BY DAVID LOHBECK - NATIONAL INSTRUMENTS

Hazardous-
voltage primer

t is common knowledge that wall-outlet voltages of 120V
in the United States and 230V in Europe can cause severe
shock or death, but did you know that many people con-
sider 120 and 230V to be low-voltage? Believe it or not,
according to most standards, voltages less than or equal to
1000V are low. Voltages greater than 1000V are high and
are not commonplace in the typical home or workplace. More
specifically, peak voltage greater than 42.4V is hazardous; volt-
age less than or equal to 42.4V, or SELV (safety extra-low volt-
age), is nonhazardous. It is difficult to know when electricity
can cause serious injury or be fatal. Contact for only 1 to 3 sec
with currents of only 6 to 200 mA can cause electrocution by
disrupting the normal rhythm of heart muscles, resulting in fib-
rillation and leading to death. An example of how little volt-
age or current it takes to electrocute a person is the 120V/15W
nightlight. Drawing 125 mA, this seemingly innocuous every- A switch failure at the Eldorado substation in Boulder
day object has enough voltage and current to put it well with-  City, NV, sent this 100-foot long, 500-kV arc into the air (courtesy
in the danger zone. Table 1 lists the standard ranges for low and ~ Stoneridge Engineering, www.teslamania.com).
high voltages.

TABLE 1 VOLTAGE TERMS AND VALUES

Range || Voltage term’ Value' Description

Low Safety extra-low voltage? = =42.4V peak or =60V dc  "Safe," user-touchable secondary circuit designed and protected to re-
main under safe voltage levels in normal operation and under single fault;
double insulation

Low Extra-low voltage? =42.4V peak or =60V dc || Secondary, nontouchable circuit separated from hazardous voltage by
basic insulation; not safety extra-low voltage or limited-current circuit and
not fault-tolerant

100-FOOT ARC

Low Low voltage® =1kV ac "Hazardous-voltage" circuit, such as primary circuit connected to low-
voltage-mains supply, such as 120/230V ac®

High Medium voltage* >7 kV ac to 100 kV ac "Distribution grid" from substations distributed to residences and
commercial buildings

High High voltage* =100 kV ac to =230 kV ac  "Transmission-grid" long-distance transmission-line voltage with typical
maximum distances of approximately 300 miles (483 km)

High Extra-high voltage® >230 kV ac to =800 kV ac || "Transmission-grid" long-distance transmission-line voltage with typical
maximum distances of approximately 300 miles (483 km)

High Ultrahigh voltage® >800 kV ac to 2 MV ac "Transmission-grid" long-distance transmission-line voltage with typical

maximum distances of approximately 300 miles (483 km)

"Terms and values are for illustration and may vary between standards.

?JEC 60950-1 and other standards.

SNEC-NFPA 70 low voltage=600V; ANSI/IEEE low voltage=1 kV ac; European Union's Low-voltage Directive: low voltage 50V to 1
kV ac, 75 to 1500V dc.

“ANSI C84.1 and IEEE 100.

SIEEE 1312 and IEEE 100.

SHazardous voltage is greater than 30V rms and 42.4V peak or 60V dc. Test-and-measurement products are greater than 33V rms
and 48.7V peak or 70V dc. National deviations may exist.
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TRANSMISSION LINES
66,000V AND ABOVE, 3,
AS FAR AS 300 MILES

POWER PLANT
GENERATOR: 22-kV OUTPUT,
900 MW, 800,000 HOMES

SAFE
DISTANCE

TRANSMISSION SUBSTATION
TRANSFORMER STEP-UP VOLTAGE
FOR TRANSMISSION

POWER SUBSTATION
TRANSFORMER STEP-DOWN
VOLTAGE FOR DISTRIBUTION

TAPS

BREAKOUT
ONE, TWO,
OR THREE PHASES

COMMERCIAL/INDUSTRIAL POWER
12.5-kV DISTRIBUTION FEED WITH
TRANSFORMER STEP-DOWN VOLTAGE TO 480V
SERVICE VOLTAGES: 480/277V,

208/120V, OTHERS

DISTRIBUTION GRID
4000 TO 35,000V, 3d

TRANSFORMERS

RESIDENTIAL POWER
240V, 1®, TWO 120V,
AND ONE NEUTRAL

SAFE
DISTANCE

TRANSFORMERS

The typical power-distribution system includes multiple voltage levels and transmission standards.

Electricity kills or injures more than 1000 people a year in
the United States. Voltages of 100 to 250V ac in wall outlets
are the most common and can be lethal. This voltage range
can cause significant current flow through the body. Outdoor
electricity involves high voltages in which the duration of con-
tact can be significant enough to cause deep burns and cardiac
arrest. Electrical current travels at the speed of light, approx-
imately 186,000 miles/sec, and follows the path of least resist-
ance to ground. The human body is approximately 70% water
and makes an excellent conductor. Human-body resistance
varies depending on how well you are grounded, your age, your
size, and your gender. The amount of perspiration on your body
also affects your resistance; more perspiration increases your
vulnerability. To illustrate how a 120V wall-outlet voltage can
affect a person, you divide the 120V voltage by the resistance
to yield the current. For a high body resistance, dividing 120V
by 100 k() yields 1.2-mA current. For medium and low body
resistance, divide the 120V by 10k and 1 k(), respectively, yield-

ing 12 and 120 mA, respectively. At 1.2 mA, a human body
would be on the threshold of feeling a tingling sensation; at
12 mA, the human body would feel the beginning of a freez-
ing, or “can’t-let-go,” feeling. At 120 mA, the feeling would
be extreme pain and possible ventricular fibrillation.

Current follows the path of least resistance to ground. Arter-
ies, nerves, and muscles have low resistance, whereas bone, fat,
and tendons have relatively high resistance. The human brain,
heart, and nervous system are the most sensitive. These body
parts feel a shock with a current as low as 0.5 mA. For hand-
to-foot currents higher than 5 mA, a victim can't free himself
from the source. Even if the jolt throws a victim free of the
power source, he can go into respiratory arrest, cardiac arrest,
or both. Currents greater than 20 mA may deliver a lethal
shock (Table 2). Jolts higher than 1A throw the heart into a
contraction; internal body heating is significant. Thermal
burns may result in death or the loss of a limb long after the
incident.

TABLE 2 THRESHOLD AND UL LIMITS FOR CONTINUOUS 60-Hz CURRENT AND THEIR EFFECTS

Physiological effect Reaction
Involuntary muscular reaction| | Perception level, tingling sensation
Inability to let go (tetanized  Painful shock, freezing current,

muscle) inability to let go
Ventricular fibrillation Heart rhythm affected, death may occur
Notes:

Threshold for continuous = UL-specified limit for continuous
15- to 100-Hz current (mA) 60-Hz sinusoidal current (mA)

0.5 0.51
10 5
ES 20

1. Ordinarily, a limit of 0.75 mA applies to stationary or fixed cord-connected products with equipment-grounding connectors.

2. IEC Publication 479 describes data in the third column.
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The factors that determine the severity
of an electrical hazard and its effect on the
human body are voltage, current, resist-
ance, frequency, duration, and pathway.

Voltage forces current to flow, which can 250V
d the h t brai . 1- HAZARDOUS
amage the heart or brain or cause invo T

untary muscle contractions. Current
determines the extent of the damage and
can cause heating of external and internal
human-body tissues and organs. Human-
body resistance varies depending on how
dry or moist the body is and on the cur-

rent’s path through the body. Current pass- BACK-LIT
ing though the arm generates more ther- PC BOARD
mal damage than through the abdomen 2l
ISOLATION
because the arm has a smaller cross-sec- AREA

tional area than the abdomen. Frequency
also influences the danger; ac causes more
ventricular fibrillation than dc, but both
can lead to injuries. Duration affects the
severity of heating human tissues and
organs; the longer the contact, the greater
the damage. A 60% chance of mortality exists for a hand-to-
hand current pathway through the heart, and 20% mortality
exists for a hand-to-foot path. An old adage says to place one
hand in your pocket when working near hazardous electricity
so that current does not pass through your chest. A better rec-
ommendation is not to touch hazardous voltages!

Electrical injuries can result from direct contact with elec-
trical energy; electricity arcs, or “flashover,” through the air to
a person or object; burns from hot surfaces or burning materi-
als; and muscle contractions or startled reactions from falling,
dropping a product, or similar scenarios. Direct contact with
electricity is the most obvious and commonly encountered dan-
ger. Direct contact occurs when someone touches a hazardous,
or “live,” voltage: greater than 30V rms and 42.4V peak or 60V
dc. Proper insulation and distance help protect people from
direct contact.

Electricity arcs emanate from lightning strikes, motor start-
ups, and line surges. Staff at the Eldorado substation (Boulder

FOUR
OPTICAL
ISOLATORS

3.3 AND 5V
SELV USER
TOUCHABLE

SPACING (ISOLATION) BARRIER:
3-mm DISTANCE ON PC BOARD
6-mm DISTANCE ON OPTOISOLATOR

If a capacitor short-circuits in the 5V-dc circuit of a pc-board assembly, the volt-
age is safe, and the current is only 0.5 mA during normal operation.

City, NV) captured one such extra-high-voltage electric arc.
When one of two switches fails to open, an air break switch
opens “hot,” resulting in a 500-kV arc more than 100 feet long
(Figure 1). Burns come from surfaces heated by excessive cur-
rent flow. Touchable surface limits are typically 70°C (158°F)
for metals and 80°C (178°F) for plastics. Excessive power con-
sumption can also generate enough heat to cause a fire that
expands beyond the product to its surroundings.

POWER DISTRIBUTION AND SAFE DISTANCE

Electricity starts at a power plant with nuclear reactors or
steam turbines burning coal, oil, or natural gas to drive the plant
generators. These generators provide three-phase ac power that
steps up to high voltage for long-distance transmission, and
power substations step down the transmission voltages for the
distribution grid. The grid distributes three-phase medium volt-
age, which typically ranges from 4 to 35 kV. Finally, transformers
step down the distribution voltage to less than 1 kV for use in

Without proper current limiting, a shorted capacitor in the 5V-dc circuit of a pc-board assembly can start a fire within seconds
(a). After 30 sec, the fire has caused considerable damage (b), destroying the pc board and connector (c).
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Product-certification marks are independent, third-party evidence of compliance and are mandatory in some localities.

homes and commercial buildings. In some areas, the distribu-
tion lines are underground with transformers typically above
ground (Figure 2).

The wires on the large steel towers are transmission lines.
Extra ground wires sometimes run along the tops of these tow-
ers in an attempt to attract lightning, so that it does not trav-
el to the grid and buildings’ electrical installations. Distribution
lines are at the top of the poles running along roads and are easy
to spot because they hang between porcelain insulators. Taps
on these poles break out one, two, or three lines to run in dif-
ferent directions. Ground wires running between poles connect
to a bare grounding wire that runs down each pole, which is
buried six to 10 feet into the earth. Additional wires lower on
these poles provide connections for phone, cable TV, or other
purposes. Power lines are noninsulated, and what appears to be
insulation on some wires is only weatherproofing. Towers and
poles separate people and structures from dangerous power lines.
The minimum safe distance from persons and structures to
power lines is 3m.

GENERAL PRINCIPLES OF SAFETY

Applying the general principles of safety and meeting safety
standards are the minimum requirements for compliance with
safety laws and meeting consumer expectations. Engineers
should design products that meet safety principles, standards,
and the latest state of safety technology. Sometimes, product
designs must exceed safety standards, such as in cases in which
standards do not cover technologies, materials, or construction
methods or industry practice has identified a new safety prin-
ciple. Product designers must consider normal operating con-
ditions as well as likely fault conditions, consequential faults,
foreseeable misuses, and external influences, such as tempera-
ture, altitude, pollution, moisture, and overvoltages.

The principles of safety are safe design, protective measures,
and warnings. You should specify safe design and construction
criteria that eliminate or reduce hazards as much as possible. If
you cannot implement safe design and cannot eliminate the
risks, take the necessary protective measures, such as employ-
ing guarding or protective devices. After you have exhausted
all other means, inform users of any shortcomings using warn-
ings about residual risks and the need for safeguards, such as
training and personal-protection equipment.

When designing products for safety, designers must consider
both users and service persons. Typically, users have no access
to the hazards that exist in service-access areas, such as behind
secured covers. Users are not trained to identify hazards and do
not intentionally place themselves in a hazardous situation. Ser-
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vice persons are trained to avoid injury from obvious hazards
but should still be protected against unexpected hazards. Man-
ufacturers can achieve this goal by locating parts requiring serv-
ice away from electrical and mechanical hazards, providing
guards to limit accidental contact, and providing warnings or
instructions to caution personnel about residual risks. They can
place service warnings on the product or document them,
depending on the likelihood and severity of injury.

User instructions should focus on avoiding misuse and situ-
ations likely to create hazards, such as connection to wrong
power source and incorrect fuse replacement. User warnings
indicate that a product has some residual risks. Some manu-
facturers misunderstand when they should apply warnings and
use them in place of safe designs. User warnings may be unjus-
tified and therefore violate safety standards and laws, such as
when safe design is possible or when a standard does not per-
mit a warning. Safe design is the highest priority and the best
way to protect users and ensure that a product remains safe dur-
ing normal operation, under fault conditions, and with fore-
seeable misuse.

Users must be safe during reasonably foreseeable misuse,
which is use of a product in a way the manufacturer did not
intend but could have predicted as a consequence of human
behavior. For example, products must remain safe even if a user
sets adjustments, knobs, or controls in a way that differs from
the instructions. Manufacturers must consider or foresee how
a user could misuse a product and design products that are safe
in such cases, not relying on user warnings to limit the manu-
facturers’ liability.

Products must provide protection against electric shock and
fire risk during normal operation and during a fault. Some prod-
ucts use power supplies with high-power outputs, which, when
a fault occurs, can cause current to increase dramatically. For
example, if a capacitor short-circuits in the 5V-dc circuit of a
pc-board assembly, the voltage is safe, and the current is only
0.5 mA during normal operation (Figure 3). However, current
rises to more than 20A after the capacitor fault occurs, starting
a fire within seconds on the pc board (Figure 4). The fire extin-
guishes itself in a couple of minutes. You can imagine what dam-
age could occur in only a couple of minutes if the fire spread
outside the product. It is important to evaluate all electrical cir-
cuits and to design products with fusing or circuit breakers to
limit shock and fire hazards (references 1 and 2).

PRODUCT CERTIFICATION

Standards developers write most specifications out of con-
cerns for the safety of life, property, and the environment.
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Product-safety standards and laws require
manufacturers to protect users from haz-
ards, including dangers from hazardous
voltage. Products must comply with safe-
ty standards during normal use, under
fault condition, and during foreseeable
misuse. The ultimate responsibility for
providing safe products lies with the
manufacturer. However, if an incident
occurs, damages may be sought from
everyone in the supply chain. With the
increased awareness of safety, the num-
ber of incidents has dropped over the
past 20 years, but cost per incident has
dramatically risen.

The technical and legal aspects of prod-
uct safety can be rigorous and confusing.
It is difficult for anyone but a full-time
trained professional to keep up with stan-
dards, laws, interpretations, and nation-
al differences. Safety engineers evaluate
and test products according to recognized
standards and industry norms, and, on
request, they provide proof of compliance
for product suppliers, users, and enforce-
ment authorities.

Europe’s CE (Conformité Européenne)
marking is a manufacturer’s self-declara-
tion symbol and not a third-party certifi-
cation or approval (Reference 3). Prod-
uct-certification marks, on the other
hand, are independent, third-party evi-

dence of com-
pliance _(Fig:
ure 5). Certifi-
cation marks
are mandatory
in some loca-
tions, such as
New York, Los
Angeles, and
Washington. If a product bears a certifi-
cation mark, then, with few exceptions,
it is generally safe to use when you oper-
ate it within its specifications. Certifica-
tion marks are manufacturers’ best proof
of due diligence should a product’s safe-
ty compliance come into question (ref-
erences 4 and 5).

With an increasing awareness of the
potential dangers that hazardous voltage
poses, it is incumbent on manufacturers
to consider the general principles of safe-
ty. Designers must also understand the rel-
evant safety standards and laws to equip
themselves with the necessary tools to
design safe products. Product-certification

Go to www.edn.
com/ms4190 and
click on Feedback
Loop to post a com-
ment on this article.

marks provide visible proof of a product’s
compliance and offer consumers peace of
mind (references 6 through 8).Epn
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