH
#210-1465 Parkway Blvd., Coquitlam, BC, Canada. V3E 3E6
Tel/Fax: 1-604-464-4832

email; parres@aicompro.com

PHOTO 7: A small PCB-mount “semi-
toraidal™ Ul-core transformes.

website: www.pnrres.com

PHOTO B: A C-core power transformer,
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you might guess, s because at power |

levels under 500W, they're much more
expangive. This cost premium is mostly

because they are much more diffioult to

manufscture,
Since there iz no Yopen end” on &

toroidal eore, you cannot wind the wire |
outo & bobbin and slide it onto the core, |

&5 is done for an EI transformer. For

each turn of wire, the entire length of |
the winding must pass through the :

hola in the core, making the toroidal

transformer much more difficult and

time-gonsaming o wind,

The Ul-Core Transformer

Ul cores are similar to El cores, without

the middle leg of the “E." Alsc like ET
cores, Ul cores are made of stacked lam- |

inations, so they suffer from the same

gaps in the magnetic path that El cores |
do, These discontinuities result in fux ;

escaping from the gaps in the core,

Ul-core tmnsformers are sometimes |
made with the windings all on one leg

of the core (s common construction for |

very high voliage transformers), but
usually the primary and secondary

windinge are placed on separate bob- ;
bins on opposite sides of the core. This |

results in a “semi-toroidal” conatroe-

letter “C.” This allows assembly of the
, pre-made windings onto the core,
i which is then put back together,

C-core transformers can be made with
| with two (often called a “double C-core
ars, thay can also be constructed with
| the windings wound all on one slde, or
o two opposite sides of the core.

you can consider Coore transformers

: cancel stray magnetic fialds as wall.

i with windings on both legs of the eore,

Hon, with the windings orlented to help

cancel out any struy magnetio fields.

The most comman application of this |
type of core for power transformers In |
audio equipment is in small PCB- ;

mount transformers (Photo 7).
A amall PCB-mount Ul-core {rans-
[ormer is oftén & better choice than a

conventional El-core transformer for :
low-power audlo equipment use. These |
inexpensive, compact types tend to me

dinte a little less magnetic intorforence
than & comparable El-core transformer,
They still have much more stray flux

than & toroidal transformer, so keep :

them a good distance from low-level
oircuits,

C-Core Transfarmers

C-oore transformers are mades on a core
that is wound from a single strip of ma-

terial, likke a toroid. The core is wound
with two straight sides, so it is shaped

more ke an oval than & cirele, After |

the core is wound and impregnated

with & glus to hold it together, it is out |

into two pieces, each in the shape of the
18 audioXpress 5/01

i R-Core Transformers

i iahed core winds up with a cireular
| cross section. Unlike the C-core, the R-
i eore ls not cut to assemble the wind.
ings—instead, the windings are done on
! & bobbin that Is assembled over the cir

gular cross section of the vore, then ro- |

tated to wind on the wire,

The Rcors transformer is nearly as .

good as the toroid in terms of stray flo
It has an advantige over the torold be
caunse the turns of wire are spaced

i equally around the eore, since they are |
wound on a straight section of the core. |

Tha windings on a toroid are spaced
! closer on the inside of the core, and
! wider on the outside. The fact that the

www_audip¥prass.com

Although C-core audio transformers |
for wube amplifiers have had falry wide ;
asoceptance (at least in Europe and |
: Japan), C-core power transformers are
oot sommon o audio eguipment. Photo
8 showe a medivm-power C-oora power |
transformer, a single-loop transformer |

A more recent development is the “R"
core, which you can think of as a cross |
between the C-core and a true toroidal :
{ care. R-cores are wound from a continu- |
i ous strip of metal and are formed intoa :
| shape with two straight sides, like a C- |
gore. Instead of using a constantwidth |
strip of metal, the B-core is wound from |
m sirip of varying width, so that the fin- |

! winding is done on & bobbin on &
stralght sectlon of the core makes the
i Bcore much easier to wind, lowering
1 i the cost of the fnished transformer.

i & single core (one magnetic “loop™) or ©

R-core transformers are ourrently

: used in mid-to high-end consumer elec-
transformer”). Like Ul-core transform- :

tronies aquipment from Japan. In the

i US, they are still guite uncommon and
almost as expensive as toroids, but T
! hope this will change as they become
As far as performance is concerned, :
i former has the potential to become the
in between toroidal transformers and :
: Elcore transformers. Though they still |
¢ have a break in the magnetic path, they :
i have only two, which can be minimised :
| with gareful finishing of the core. The :
wound construetion of the core also re-
sults in higher magnetic efficiency than :
{ a stacked core. When eonstructed with
windings on opposite sides of the cors,
the symmetrioal construction helps to |

more popular hers, The R-core trans-

predominant cholee for use (n audio

PHOTO 9: Tube headphone amplifier, with
vertical El-core power transformer (at
right). The output noise caused by the
power transformer flux leakage was
~34dBm.

PHOTO 10: The headphone amplifier,
with the El-core transformer mounted
horizontally on a bracket. Output noise
ue to flux leakage of this configuration
was —58dBm.

PHOTG 11: The final solution, using a
toroidal transformer on a steal hracket.
The resultant output noise due to the
transformer was unmeasurable.
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TABLE1
COMPARISON OF ELCORE AND TORDIDAL TRANSFORMERS [N THE TUBE HEADPHONE AMPLIFIER
El VERTICAL El, HORZONTAL TOROIDAL
Cost teach, @ 25 pox) 522 b e
Pl -Jeaknga rolse —BAdBEm <5BdBm Unmeasurmtin

equipment, providing all of the benafits :
{ The noise waveform is quite complex—
it Is far from sinusocidal, and it does not
i resemble powsrsupply ripple.

of toroidal transformers @t & lower cosl

El VERSUS TOROIDAL
TRANSFORMERS—A CASE STUDY

T did some reslworld comparisons of E |

and toroidal transformers in the recent
design of a tube headphone amplifier, 1

had custom Elecore and toroidal power |
. the point of maudibility—and if | moved
both with the same mtings. The trans. |
| fier, the noise became much worse.

transformers built for the amplifier,

formers have two secondary windings—

one 6.3V filament winding and one |
the trensformer in a horizontal orenta-

I also considered an R-coro trans |
former, but I could find only one or two |
vendors in the US who could produce |
guch a transformer, and their prices
and lead times were unacceptable (it is |
possible that they were astually going |
to have them manufactured in Asia, |

plate voltags winding,

and import them).

My first approach was to mount the
El transformer on the amplifisr chasgis |

In itz “normal” vertical orientation,

{Photo 8). As soon as the amplifier |

warmed up, it was apparent that there

waa  problen: a noticeable Hnefrequen- |

oy b coming from both channels,
An oscilloscope trace of the noise

transfarmer is shown in Phofo 2 The

bottom waveform is the current in the !
transfarmer plate winding (measured ;
with & small current transformer), and
the upper frace is the nolse observed at
the amplifier output. Note the rough

PHOTO 12: Oscilloscope pattern show-
ing outpul noise (top trace) and the cur-
rant through the plate winding, using
the toroidal transformer, The noise from
the transformer stray flux is gone.

porrelation betwean the two wavelorms,

Moving the transformer away from
ihe PCB made the noise disappear. so it
was gvident that there was & stray-fux
problem. If I moved the transformer
about 2 mway, the nolse diminished to

Hound by experiment that if | placed
tion (Phato 10), the noise was much
flux from an El transformer radiates
Leaving the transformer vertical and ro-

noise level,
FPhoto 3 shows an oscillosoope pat-

success. No matter what I did, the Bl
transformer caused unacceptable levels
of straydlux induced noise into the low-

level section of the cirouit. The only
way 1 could reducs the noise level was |

to move the transformer, which wasn't

an option, sinea the enclosure was al- |
! pore transformers, and the cost of this
:  Though I preferred not to spend the |
{ money for a toroidal transformer in pro-
: duction, [ was running out of ideas, so 1 :
i turned my attention to the toroid. The ;
! transformer was mounted using a stos]
- bracket into the sume space as the EI |
: transformer (Photo 11).

ready designed and built.

In the headphones, the difference be-

i tween the transformers was immediate-
i ly obvipus. With the toroidal trans-
{ former, there was no noise to be heard.
! As shown in Photo 12, the remaining

(inaudible} noise was composed of a
oombination af & small 80Hz compo-
nent (interestingly. not 120Hz as you
would expect from powersupply vipple)
and the random noise genersted by the
vomponents. Some radio-frequenoy
noise was present as well, probably
originating from & nearby AM broad-
cast transmitter. This noise was below

{ the —60dBm level that I could meaning-
! tully measure with my test equipment.
it closer to the input stage of the ampli- |
¢ former options is summartzed in Table 1.
{ The Iotal cost of the three options shown
! include mounting brackets and hard-
: ware. Even though the toroidal trans-
less noticeable. Apparently, the stray |
i sive as the EI transformer, it was
the most in the plane of the windings. |
i application.
tating it made Hitle difference in the |
i CONCLUSION

i If you're designing or building & piece
tern of the noise with the transformer :
. mounted horizontally, The amplitude of |
; the noise is slighily lower than it was
. with the transformer mounted vertically, :
| and somewhat different in shape. Note |
! the large spikes that vorrespond to the |
: diode reverse recovery current—and the
| diodes used were soft-recovery diodes! It
weveform neing the vertically mounted :

A comparison of the three trans-

former turned out to be twice ns expen-

the only acceptable solution for this

of quality audio equipment, carefully
consider your choice of power trans-

{ former, There are trade-offs to be made

between the cost and performance of
the transformer itsalf, as well as consid-
erations in the rest of your design (such

| as where to locate the power Lrans-
¢ former) that you need to think about,
is interesting that these spikes were not |
! 50 evident in the vertical orientation,
Because the nolse leval was still un- |
accepiable, 1 experimented with all ¢
kinds of magnetic and electrostatic |
shielding around the transformer (in- :
cluding & flux band), but met with litfle

Certainly, If eost is not the deciding

| factor, & toreidal transformer in audio

equipmeant will provide superior perfor
mance in almost every respect when
compared to a conventional El-core
transformer, But if you are careful with
the location of the transformer, you can
usually obtain adequate performance
with EI transformers in all but the most
noise-critical or space-constrained ap-
plications,

I hope more manufacturers (espocial-
Iy ouiside Asia) will invest in the pro-
duction egquipment to manufacture H-

superior technology will drop enough
to make its use compelling, Other
transformer technologies continue to
be developed as well by leading con-

i sumer electronics companiss, always

striving to build better, smaller, and

i less expensive audio products +
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