The AC Power Line and

Audio Equipment
Part 1

Here's a look at the many factors affecting your
power line and some tips on how to protect your
audio equipment. By CharlesHansen

Audio/video equipment connected to the AC mains can handle
morethan the 50-60Hz power necessary to operateit. Theaternating
current at your AC receptacle isladen with power-line harmonics,
voltage fluctuations, transients, radio interference, and other
disturbances that, in all probability, will reduce your listening
pleasure.

THE ELECTRICAL GENERATING STATION

Theutilities (or increasingly in these days of deregulation, hold-
ing companies) generate our 60Hz AC line power primarily with
synchronous AC generators, or more properly, aternators. Elec-
tronic power inverters operating from solar power, windmills, or
fuel cells may produce a small fraction of the power, often storing
it in batteries for peak usage.

Alternators are energy-conversion devices, or transducers, that
convert mechanical to electrical energy. Transducers of al types
operate through the physical laws that relate magnetic and electri-
cal fields to mechanical force and motion:

1. A mechanical force is exerted on a current-carrying conduc-
tor in amagnetic field. Conversely, voltageisinduced in aconduc-
tor moving through a magnetic field.

2. A mechanical force is exerted on a magnetic material that
tends to align it with the highest magnetic flux density path. Con-
versely, moving a permanent magnet or electromagnet past a sta-
tionary conductor causes a change in the magnetic flux linking the
conductor and will induce a voltage in the conductor.

3. The magnetic properties of a magnetic material are changed
when it is mechanically strained. Conversely, magnetic materials
aredightly deformed when placed inamagneticfield. Thisiscalled
magnetostriction.

4. When certain crystals are mechanically strained, they form an
electric charge. Conversely, when voltagesare applied to them, these
crystals are deformed in certain defined directions. Thisis called
the piezoel ectric effect.

5. A mechanical force is exerted on the plates and insulators of a
charged capacitor in an electric field. Conversely, relative motion

between capacitor plates and insulators causes a change in the
charge or voltage across that capacitor.

APPLICATION OF THE LAWS

You can also see practical applicationsof theselawsin audio trans-
ducers: loudspeaker and headphone drivers, relays, microphones,
phono cartridges, crystal oscillators, guitar pickups, and magnetic
tape heads.

Therotor of an aternator (Fig. 1) consists of coils, wound around
iron poles, that carry a DC current whose magnitude is controlled
by a voltage regulator. This rotor and its windings are called the
field, and it produces alternating north and south electromagnetic
poles. The DC field current is applied to the rotor in one of two
ways: through carbon brushes and dlip ring conductors, or by means
of rotating rectifiers following a smaller exciter AC generator on
the same shaft as the main alternator.

As the rotor turns inside the stator or armature of the alternator,
the time varying magnetic flux resulting from the rotation of the
fixed magnetic field induces current into the stator windings, which
are distributed in a number of slots inside the stator iron. A very
small field current (maybe 3% of the rated alternator output cur-
rent) from the regulator controls the much higher stator current.

The frequency of the AC voltage is determined by the number of
poles on the rotor and its rotational speed (rpm). A four-pole ma-
chineturnsat 1,800 rpm to produce 60Hz. (Countries outside North
America generate 50 Hz power, while the aircraft industry uses
400Hz power.)

The weight of the alternator for a given output power is directly
proportional to the rotating speed of the alternator. Fewer poles
require higher rpm, but also result in alighter machine. How-
ever, the rotor must then be designed for the higher centrifugal
forces that occur at higher speeds. The field poles are always
wound to produce alternate north and south polarity, so only an
even number of poles are possible. An alternator must have at
least two poles (one north, one south), so 3,600 rpm isthe
maximum speed for 60Hz.

HARMONICS

It is just not feasible to generate a pure 60Hz sine wave, so
cost-effective electric alternators produce a number of low-order
60Hz harmonics. These are sinusoidal currents or voltages with
frequenciesthat areintegral multiplesof thefundamental power-line
frequency, and they distort a pure sine wave.

Each of these harmonic sinusoids has adifferent magnitude from
the others. Typically, each harmonic is represented as a percentage
of, or dB below, the root mean square (RMS) value of the funda-
mental. Total harmonic distortion (THD) equals the RM S value of
al harmonics divided by the RM S value of the fundamental, usu-
ally converted to a percentage.
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Even-order harmonics (second, fourth, and so on) are vanish-
ingly small or nonexistent at the alternator terminals, sinceasingle
stator winding circuit produces both the positive and negative AC
half-cycles as the aternate magnetic rotor poles pass by.

Alternator designers can take advantage of physics to reduce
60Hz harmonics. In three-phase machines with balanced loads
(egual current in all three phases), the triplens--the third harmonic
and its odd multiples-can easily be cancelled in one of two ways. If
power istaken directly from the alternator terminals, the stator wind-
ing can be madewith a120° phase belt, which fully cancelstriplens.
Now the winding chord angle, or pitch, can be designed to cancel
any two other adjacent odd harmonics-the fifth and seventh are
usually the highest.

A 60° phase belt results in a dightly smaller machine, but the
winding pitch must then be fixed at 23 (0.667) to cancel triplens,
and you must accept the higher harmonics asthey come. Machines
with 60° phase belts are sometimes used in aircraft, whereweight is
of primary concern.

Thecurved profile (pole arc) at the face of therotor pole also has
some effect on the higher harmonics, and optimizing the shape of
the pole tips that overhang the windings can help reduce higher
odd harmonics.

SLOT HARMONICS

An alternator also generates higher harmonics because its stator
laminations do not have smooth surfaces. The stator windings re-
sidein dlotsin theiron that cause flux pulses (called slot harmon-
ics as the rotor passes. By making a slight twist in either the
rotor-pole axis or the stator slots, the magnetic axis is skewed by
one stator slot-pitch, thus reducing the space harmonicsintroduced
by the winding dlots.

Since the utilities must generate huge amounts of power (mil-
lions of kilowatts) and transport it over long transmission lines,
they do not send power directly from the alternator terminals. In-
stead, they step the voltage up with large transformers, say from
25KV at the alternator to 138kV or more. This lessens the current
in direct proportion, reducing the transmission losses (1°R).

Itisdesirableto use athree-phase’Y connection in the alternator
so its neutral can be grounded-either directly or through a neutral
reactor, a device used to limit the unbalanced fault current in a
three-phase system. This provides lightning and overload protec-
tion. The engineers can then use awyedelta (Delta-A) transformer
(Fig.1 again) to remove the third harmonic, since in a
current-balanced three-phase delta transformer winding it cancels
out.

With the third harmonic cancelled in the transformer, the alter-
nator can use a 60° phase belt, and a winding pitch of s (0.833)
will cancel the fifth and seventh harmonics. As aresult, the 60 Hz
sine wave at the step-up transformer secondary has a typical
unity-power-factor distortion of 1% to 1.5%, mostly due to non-
triplen odd harmonics. You can see thisin the spectrum in Fig. 2.
Thethird harmonicisnot completely cancelled, butitisalow 0.06%.

LOAD-INDUCED ALTERNATOR HARMONIC DISTORTION

Power factor istheratio of real power (watts) to total volt-amperes
(VA). VA isthe product of RM Svoltage times RM S current. Unity
power factor resultsin the current being in phase with the voltage.

In rotating AC machines, the power factor for any given me-
chanical load is fixed and continuous. Harmonics are introduced
whenever the power factor departs from unity. If theload becomes
inductive (motorsare the most prominent inductiveloads), the phase
current lags the voltage. Thisis called lagging power factor (ca-
pacitive loads produce a leading power factor).
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FIGURE 2: Spectrum of 60Hz harmonics at generating station.

Back at the aternator, the inductive phase current causes the
flux between the rotor and stator, which is perpendicular to the
rotor pole face with purely resistive loads, to change angle. This
atersthe relative orientation of the pole and slot flux lines, gener-
ating higher order harmonics. The third harmonic is introduced if
magnetic |oads begin to saturate, as happens when motorsor trans-
formers are first energized, or are subject to overload.

All electromagnetic devices (aternators, transformers, motors,
and so on) are subject to mechanical forces from the varying mag-
netic flux. Thealternator field isapowerful electromagnet that tries
to deflect the stator coreirontoward thefield poles. Eventhedight-
est relative motion between the windings or their iron cores, as
well as vibration in the structure, will produce harmonics.

Under normal conditions, the force acting on the windings is
much smaller than that acting on theiron core. However, if ashort
circuit should occur in alarge alternator or transformer, the force
on the coils could be extreme. | once saw the neutral-reactor coil in
a32MW gasturbine generator completely straightenitself out when
ashort occurred in the main generator step-up transformer. Protec-
tive relays saved the generator, turbine, and switchgear, but the
neutral reactor and transformer were scrap!

High-voltage three-phase power is sent over transmission lines
and through substations, whose Delta-Y transformers step thevolt-
age back down to intermediate levels, and then on to industry and
homes (see Fig. 1 again). Industry often makes direct use of three
phase voltages between 440 and 4160V but homes require
single-phase 120V-0-120V (the “220V” service entrance lineinto
your home).

Thisisprovided by pole-top or pad step-down transformers, and
along the way the balanced three-phase loading is locally upset,
and somethird harmonic isintroduced. The 120V-0-120V ACline
is not balanced, so differences in loading on each side of neutral
canintroduce even harmonicsinto the 60Hz waveform. Asaresullt,
the typical 60Hz AC line distortion at your home will increase to
3% to 3.5%.

POWER QUALITY PROBLEMS

The conveniences of modern society employ alarge variety of
nonlinear loads, where the load current is not proportional to the
instantaneousline voltage. Examples are motor controllers, switch-
ing power supplies, and rectifier filters. The filter capacitorsin a
rectified linear DC supply may draw current only at the peaks of
the AC line voltage. Here, the instantaneous power factor varies
over each half cycle of the 60Hz AC line.



These |oads cause adverse effects on the line voltage that can, in
turn, damage capacitors, relays, motors, and transformers exposed
to the harmonic distortion. The harmonics can also cause excessive
neutral currents and higher reactive currents that impose
power-factor penalties, thus limiting the total output from utility
aternators.

Current distortion interacts with the wiring impedance, produc-
ing voltage distortion that can interfere with the operation of other
equipment. Conducted noise can enter your electrical systemthrough
the utility ground. If the ground wire contains noise or harmonics,
they will travel the path of least resistance and can return to their
point of origin through equipment plugged into your receptacles.

Motors are sensitive to voltage distortion. High frequency har-
monic currents cause higher operating temperatures in the wind-
ings due to eddy-current losses. Harmonic voltages can produce
excessive vibration, leading to abnormal bearing wear and reduced
reliability. Harmonic currents in transformer windings generate
excessive heat even if the transformer is not carrying its full-rated
electrical load.

Thenormal steady-state voltage range at the“poletop” is112to
123V AC (224 to 246 for anomina “220V” line). It can be much
worse in remote rural areas. Most consumer electronic equipment
is designed to operate between 110 to 125V AC. Power quality
problems can manifest themselves in a number of ways>.

STEADY-STATE PROBLEMS

A power failure or outage is a zero-voltage condition lasting
for more than one cycle /60 second), while a blackout is a total
power failurelasting from secondsto hours or more. A brownout is
aregion-wide reduction in the steady-state voltage imposed by the
utility in response to high electrical consumption, such as peak
air-conditioner demands in the summer. If things become really
bad, utilities may be forced to use rolling blackouts to further pro-
tect the power grid from excess demand or insufficient power gen-
eration reserve.

TRANSIENT PROBLEMS

All power-line disturbances are transient by definition. A sag
isacycle-to-cycle decreasein the line voltage below 105V AC for
0.5 seconds (30 cycles of the 60Hz line frequency) or more, which
then returns to the normal level. A dip isafast sag.

A surge is a cycle-to-cycle increase in the line voltage above
127V AC for 0.5 seconds or more, which then returns to the nor-
mal level. If the voltage fails to return to normal, overvoltage pro-
tection relays open the alternator or distribution circuit breakersto
protect the customers.

Animpulseisashort-term (sub-cycle) disturbance superimposed
on the AC sine wave that typically lasts between 0.5 and 100 mi-
croseconds. |n-phase impulses ranging from 400V to 5600V (the
latter from lightning strikes) that increase the instantaneous line
voltage are called spikes. Spikesin excess of 600V are potentially
very damaging, since thisisthe insulation voltage that residential
electrical wiring and fixtures are generally designed to withstand.

Out-of -phase impulses that decrease the instantaneous voltage
are called notches. Thesetypically last aslong as spikes but can be
up to several milliseconds. Spikes and notches usually come in
pairs, or in an oscillating series, due to power-line reactances.

\oltageflicker occurswhen you start large motors, or during heavy
load changes on a utility distribution system. Thisflicker is objec-
tionable only if the magnitude of the voltage drop and the frequency
of occurrence exceed the threshold of perception documented on
the IEC 61000-4-15 voltage-flicker curve.

LIGHTNING

Lightning is one of the leading causes of power outages and tran-
sients on utility power lines. The surge currents associated with
lightning strikes interact with the distribution-system impedance,
producing large voltage transients that are transmitted to remote
parts of the grid. Lightning can cause transients on power lines
without even hitting them. The large electric fields (up to 70V per
meter) during a cloud-to-cloud discharge can couple into the sys-
tem, producing substantial induced voltage transients.

Normal utility operations, such as load switching, the operation
of disconnects on energized lines, adding or removing
power-factor-correction capacitor banks, and the automatic opera-
tion of line reclosers and transformer tap changers, can all cause
transients.

HARMONIC CURRENTS

IEEE Standard 519-1992 sets the US limits for harmonic cur-
rent distortion, or total demand distortion (TDD). European Union
(EV) Standard EN61000-3-2 is similar, and must be met before a
device can gain the CE Mark required for sale in the European
market.

These standards limit the harmonic content of current imposed
back into the AC line by any device or its power supply drawing
more than 75W. (This was supposed to change to 50W, but the
notice has been cancelled.)

Theincreased use of switching power supplies can generate con-
siderable noise or current harmonics back into the power line, thus
contributing greatly to this problem. The maximum TDD varies
with the ratio of utility short-circuit current (I ) available at the
particular location in the distribution system to the maximum load
current drawn by the user’s equipment (I , and by the type of de-
vice. Thisratio, | /I iscalled the short-Eircuit ratio (SCR)?.

If the SCR is 20°r'1ess, the device cannot impose more than 5%
TDD onthe AC line, withamaximum of 4% for any singleharmonic
below the eleventh. Even-order harmonics are limited to 25% of
the adjacent odd-harmonic limits. The harmonic range covered by
the regulations extends to the 39th (2340Hz for the 60Hz power
line).

Things may not be as stringent in your neighborhood, depend-
ing on how many homes the pad or pole-top transformer is de-
signed to serve, and your proximity to industrial loads. If the SCR
51000 or more, the allowable 519-1992 TDD is20%, with amaxi-
mum of 15% for any single harmonic below the eleventh. Pity the
poor audiophile living near that location!
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All non-incandescent lighting systems can cause harmonic cur-
rent distortion. Fluorescent and high intensity discharge (HID) light-
ing systems can produce from 10% to more than 40% THD, de-
pending on the design. Home lighting electronic-ballast operating
frequencies extend well into the RF range, but they must meet the
stringent interference limits of EN55015/CISPR15 (more on these
limitslater).

Three-phase variabl e speed drive controllers cause atype of volt-
age distortion called line notching, which produces additional zero
crossings on the voltage waveform. In the 1970s | worked for a
company that installed four 150HP thyristor-controlled drive mo-
tors. The notching was so bad that even the clocks failed to keep
proper time, and correcting the power quality problems required
some serious power line filtering.

Incidentally, if you hear excessive 60Hz or 1220Hz hum in
your audio equipment, it is probably not due to in injected
harmonics, but to equipment power-supply problems.

Part 2 takes alook at electromagnetic interference and how to
test for it.
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The AC Power Line and

Audio Equipment
Part 2

This audio veteran examines the causes of interfer-
ence and offerstipsto ensure a clean AC power line.
By Charles Hansen

Electromagnetic interference (EMI) is any undesirable electro-
magnetic emission or any electrical or electronic disturbance,
man-made or natural, which causes an undesirabl e response, mal-
function, or degradation in the performance of el ectrical equipment.
EMI isbroad-spectrum interference, either conducted on the power
line, or radiated by wiring or circuits to susceptible equipment.

A utility alternator always produces some level of EMI. It is
produced primarily by brush arcing in slip-ring alternators, or by
rotating rectifier spikesin brushless aternators. The voltage regu-
lator produces additional interference, which is normally a
pulse-width modulation (PWM) switching regulator.

Radio-frequency interference (RFI) is any undesirable electro-
magnetic interference within the frequency spectrum assigned to
radio transmission.

Conducted interference is noise injected by a device back into
AC mains supply. It isdistinguished from powerline harmonic dis-
tortion by its higher frequency range.

Radiated EMI comprises E-Field (electric) and H-Field (mag-
netic) components. Electric fields exist in space between two po-
tentials, while magnetic fields exist around a current traveling
through space or aconductor. You can easily control electric fields
with ground shielding. Magnetic fields can penetrate ordinary con-
ductors and require high-permeability magnetic materials to con-
tain them.

The most common EMI radiator is the AC power cord of an
electronic device. The power cord or internal wiring may propa
gate any conducted interference generated by the device, especially
if the conductor length is close to one-fourth the wavel ength of the
interference frequency.

EMI SOURCES

The rectifier diodes in power supplies produce spikes and ring-
ing onthe AC line asthey abruptly turn off and on. The magnitude
of the spikes depends on the diode recovery characteristics.
Fast-recovery and fast/soft-recovery diodes are available to mini-
mize RFI45 produced by diode switching. Capacitor or RC snub-
bers across the diodes can further reduce RFI®.

Switching power-supply semiconductors and their energy stor-
age inductors and transformers can produce transients with lots of
RF energy.

Light dimmers and motor speed controls operate by conducting
for only aportion of the 60Hz AC cycle. Whenthe SCR or Triacin
the control is gated on, its fast turn-on pulse produces harmonics
well into the RF spectrum.

RF signals are also intentionally placed on the AC line. X-10™
controllers place their digital codes on the AC line during the
zero-crossing of each AC half cycle (120 times per second for a
60Hz power line). Also, power-line-carrier coupling system RF sig-
nals are used to control remote unmanned power substation circuit
breakers, providing a means for detecting faults on transmission



lines. Power-line computer networking currently moves dataalong
120V wiring at 350kbps (kilobits per second), and promise speeds
up to 11Mbps’ (megabits per second). In the future, “smart” appli-
ances may add their data to the power line.

INTERNATIONAL EMI LIMITS

EMI must be regulated in order to allow equipment to function
properly without suffering degradation in performance due to in-
terference generated by the equipment itself, or by other electronic
devices. EMI regulations are designed to prevent real-world prob-
lemsby providing asufficient electromagnetic compatibility (EMC)
margin between the worst-case emission and susceptibility limits
(Fig. 3). The specifications change periodically, so theinformation
presented here is asnapshot of what | believe to bethelimits at the
time of thiswriting.

Conducted EMI can be in the form of voltage or current.
Power-line-conducted emissions are evaluated from 150kHz to
30MHz using an RF current probe or a line-impedance stabiliza-
tion network (L1SN) connected in serieswith the power linesto the
equipment. The LISN establishes a consistent 50-ohm impedance
that allows for repeatability of test results. The conducted emis-
sionsare connected to measurement equi pment through an RF con-
nection port on the LISN. Some applications are capable of per-
forming magnetic-field measurements down to 10kHz using H-field
probes.

Radiated EMI isassumed to occur in the upper frequencies, from
30MHz to 10GHz. It is measured with a variety of broadband an-
tennas at a standard distance (3-30m) from the equipment under
test (EUT).

Radiated emissions are measured in dB above 1 microvolt per
meter (dB microvolt). Conducted emissions are measured in dB
above 1 microamp (dBmicroamp), but commercial test datais pre-
sented in dBmicrovolt, measured across the standardized 50-ohm
measurement impedance. (Aerospace conducted emissions datais
presented in dBmicroamp.)

EMI emission limitsare al so placed on unintentional emittersin
order to protect the radio communications spectrum. An uninten-
tional emitter is a product that intentionally generates RF for use
within the device, or that sends RF signal sto associated equipment
via shielded interconnecting wiring, but which is not intended to
emit external RF energy by radiation or induction. Examples of
unintentional emitters are TV and radio receivers, CD and DVD
players, computers, set-top cable boxes, cable selector switches,
and so on.
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THE CE MARK

The CE Mark is mandatory for products marketed in the
European Union. All manufacturers are responsible to see that
their products conform with the appropriate safety, electrical,
EMC and RFI emission, and immunity requirements for the EU
common CE label.

Most equipment manufacturers tend to design to the worst-case
conditions of al established standards, to reach the broadest pos-
sible market.

EU standard European Norms EN55013 (CISPR13) sets forth
thelimitsfor and methods of measurement of the interference char-
acteristics of sound broadcast receivers, television receivers, and
associated equipment. It also covers cable and satellite receiving
equipment. Associated equipment is either intended to be connected
directly to AM, FM, or TV receivers, or to generate or reproduce
audio or visua information (audio amplifiers, active loudspeaker
units, turntables, CD and DVD players, magnetic recording and
playback systems, and electronic musical instruments).

The conducted and radiated emissions limits for CISPR13 are
shown in Figs. 4 and 5, respectively. Figure 4 also shows an ex-
ample of the conducted interference measured with aresistive load
(lower curve), and that of atypical switching power supply. Infor-
mation technology equipment such as personal computers are gov-
erned by a different standard (EN55022/CISPR22), even if they
are intended to be connected to a TV broadcast receiver.

The EU and US Federal Communications Commission (FCC)
limitsfor conducted and radiated emissions are based upon the end
application of the device. Units intended for residential use must
comply with the more stringent Class B limits, which are 10dB
tighter than the industrial/commercial Class A limits.

Military limits (MIL-STD-461 and -462) are even tougher (al-
most 30dB tighter than industrial/commercial), cover awider range
of frequencies, and include more stringent immunity limits. Com-
mercia aircraft use a similar EMI specification, called DO-160.
These aerospace-radiated interference tests are measured 1m from
the EUT, while the FCC and EU tests are performed with the an-
tenna 3-30m from the EUT.

EMI IMMUNITY

In addition to the emissions limits, requirements exist that re-
strict the degree to which equipment can be adversely influenced
by radiated and conducted noise. These specify the EMI levelsthat
products must tolerate without misoperation. Thisis called immu-
nity, or susceptibility. The degree to which power-line harmonics
and EMI are audiblein audio equipment, and even the definition of
thismisbehavior, isthe subject of much debate, typically split along
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FIGURE 6: 60Hz AC line voltage waveform.




the subjective/objective dividing line. However, there is no ques-
tion that the power supply in a piece of audio equipment is part of
the audio signal path.

The EU immunity limitsfor audio and TV receivers and associ-
ated equipment are governed by EN55020/ CISPR20. Conforming
equipment may be required to show immunity to RF field strengths
up to 2V per meter. In the US, the FCC specifies emission stan-
dards, but tends to be more hands off toward immunity unless pub-
lic safety isinvolved. Thiswill undoubtedly change, what with the
many | EEE committees at work to align the variousworl dwide stan-
dards.

A radiated immunity test is designed to verify the immunity of
equipment to electromagnetic fields generated by radio transmit-
ters, transceivers, cellular phones, and various industrial electro-
magnetic sources. You cannot logically expect any radio receiver
to be immune to the very signals it is expected to receive, so
EN55020 requires broadcast receivers to demonstrate test immu-
nity up to 150MHz. RF immunity tests for associated equipment
may extend up to 1000MHz (1GHz).

The Immunity to Conducted Electrical Transientstest isdesigned
to verify immunity to bursts of short-duration, fast-rise-time tran-
sientsthat may be generated by the switching of inductive loads or
electrical-system contactors. The transients are applied directly to
the power mains, and capacitively coupled to signal lines. Many
manufacturers also include surge-suppression devices in their de-
signs.
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FIGURE 7: 60Hz AC line residual distortion.

AC-LINE HARMONIC TEST DATA

EMI testing requires specialized equipment and certified test fa-
cilities. Since manufacturers do an excellent job of keeping RF
energy out of their equipment, | have limited my testing to 60Hz
AC line harmonic measurements.

Figure 6 showsthe 60Hz AC-line-voltage waveform (left trace)
compared with the pure 60Hz sine wave from my distortion test
set. | adjusted both waveformsin amplitude so their RMSvalues at
the scope inputs are equal. You can see how harmonics have flat-
tened the top of the AC-line-voltage waveform. Thethird, seventh,
and eleventh harmonics flatten the peak of the fundamental 60Hz.
The fifth, ninth, and thirteenth harmonics add to the peak, but not
enough to offset the large effect of the third.

Thedistortion residua waveform for the AC-linevoltageisshown
inFig.7. The upper waveformisthe AC voltage, and the lower one
is the monitor output (after the THD test set notch filter) (not to
scale). This distortion residual signal shows a series of odd 60Hz
harmonics, with additional noise. The THD on this particular Sun-

day morningis 3.15%. During theweek, the THD usually increases
to about 3.5% as industry goes to work.

The spectrum of the 60Hz line voltage is shown in Fig. 8, from
zero to 2.6kHz. The second, third, fourth, and fifth harmonicsrela-
tive to the 60Hz fundamental measure -70dB, -33dB, -75dB, and
-33dB, respectively.

Next, I [l investigate theline currentsin atypical full-wave recti-
fied capacitor input DC power supply. The test setup | used looks
at the DC voltage across a 2A DC load, and the AC current at the
secondary of the power-supply step-down transformer. This par-
ticular 12A supply has about 60,000microF of filter capacitors, and
isused to power car stereos and other 12V DC devices for bench
testing.
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FIGURE 8: Spectrum of 60Hz AC line voltage.

HIGH INRUSH CURRENT

Figure 9 shows the DC voltage and transformer secondary AC
current when the power supply is first energized into the 2A DC
load. | used acurrent transformer with aresponse range of 25Hz to
5kHz to measure the AC current. The AC inrush current is very
high for the first few cycleswhile thefilter capacitors charge, then
it decreases exponentially.

Figure 10 shows the steady-state condition, with the capacitors
fully charged and supplying the 2A load. The4A AC current peaks
into the full-wave rectifier are not continuous over each AC cycle.
The diodes conduct only when the voltage across the filter capaci-
tor falls below the instantaneous transformer-secondary voltage, in
aseriesof opposite-polarity pulses spaced 8.33ms apart. The height
and width of these pulses increase in proportion to the load being
supplied.

In Fig. 11, | used AC coupling on the DC-voltage input (top
trace) to view the AC ripple on the DC voltage. The bottom traceis
still the steady-state AC line current. You can see where diode con-
duction begins at each valley in the ripple voltage.

Compare the AC-current spectrum in Fig. 12 with the AC line
voltage spectrum in Fig. 8. While the line-voltage THD is 3.15%,
the transformer-secondary AC-current THD is a whopping 72%.
The second harmonic isvery prominent at -41dB below the funda
mental 60Hz, with the third almost as high (-2dB) as the funda-
mental. The fourth and fifth measure -47dB and -13dB, respec-
tively. There is alot more noise and hash in the spectrum as well.
These high harmonic currents areimpressed back through the power
transformer onto the AC line, where they can adversely affect other
connected equipment.



FILTERSAND FIXES

A dedicated line from your service panel to your audio equip-
ment (I call it “star sourcing,” similar to star grounding) can do
wonders to keep noise and harmonic currents out of your audio
equipment. With a dedicated supply, your amplification need only
endure the noise from its system mates, rather than the hash from
the washer, garage door opener, and furnace.

My own electrical supply consists of a dedicated 20A line from
a dedicated circuit breaker, to a single heavy-duty outlet pair near
my audio setup. | made an outlet extender from a four-gang steel
electrical box, a heavy-duty Hubbell three-prong plug and a short
length of ten-gauge three-conductor power cord. The extender box
contains three 20A Hubbell hospital-grade (orange) duplex out-
lets, star-wired from a 20A switch using 12-gauge copper wire.
Theintegral switch allows meto operate al the audio components
at once. The extender-box plug allows me to disconnect the audio
system completely in case of a thunderstorm, protecting it from
lightning-induced surges.

If your outlets have spring clip “push-in” connections, do not
use them. Terminal screws provide more surface area and a higher
compressive force, for minimum resistance. | connected an indi-
vidual green ground conductor to each outlet ground screw, then
connected the first outlet ground to the metal box as the required
safety ground. It was not easy to find a conventional four-outlet
cover plate for the box. | found four-gang Decora™ plates, but
none for four traditional receptacles. My solution was to make a
functional cover by cutting one edge of two double outlet cover
plates so they fit tightly over the steel box.
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FIGURE 9: DC supply voltage versus AC inrush current.
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FIGURE 10: DC supply voltage versus steady-state AC current.
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FIGURE 11: DC ripple voltage versus steady-state AC current.

CONNECTION ORDER

I plug my main and subwoofer amplifiersinto the outlet closest
to the line cord switch. Next come my rear channel amplifier and
preamp. The CD player and cassette deck go into the third outlet.
With all six outletstaken, | had to plug my turntableinto aswitched
outlet on my preamp. The idea is to have the equipment with the
highest current draw closest to the line-cord side of the box.

Some components have adetachabl e three-conductor |EC cable/
receptacle, while others have an integral two-conductor power cord.
In the latter case, if the plug is not polarized, you can experiment
with the plug polarity to determine which orientation producesthe
lowest hum. Work your way back from the power amplifier, select-
ing the orientation that resultsin the lowest hum and noise. Do this
without your interconnects plugged in, because you arefirst trying
to eliminate the hum caused by AC-line ground loops.

Do not defeat polarized plugs or three-conductor line cordswith
a ground-lifting “cheater” plug. If you do this and a fault occurs,
the chassis of your equipment could end up at 120V line potential,
and your audio interconnects could be forced to carry huge 60Hz
fault currents. At worst, it could cause a fire and damage some of
your audio components. At best, the fault current on the shields of
unbalanced interconnects will induce a high level of 60Hz hum
into preamp or amplifier inputs, resulting in damageto your speak-
ers, not to mention your hearing.

Once you have optimized the AC power, you should repeat the
process with each interconnect in place in turn, starting from the
power amplifier and working back to each audio source. Finally,
find the quietest connection for your turntable grounding wire.
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FIGURE 12: Spectrum of 60Hz AC line current.




CROSS-COUPLING PREVENTION

In order to prevent cross-coupling of hum and noise between
your components, make sure that the signal interconnects, the
speaker cables, and the power cords are all kept away from each
other. Power cords, speaker cables, and interconnects should only
cross at right angles, to minimize pickup. | have seen articles sug-
gesting that interconnects and cables should not even lie on the
floor, so you can try some of those recommendationsaswell. Many
audio racks have wiring channels that provide wire separation and
also make for a neat installation.

There are many power conditioners and local filters available
for audio systems® some of them quite expensive. Their purposeis
to reduce the emission of EMI (suppression) and to prevent EMI
from entering the electronics (noise immunity). The proper selec-
tion of an EMI filter encompasses mechanical packaging, leakage
current, insertion loss, rated voltage and current, conformity test-
ing, and compliance approvals. As | mentioned earlier, manufac-
turers are responsible for the conformity of their products to all
relevant EM C specifications.

Power conditioners or power-linefilters may offer further sonic
improvements, but they may also insert additional series imped-
ancein your AC supply linesthat adversely interacts with filtering
designed into your equipment in the first place. In any event, your
first step should be to make sure the AC power to your audio setup
isas good as possible.
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