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CHAPTER 1

INTRODUCTION

1-1. Purpose

The purpose of this manual is to familiarize qualified personnel with problem areas of supplying electrical
power to information technology (IT) equipment systems. These systems typically consist of a wide
variety of computer and support equipment as found on a raised computer floor (e.g., network computers,
server farms, communication equipment, etc.). Special emphasis is placed on areas most often
overlooked or misunderstood by experienced designers and personnel responsible for maintaining an
outflow of quality data from an IT equipment installation. IT systems are highly reliable, but will on
occasion malfunction and because of their complexity will require the services of highly skilled personnel
to correct and maintain the systems. This manual covers many inter-related aspects of an IT (sometimes
referred to as an automated data processing (ADP)) installation in regard to the electrical and life-safety
systems. This manual will review the systems found in the typical data center, and is not intended to
provide the detailed level of understanding where arithmetic and other more advanced mathematics are
required to describe or explain a given function.

1-2. Scope

This manual is limited in scope in that it is not intended to be a course in the design of IT electrical
systems or related components. The engineering skills needed to design IT systems are abilities acquired
through the process of formal education and actual field experience. The area of field experience will be
stressed in this manual and the subjects focused upon will be those areas that are frequently the least
understood. This manual will be useful to the power-oriented engineer with limited commercial building
experience and personnel responsible for the electrical design, inspection, installation, and maintenance
supervision of electrical power distribution systems supplying IT systems. This manual is not intended as
a replacement for the engineering text furnished as part of IT system components, but rather, should be
used to supplement and better evaluate established design practices. While the fundamental objective of
any IT system is the processing of input data, the output data can be greatly altered and influenced by the
quality of power supplying the IT system. In spite of the wide variation of systems in use, all IT systems
respond adversely in some degree to the quality of the basic power sources available.

1-3. References
Design, installation, and maintenance requirements should follow the latest version of applicable codes

and standards from recognized industry and commercial groups and committees. Appendix A contains a
complete listing of references used in this manual.
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CHAPTER 2

FACILITY POWER SYSTEM

2-1. Dependable power system requirements

Commercial power companies attempt to provide continuous, trouble-free, dependable service. The
computer and other sophisticated electronic devices have become of great concern throughout industry as
users become more dependent on continuous up-time and trouble-free operation of their systems. Better
knowledge of ac power and the problems that introduce faulty conditions would prevent unnecessary
downtime and costly repairs. Initial site preparation, proper installation procedures, and the use of proper
power line conditioning devices can prevent many of these related problems.

a. Environmental conditions play a major part in insuring that computer systems operate at maximum
efficiency. Proper temperature control becomes very important. Variations in temperature lead to
component thermal shock, resulting in excessive downtime. High particulate counts in the atmosphere
contaminate and cause problems. Corrosives have short- and long-term adverse effects. Vibration in
heavy industrial areas must be observed and considered. Radio frequency interference (RFI) must be
detected and prevented and so must electrostatic discharge (ESD).

b. Conductive contamination of computer room equipment by zinc whiskers can cause voltage or
signal perturbations leading to machine errors or equipment shutdown. Zinc whiskers are microscopic
zinc filaments that grow on the underside of electroplated floor tiles. They can grow on metal stringers or
on the bottom or sides of floor tiles that have a zinc electroplated-passivation coating on the tile’s sheet
metal pan. As floor tiles are moved or disturbed, the zinc whiskers break off, become airborne, and make
their way inside computer systems’ equipment. The zinc whiskers become lodged in electronic
components of logic cards and power supplies causing either a voltage or signal perturbation or short
circuit. At this point the machine posts an error or shuts down. Inspection, cleaning and floor tile
replacement can prevent or correct this problem. However, computer room floor tile manufacturers have
identified this problem as no zinc electroplated floor tiles have been manufactured for several years.

c. The five most prevalent causes of computer and electronic problems are: (1) poor or improper
grounding of equipment, (2) loose wiring connections, (3) improper computer room temperature and
humidity control, (4) degraded power, and (5) systems mismatching.

d. Power line noise, poor regulation, and impulse transients can cause a host of problems when
coupled into sensitive electrical and electronic circuits. Steps can be taken to reduce these problems by
proper conditioning, grounding, and shielding. Yet, the weakest link in such circuitry may well be the
power supply, since these impulse transients and the line noise may be coupled through it and super-
imposed on the signals. Low-level analog circuits are not unique in this respect. Digital instrumentation,
computers, data processing equipment, recorders, etc., are all vulnerable.

e. The commercial utility specifications define limits for amplitude variations, frequency variations,
and harmonic distortion for the power they furnish, but make no official mention of the fluctuations
lasting from 1 microsecond to 30 milliseconds that occur during load switching, transformer tap
switching, or phase compensation. Some utilities have, however, admitted that voltage variations to 300
percent, lasting up to 1 minute, may occur. Their position is understandable, considering that many of the
fluctuations, impulse transients, and interruptions are not caused by their own equipment.
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f.  When the electric lights flicker, it means that a power line voltage fluctuation has occurred. It also
means that the fluctuation lasted about half a second since the human eye cannot detect light intensity
changes that occur at much faster rates. However, many of the fluctuations that appear on power lines
last for only a few milliseconds or microseconds. Critical electronic circuits respond to these high-speed
fluctuations, causing erratic and erroneous operation. In addition, subjecting circuit components to the
cumulative stresses exerted by these impulse transients can cause intermittent changes or component
breakdowns that may occur even at a time when line transients are not present. Therefore, it is vital to
determine whether the power source is clean.

g. The power line is exposed to all the electrical noise generated by the appliances, tools, and
machines that receive power from it, and this electrical noise is superimposed on the line voltage and
coupled through the power step-down transformer. When this electrical noise passes through the
transformer, it appears in the power supply. The electrical noise may cause the power supply to
malfunction or may simply pass through it to appear in the electronic logic, control, or amplifier circuits.
In either case, the electrical noise may cause a computer to make errors or may cause loss of mission.

h. Power line conductors also act as antennas and pick up radiated voltage from automobile ignition
systems, high-power transmitters, fluorescent lamps, diathermy machines, and lightning. These voltages
appear equally on each conductor of a pair, and consequently cannot be measured between them. The
voltages do, however, appear between either lead and ground. While this voltage cannot be detected
between the input leads, it is coupled through the distribution capacitances between the individual turns of
the primary and secondary transformer winding and appears as normal mode noise across the secondary
winding. Suppressing these line surges, dips, transients, and power fluctuations at their radiated voltage
sources would be an impossible task. The only realistic approach to eliminating their effects is to isolate
each critical equipment installation from these disturbances.

i. There are only six basic categories of power line problems - total loss of line power for extended
periods, insufficient or excessive power line voltage, harmonic distortion, high frequency noise, impulse
transients, and combinations of these.

(1) With a total loss of power, the equipment receives no power and does not operate.

(2) During insufficient or excessive voltage, many types of equipment malfunctions and even
equipment damage can occur, but the condition can be detected by monitoring the power and voltage with
an ac voltmeter.

(3) Harmonic distortion is detected using either an oscilloscope or a harmonic distortion analyzer.

(4) The remaining types of problems, noise and impulse transients, cannot be detected by either the
human eye or an ordinary voltmeter, because neither the eye nor the basic meter can respond to the rate of
change that occurs when these phenomena are present. Studies have concluded that these types of
transient overvoltages cause almost 90 percent of soft and hard failure to computer systems through the
power line. The ideal device for detecting either noise or impulse transients is a power line monitor,
provided it has the proper characteristics and is correctly connected to the power circuit. However, even
many expensive monitors do not give total true peak amplitudes, rendering it impossible to correlate the
amplitude of an impulse and its relationship to the sinewave. The best power line monitors will record
transients with amplitudes varying from a few hundred volts to several hundreds or thousands of volts
which last for as little as 30 nanoseconds. Some record amplitude, frequency, and time. Some monitor
only single-phase power lines and others accept and monitor three-phase inputs. Proper connections of
the monitoring equipment are a must. An improperly connected monitor may totally ignore line voltage
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abnormalities, and the power line may be erroneously eliminated as the culprit when critical measuring or
IT equipment malfunctions. Measurement limits must also be set properly or much of the valuable data
may be misinterpreted and ignored.

2-2. Commercial (utility) power

Electrical power generating plants are generally located in remote areas near some natural source of
power such as water, oil, or coal. The electrical power must be delivered to where it is consumed via a
transmission line. To minimize losses, power is transmitted at high voltage and low current. The
generator output is three-phase, ac power normally at 18,000 to 22,000 volts. The voltage is then
increased through step-up transformers to 69,000 to 500,000 volts. These high voltage transmission lines
are then tapped off at substations, which step the voltage down and deliver three-phase ac power to the
local lines at some intermediate voltage such as 13,800 volts. The final reduction to a nominal 480 volts
or 208/120 volts usually occurs at a transformer located near or in the user’s facility. This may also be
derived from the incoming 480 volt power line with an additional step-down transformer.

a. Power is generated and transmitted in three-phase form for several reasons. Three-phase current
produces a rotating field, which is useful in motor applications. Poly-phase motors are simpler to
construct, are more efficient, and operate more smoothly, especially at larger horsepower ratings; i.e., 100
horsepower and above. Three-phase power also has less ripple when rectified, thus requiring less
filtering. The three-phase, three-wire transmission system delivers 1.73 (square root of 3) times as much
power as a two-wire, single-phase system. This results in a savings of 25 percent in the amount of copper
required to transmit a given amount of power a fixed distance with a given line loss and fixed voltages
between conductors.

b. North American utility companies attempt to maintain electrical power within the following
tolerances.

(1) The nominal frequency of 60 hertz is maintained within £0.5 hertz. The frequency is generally
within £0.2 hertz in the United States and Canada because of the grid integrity between the two countries
and between areas within each country.

(2) Utilities attempt to provide voltage with no harmonic distortion; i.e., no frequency component
other than the 60 hertz fundamental frequency. There will, however, inevitably be evidence of the 3 g
and 7™ harmonics.

(3) Utilities also strive to limit noise spikes - generated either within or outside the service drop
(from transformer to main service panel). Spikes (impulse transients) from lightning and switching
operations will be present, however.

(4) “Normal” voltage root mean square (RMS) amplitudes are as follows.

(a) The 120 volts normal is permitted to drop to 111 volts at the utility feed (distribution
transformer).

(b) From the utility an additional 3 percent voltage drop is allowed to the service entrance
(meter).

(c) A 2 percentdrop is considered acceptable from the service entrance to the equipment.
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(d) The lowest allowable RMS value at the equipment is, therefore, 105 volts without
brownouts.

2-3. Power line phenomena
There are six basic power line disturbances or anomalies.

a. Aloss of voltage or a complete power outage can range from downed power lines to failed
transformers, to tripped circuit breakers, etc. These power outages may last for a short one-half cycle of
the 60 hertz sinewave (8.3 milliseconds) or for several hours. Most are no longer than a few seconds.

b. High or low voltages are a common occurrence and can be detected with a voltmeter or a voltage
recorder. Causes may be power lines, distribution panels, and/or the wiring being too heavily loaded. In
addition, being too close to the source of the power or too far from the source of power can cause large
voltage fluctuations, as well as starting or stopping heavy motor loads, non-uniform loading of poly-phase
transformers, or poor regulation. If an undervoltage condition continues for more than 0.5 cycle (8.3
milliseconds), but less than 1 minute, this is referred to as a sag . If an overvoltage condition continues for
more than 0.5 cycles (8.3 milliseconds), but less than 1 minute, this is referred to as a swell. Longer than
1 minute they are referred to as an undervoltage or overvoltage.

c. Harmonic distortion occurs when the normal sinewave is mis-shaped as a result of harmonics
(multiples of the primary frequency). When 60 hertz power is generated to non-linear loads, multiple
harmonic frequencies are generated but normally only the odd harmonics have sufficient amplitude to be
of concern. Generally, these harmonics can only be detected by specially designed equipment. Flat-
topping of the sinewave, as seen on an oscilloscope, is the first indication of harmonic distortion. Under
severe conditions, the sinewave can look extremely distorted. Causes may include overloading or
improper loading of transformers, faulty regulation transformers, fluorescent or other electric-discharge
lighting, and/or IT equipment.

d. Noise is normally detected as bad or faulty data and then investigated with an oscilloscope.
Oscilloscopes are used to detect and analyze high frequency events or even to analyze the 60 hertz power
sinewave. Noise is a low voltage, low current, high frequency signal riding on the 60 hertz sinewave and
is characterized by having a repeatable frequency pattern, one that can be determined and analyzed.
Generally it is electromagnetic interference (EMI) and is caused by having the power or data lines or the
equipment too close to a source of EMI; a large motor or transformer for instance. Improper grounds or
grounding can also be a cause. Noise can also be caused by RFI if a radio tower or transmitter is located
nearby.

e. Transients or impulses are high voltage, high-current, fast bursts of energy riding on the 60 hertz
sinewave. They also exhibit a non-repeatable frequency pattern even when resulting from the same
repeated event. They exhibit extremely fast rise times (1 microsecond to peak) and last for less than 8.3
milliseconds, usually decaying to 50 percent of peak value in 1 millisecond or less. Because they have no
repeatable frequency pattern and are random in occurrence, they are extremely difficult to detect. Power
line analyzers must be used to detect the presence of transients although the first indication of their
existence is usually data errors, computer crashes, and damaged circuitry. Microprocessor based
equipment is very susceptible to damage from these anomalies. Transients occur whenever the current
through any inductive load (motors, transformers, coils of any kind) is changed at a rapid rate. This rapid
change in current is the result of switching actions, sudden power outages, and applications of power.
Transients are also induced on power and data lines by nearby lightning strikes or having data lines too
close to power lines that are being switched.
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f.  The most common anomaly is any combination of the above. While any of these problems can and
do occur by themselves, the more general rule is for them to occur in combinations. Transients always
accompany voltage outages. High or low voltages may result in noise when power supplies are put under
the strain of having to work at input voltage levels outside their design limits.

g. Different anomalies have different affects on various types of equipment. Take, for example, the
length of a power interruption. A wall clock or scanner may be unaffected for up to four cycles without
power. Other equipment like card readers, symbol generators, and many computers cannot stand to be
without power for even one-half cycle (8.3 milliseconds). The equipment that is the most susceptible to
short interruptions will also be the most adversely affected by the short duration impulses and vice versa.

h. Manufacturers attempt to build some protection into their equipment but competition limits what
they can do economically. The Information Technology Industry Council (ITI) sets guidelines for such
protection by suggesting an ac input power profile envelope shown in appendix B. They suggest that
information technology equipment should be designed to meet these guidelines. However, even if the
equipment were designed to this power profile guide, the envelope does not cover the power profile of the
utilities supplying the power.

i. Power companies attempt to provide the cleanest and most stable power (input voltage) to their
customers. There is very little attempt to constrain anomalies shorter than one half cycle (8.3
milliseconds); i.e., impulses, EMI, RFI. The input power line may carry short duration variations (less
than 8.3 milliseconds duration) whose voltage amplitudes can be hundreds of times greater than nominal.
These “Type | disturbances” are often damaging to electronic equipment. Between 8.3 milliseconds and
0.5 second the power line may still vary as much as +30 percent to —40 percent of nominal. These “Type
Il disturbances” (sags and swells) may also adversely affect the equipment as will the “Type I11
disturbances,” voltage dropouts, and overvoltages.”

(1) To counteract these conditions and protect computerized equipment from these anomalies, the
ITI recommends that all computerized equipment be designed to operate within the set guidelines.
Equipment designed and manufactured to meet this recommendation should then withstand any variations
within the guidelines. Therefore, an impulse with voltage amplitude less than 200 percent of nominal
rated RMS and shorter than 100 microseconds duration should not adversely affect the equipment.
Neither should those less than 100 percent and shorter than 1 millisecond or less than 30 percent and
shorter than 8.33 milliseconds.

(2) Engineers from IBM conducted a study from which they were able to determine the incidence
rate of harmful power line disturbances. They studied a large number of installations over an extended
period of time and in 1974 published their findings in a document [1] “Monitoring of Computer
Installation for Power Line Disturbances,” G. W. Allen and D. Segal, Institute of Electrical and Electronic
(IEEE) Winter Power Meeting Conference Paper C74-199-6. The results showed that 88.5 percent of
power line disturbances were Type | disturbances, 11 percent were Type Il disturbances, and 0.5 percent
were Type Il disturbances. Type I, I, and 11 disturbances were defined as having durations of less than
0.5 cycles, 0.5 to 120 cycles, and greater than 120 cycles, respectively.

(a) While Type I disturbances are the most damaging to equipment and data, even Types Il and
111 can be of great importance for customers who cannot tolerate the inconvenience and high cost of
downtime or erroneous data, loss of data, etc. There will be many cases where a customer may need and
be willing to go to great expense to eliminate even the least frequent of these occurrences.
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(b) Electronic chips have become denser — more than one million components on a small chip
—and are thus even more susceptible to Type | disturbances. Utilities are attempting to hold closer
tolerances on the voltage, and yet, sags and swells (Type Il) and outages (Type I11) are on the increase.

(3) Recent studies have redefined Type I, Il and 111 disturbances as transient, momentary and
steady-state disturbances respectively. Transient disturbances include unipolar transients, oscillatory
transients (such as capacitor switching), localized faults, and other events typically lasting less than ten
milliseconds. Momentary disturbances are voltage sags, swells, and interruptions lasting more than ten
milliseconds but less than three seconds. Steady-state disturbances are undervoltages, overvoltages, and
interruptions that last three seconds or longer.

2-4. Power quality parameters

The quality of electrical power can be severely affected by oscillatory decaying transients. These would
be the result of lightning or some other sharp electrical “hit” that would excite the natural frequency of the
subject electrical system (much like a tuning fork is excited). The electrical system will then ring at its
natural frequency, f, (different electrical systems have different natural frequencies just as different
mechanical systems have different natural frequencies), defined as:

f, = 1/(2n(LC)"?)

The amplitude of the natural frequency (voltage in this case) will then decay at an exponential rate
dependent upon the stiffness of the electrical system, amount of wiring, wire sizes, layout, etc. Due to the
fact that induced lightning can be one of the initiators of this oscillatory action, the initial amplitude
(voltage) of the resultant sinewave can be very high (thousands of volts) and may contain a lot of energy
(thousands of joules).

a. Data lines and instrumentation lines, while not directly affected by power line problems, can be
adversely affected if located in close proximity to power lines or if located where they can be affected by
induced lightning transients. Power lines or power wiring and control wiring can induce noise into data
and instrumentation wiring when it is run parallel to them. Transients on the power lines paralleling data
lines can also be induced onto these low voltage lines and damage data or instrumentation equipment. As
little as 10 volts applied to a transistor-transistor logic (TTL) circuit for only 30 nanoseconds will cause
the destruction of the TTL junction. Data line instrumentation should never be run in close parallel
proximity to power and control voltage lines.

b. The affect of lightning transients may be reduced by using shielded cable for data transmission, and
instrumentation care must be taken to ground the shield on these cables only at one end of the cable run to
prevent induced circulating currents.

c. Dataand instrumentation cable, run underground, should be buried at least 4 feet down to protect
from lightning. Lightning striking the ground can raise the ground potential and induce transients into
underground wiring not encased in steel pipe. Most buried cable is now encased in either polyvinyl
chloride (PVC) or fiberglass if not directly buried and, therefore, is subject to lightning inducted
transients if buried too close to the surface. Data and instrumentation cable inside buildings should never
be run closer than 5 feet to an outside wall in a high lightning area for the same reason, induced transients
from nearby or direct lightning strikes.
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2-5. Detection of power line anomalies

Instrumentation has been developed to record and better understand the power line disturbance
phenomena. Iron vane meters were developed to read voltage, current, frequency, and then power to
enable operators to maintain constant voltage and frequencies and read current values. Then came
recorders to supply a constant record of these events. As long as the major interest was only in the areas
of no voltage, high and low voltage, sags, and surges, these instruments were sufficient.

a. Electronics brought in a new dimension; higher data frequencies meant that things happened faster
and new instrumentation was developed to read and record these events, recording oscillographs and
oscilloscopes. The higher frequency, faster electronics were also more susceptible to the higher
frequency anomalies on the power supply line. Power line noise (EMI) and impulses were mistaken as
data by the electronics and processed as such. Solid-state electronics and the microprocessor chip brought
us high density — thousands and millions of solid-state components on a small 1/4” by 3/8” chip. The low
voltage requirement of these circuits and the high density made them extremely susceptible to even minor
overvoltages. A TTL junction will be destroyed at only 10 volts.

b. Due to the randomness of the power line anomalies, it became necessary to develop high-speed
event recorders to detect the presence of the high-speed anomalies: noise and impulses. Such an
instrument will measure and record only the event itself. The occurrences of events can be recorded for
later analysis without the requirement of the constant presence of the operator or the accumulation of
meaningless recorded data. A general discussion is presented below of two different power line monitors,
which can record and analyze power disturbances.

(1) The first monitor, called the “universal disturbance analyzer” is extremely versatile and because
of this feature requires greater skill to set up and operate. If limits are not properly chosen and
programmed in, and depending upon the “print-out mode” chosen, the user can either end up with
insufficient data upon which to base corrections decisions or with large amounts of superfluous data to
wade through to determine what problem needs to be corrected. Such data to the untrained individual
may lead them to believe that one problem exists when the problem is really something else. For
instance: one might be misled to believe that sag-surge problems existed because of reams of sag-surge
data when in reality the limits had been set so low that what was actually recorded was a lot of normal
voltage fluctuations well within the permissible limits set by equipment manufacturers and governing
bodies; i.e., fluctuations not harmful to equipment. However, when properly set up, this type of
instrument can produce much valuable data for the experienced user.

(2) The second monitor, called the “power line consultant” does not have the versatility of the first.
However, this lack of versatility results in ease of set up and eliminates questions regarding the validity of
the final data. This instrument can produce all the data required to make an intelligent decision about a
problem, and therefore the proper correction device, without the skill needed with the first instrument.
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CHAPTER 3

POWER CONDITIONING

3-1. Information technology equipment power requirements

Typical applications of information technology equipment are computer networks,
communication systems, server farms and their peripherals, customer-owned telephone switching
systems, and increasingly complex electronic industrial control equipment. Faulty performance
of these units can cause inconvenient, expensive, and even dangerous situations. These electronic
circuits in this equipment operate on dc power. The source of this power is an internal dc power
supply which converts (rectifies) the ac power furnished by an electric utility to the various dc
voltage levels required by the electronic equipment. Internal dc power supplies are designed to
isolate the electronic equipment from moderate disturbances on the ac power lines. But the fact is
that frequently types and levels of power line disturbances are encountered which pass through
internal power supplies. This causes aberrations in the dc voltage levels, which can result in
everything from faulty operation to complete shutdown or failure of the electronic equipment.
One of the major problems when electronic equipment performs incorrectly or shuts down
unexpectedly is locating the source of the trouble. Scrambled data in a recirculating memory can,
for example, look like a hardware or software failure on the surface whereas it might actually
have been caused by an intermittent blip on the power line. It s, therefore, important that a user
know something about the kinds of disturbances that appear on his power line and how often they
occur. This does away with much of the finger pointing by the user and various service personnel
when a problem does arise, and at the same time permits steps to be taken to prevent these
disturbances from reaching the dc power supplies. The proper choice of equipment designed to
isolate the power supply from line disturbances is wholly contingent on the precise types of
power line disturbances expected, the estimated frequency of occurrence, and the importance to
the user of keeping the electronic equipment on line.

a. Electronic equipment used in computers operates on dc power equivalent to that obtained
from an ordinary battery. It is a single-polarity (either plus or minus) and is derived by
converting or rectifying the ac power supplied by a utility. Typical dc levels required by solid-
state electronic equipment are plus or minus 5, 12, 15, and 24 volts. Power line disturbances,
which pass through a power supply, can cause dc voltage levels to rise or fall slowly or rapidly,
exhibit positive or negative spikes, or even drop to zero. Any of these occurrences can cause
faulty equipment performance, system shutdown, or even damage to sensitive electronic
components.

b. The ac power generated by electrical utilities is characterized by alternating back and forth
between equal positive and negative voltage levels along a pure sinewave wave form. Because of
the sinewave characteristics there are various ways of describing ac power. The nominal 120
volts from an outlet is actually the effective or root mean square (RMS) voltage of the ac wave. It
is equivalent to 120 volts dc when supplying a pure resistance load such as an incandescent light
bulb — thus the name effective. The negative and positive peak voltages are equal to 1.414 times
the RMS voltage, while the average one-cycle voltage is equal to 0.637 times the positive or
negative peak voltage. Thus for our 120-volt outlets, the peak voltages are equal to 120 times
1.414 or 170 volts, while the average voltage equals 170 times 0.637 or 108 volts. In turn, of
course, the RMS voltage is equal to 0.707 times the peak voltage. In the United States, ac power
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is generated at a frequency of 60 hertz or cycles per second (in other countries 50 hertz power is
common). This means there are 60 full sinewaves per second so that a cycle is 16.7 milliseconds
long.

(1) Utilities supply residential structures and commercial and industrial offices with single-
phase ac power. Usually there are three-wire systems with two “hot” conductors and a neutral.
The neutral is grounded at the service entrance (normally to a water pipe) and this ground lead or
a ground connection is carried throughout the system. One hot lead, the neutral, and the ground
connection are carried to the standard 120 volt outlets. Under proper operating conditions only
the hot and neutral leads carry current; the ground connection is for safety purposes. If there
should be an insulation breakdown in the energized equipment, the ground connection will drain
the current back to ground, thus preventing personnel exposure to 120 volts.

(2) For higher powered equipment, such as ranges, air conditioners, electric heating,
clothes dryers, and some office equipment, the two hot conductors and ground are wired to
special outlets. This yields 240 volts and halves the current that would be required if the same
equipment was designed to operate on 120 volts.

(3) For large electric power users, utilities generate and transmit three-phase ac power in
which the three phases are time phased by one-third cycle, effectively producing three ac wave
forms. Three-phase power is less expensive to transmit, simpler to rectify into low-ripple ac
voltage, and three-phase ac motors are simpler and operate more smoothly than single-phase
motors. The single-phase residential power mentioned above is obtained by tapping off one
phase of a three-phase transmission line.

(4) Every industrial facility and most large computer installations are supplied with three-
phase power. The most popular configurations for supplying this three-phase power are the four-
wire “wye” with ground and the ungrounded and grounded “delta.” Wye circuits can usually
handle either 480 volt or 208 volt three-phase loads and 277 volt or 120 volt single-phase loads.
The 120 volt level is, of course, that obtained from the standard ac outlet, whereas 277 volts is a
popular level for fluorescent lamp fixtures. Both types of delta circuits normally supply either
480 volt or 240 volt three-phase loads.

3-2. Power line disturbances

All of these types of ac circuits are susceptible to line disturbances which may either be
introduced via the utility’s transmission lines or generated internally within the user’s own
facility. Breaker tripping and reclosure for fault clearance, random switching of heavy loads,
lightning strikes, noise, motor controllers, and an endless number of similar occurrences can and
will introduce ac line disturbances about which the utility can do little. With the exception of
frequency variations, all power line disturbances are voltage phenomena. Fluctuations of the
RMS voltage value over an appreciable time interval are known as undervoltages or overvoltages,
shorter term variations are called sags or swells, and spikes or transients of very short duration
and considerable peak magnitude are known as impulses. Dropouts or line interruptions are
where the line voltage goes to zero, a situation that can exist for any time period.

a. Any RMS voltage fluctuation which exceeds allowable limits for more than 1 minute is
classed as an undervoltage or overvoltage.

(1) Undervoltage situations are normally caused by purposeful utility “brownouts” and/or
line overloading either within the same facility or by neighboring facilities on the same
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transmission line. Ultilities cause brownouts by deliberately dropping the voltage by three, five,
or even eight percent to extend system capability, particularly on hot days with heavy air-
conditioning loads and limited reserve.

(2) Overvoltage is caused by poor line regulation by a utility or by lighter than expected
loads on the line. If, for example, an emergency forced several neighboring plants to shut down
during the normal working day, transmission line voltage would undoubtedly rise until the utility
could bring it back under control.

(3) Overvoltage causes electronic equipment to run hot, stressing components and possibly
prompting immediate or incipient failures. Equipment shutdown may also occur if the heat
dissipation forces the enclosure to reach unsafe high temperatures and a thermal limit trips.
Normal utility voltage variations, plus internal facility feeder line voltage drops and the ever
present possibility of brownouts in certain sections of the country, make undervoltage situations
fairly common. If the voltage drops sufficiently, all kinds of erratic performance can be expected
as electronic equipment nears the point where it will stop operating completely. Also, motor
loads draw more current and run hotter and less efficiently under low voltage conditions.

b. Sags and swells are short-term special cases of undervoltage and overvoltage conditions
where the voltage fluctuation exceeds the allowable limit for at least some significant portion of
one cycle (say 10 milliseconds) and reenters the limit band within 1 minute. Because sags and
swells are transitory conditions caused by momentary occurrences, they usually exhibit larger
voltage excursions than longer term undervoltages and overvoltages.

(1) Swells look the same as sags except that the voltage exceeds the upper limits that are
usually established at 10 percent. Sags are most commonly caused by switching on to the line
heavy loads such as large motors, electric furnaces, substantial air-conditioning capacity, etc.
Such loads draw heavy inrush currents, which drop the voltage for short periods and line voltage
regulation typically takes a definite period to recover from such heavy loads. Swells are
frequently caused by the reverse — the disconnecting of heavy loads from the line with the
accompanying voltage increases.

(2) If sags or swells have sufficient magnitude to be reflected through the internal dc
power supplies, they can play havoc with the performance of sensitive electronic equipment. For
example, equipment designed to initialize upon startup may re-initialize after a severe sag — it
confuses the sag with the turn off and turn on of power. And much electronic equipment shuts
down and stays shut down if the voltage drops below a limit for more than a few milliseconds.
Particularly disruptive situations can occur if part of the equipment in an integrated system starts
up after recovery from a sag and the balance of the equipment does not.

c. Impulses are deviations from the ideal ac sinewave having very short duration compared
with one cycle — typically from a fraction of a microsecond to a very few milliseconds. Their
forms range from single pulses with extremely short rise time and gradual decay to oscillatory
disturbances persisting for five to ten oscillations within a gradually decaying envelope. They
may either increase or decrease the instantaneous amplitude of the sinewave described as a
“spike” or “notch,” respectively.

(1) Impulses can range in magnitude from a fraction of peak voltage up to hundreds or
thousands of volts and by far cause the largest voltage swings of any types of line disturbances.
The proper way to examine an impulse disturbance is to filter out the sinewave. If any impulse
spike with a magnitude of 500 volts occurred at the top of a nominal 120 volt sinewave, then the
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actual voltage impressed on the load would be 500 volts plus the peak instantaneous voltage
(1.414 X 120V = 170V) of 170 volts or 670 volts.

(2) Two other measures of an impulse disturbance are impulse duration and impulse
strength. Impulse strength is defined as the volt-second area under the impulse curve. Itis clear
that impulse strength and impulse duration are related and either adds a significant measure to the
knowledge of the problems a transient can cause beyond the straightforward measurement of
impulse magnitude by itself.

(3) Itisalso important to know the direction or source of an impulse. Did it occur at the
source of power via the utility power feeder or was it generated in the electronic equipment?
Either is possible, and of course, the solutions to the two problems are radically different.

(4) There are two types of impulses: common-mode transients where the voltages to
ground of the ac power line phases rise and fall together, and normal-mode transients where the
phase-to-ground voltages vary from phase to phase. Common-mode impulses are caused by such
things as lightning and utility breaker tripping and reclosure, usually resulting in single spikes or
notches on the sinewave. In contrast, normal-mode impulses are typically the result of
connecting or disconnecting heavy loads or power factor compensating capacitors. These
impulses exhibit decaying oscillatory characteristics with frequencies up to and above 5 kilohertz
(kHz). It is important to know the type of impulse since the means of suppressing them are
different.

(5) Impulses are the most insidious type of power line disturbance. They occur without
any indication at all to operating personnel, and if not suppressed can cause scrambled data
transmission or memory data resulting from bit changes, over-stressed components, or even
component failure.

d. Loss of total power to zero voltage can occur for any time period from a portion of a cycle
on up to hours or even days. Very short-term dropouts are frequently caused by utility breakers
tripping to clear a fault and then reclosing automatically, while long-term line interruptions can
result from any serious utility problem — power lines felled by a storm or fires in substations are
typical. Most computers and sensitive electronic equipment, which depend on digital data
manipulation, will shut down automatically if a power dropout exceeds a very few milliseconds.

e. Frequency deviation is seldom a problem with utility-supplied power in the United States.
Frequency rarely varies more than 0.5 hertz from 60 hertz (a common computer specification)
and is always averaged out over a 24-hour period because of the number of clocks and other time-
based devices, which depend on constant frequency for accuracy. However, if power is generated
locally by a private power plant or by motor-generator (M-G) sets or diesel or gas turbine
engines, frequency can wander over a 10 hertz band from 55 to 65 hertz. Frequency shifts of this
magnitude can cause problems with time-based equipment or frequency-sensitive circuits.

3-3. Acceptable limits for ac power

Although there are no industry standards to define “acceptable” ac power, the Information
Technology Industry Council (IT1) has issued a guideline (shown in appendix B) that describes
the ac input voltage envelope which typically can be tolerated by information technology
equipment. The various sags, swells, undervoltages, overvoltages, and impulses exhibited by a
power line can be classified as acceptable or unacceptable based on whether they fall within or
without the dashed-line boundaries. In these guidelines, long-term overvoltages or undervoltages
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which deviate from the nominal voltage by more than +10 percent or -20 percent for longer than
500 milliseconds (30 cycles) can be expected to cause problems. Any swell or sag, which
exceeds +20 percent or —30 percent of the nominal voltage for more than 20 milliseconds (1.2
cycles), is apt to cause faulty operation of IT equipment. The impulse band is more difficult to
define because of the frequent high magnitude of the transients, but, generally speaking, impulses
greater than the nominal peak sinewave voltage can degrade a system’s operation. If monitored
power line disturbances fall outside these boundaries, particularly during pre-installation site
inspection, a careful analysis may avoid future problems.

3-4. IT protective equipment

Although it is difficult to make any generalizations concerning the benefits that accrue from the
use of line protective equipment, it has been estimated that clean power versus that taken directly
from the “average” power line reduces load equipment outages by 40 percent and maintenance
costs by 25 percent. The choice to use protective equipment is both an economic and technical
consideration. The wide range of power line conditioning and isolating equipment varies greatly
in price and in the types of disturbances it will protect against. Less expensive protective
equipment may not provide much improvement and costly equipment for every conceivable
power line problem may not be economically justifiable.

a. Once the profile and estimated frequency of occurrence of line disturbances via power line
monitoring is determined, an economic analysis should be performed. This analysis should
include a complete life cycle cost analysis associated with purchasing and operating the
protective equipment, the costs incurred as a result of load equipment outages, faulty
performance, hardware damage, and any other anomaly that may occur for various degrees of
power line protection.

(1) Costs to consider are the mission requirements, initial purchase price of line
conditioning or isolating equipment, installation costs and operating costs. Within these,
consideration should be made for site preparation, equipment operating efficiency, and
maintenance requirements.

(2) Site selection and preparation may be a major contributor since some line conditioning
equipment may require special space and site preparation. In new building construction, space
limitations may not be a problem, but space may be a major factor when a large computer
installation in an existing facility requires retrofitting.

b. Special factors requiring consideration prior to selection of protective equipment are as
follows.

(1) Transformer hum or rotating equipment noise may require a sound baffled enclosure or
location away from occupied areas.

(2) Large battery banks in some uninterruptible power supply (UPS) systems are heavy
and require substantial surrounding space to permit proper maintenance. In addition, certain
battery types also generate explosive fumes. Therefore, an isolated space with forced ventilation
and extra reinforcing because of heavy floor loading may be required.

(3) Environmental conditions must also be considered if the load protective equipment is

located in the same space as the computer or other electronic load devices. The line conditioning
and isolation equipment generates heat, which may require additional air-conditioning capacity.
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(4) Equipment efficiencies must also be considered in the cost. No load protective
equipment is 100 percent efficient, and efficiencies may range from as low as 50 percent to a high
96 percent. This electrical energy incurs a cost with the efficiency of some types of protective
equipment decreasing with time so this continuing cost may increase as the equipment ages.
Obtain efficiency rates from the equipment supplier for the actual conditions under which the
equipment will be operating.

(5) Equipment maintenance is a continuing expense, which must also be considered. All
electronic systems require periodic inspection and will fail from time to time. Modular plug-in
construction and diagnostic aids speed troubleshooting and repair, but parts and labor still cost
money. Batteries require periodic monitoring of electrolyte and terminal cleaning, and all
rotating equipment needs, at minimum, regular bearing inspection and occasional bearing
replacement. Backup engine-driven alternator sets have particularly high maintenance costs.

c. Isolation transformers used for protective devices are primarily intended to attenuate
common-mode impulses. Some types also provide limited attenuation of normal mode impulses.
Isolation transformers perform no voltage regulating function. Sags, swells, undervoltages, or
overvoltages will be reproduced faithfully on the transformer secondary. If the power line
voltage is consistently stable and high frequency impulses or noise is the only problem, then a
suitable isolation transformer may eliminate your power line disturbance difficulties.

(1) While a standard transformer has no dc connection between primary and secondary, the
windings are ac coupled through an infinite number of coupling capacitances. At high noise
frequencies, these capacitances have relatively low impedance and transfer the noise directly
from primary to secondary. Thus a standard transformer has practically no ability to attenuate
impulse noise but instead passes it right through.

(2) The basic isolation transformer helps this somewhat by inserting an aluminum foil
electrostatic Faraday shield between the primary and secondary windings. While this shield does
not completely eliminate this coupling capacitance, it shunts a lot of it to ground and thus
minimizes the transformer’s ability to transfer common mode impulses. Power line noise on the
primary is considerably attenuated by the time it reaches the secondary.

(3) The ultimate isolation transformer (variously called high, super, ultra, etc., by different
suppliers) further reduces this coupling capacitance with box electrostatic shields around the
primary and secondary windings. Capacitances between the windings and the frame and
windings are broken up into smaller series capacitances and shunted to ground, thus minimizing
input-to-output capacitance of 0.001 pico-farads, and the better ones are as low as 0.0005 pico-
farads. This very low level of coupling capacitance effectively prevents common mode impulses
on the power line from reaching the load.

(4) Attenuation capability for a top quality isolation transformer is expressed in decibels
(dB), a shorthand way of indicating attenuation ratios. The higher the dB rating the isolation
transformer has the better the noise attenuation. Well designed dc power supplies exhibit
considerable normal-mode noise attenuating capability.

(5) High quality isolation transformers are available in sizes ranging from 125 VA single-
phase to 130 kVA three-phase. Isolation transformers with somewhat lower levels of impulse
attenuation are also available. There are many different suppliers with various quality level
transformers so almost any specific performance requirement can be satisfied.
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d. Line voltage regulators do exactly what the name implies — their purpose is to maintain
reasonably constant output voltage to the load in the face of variations in power line voltage.
There are many different ways of accomplishing this and among the basic types there are
innumerable variations, all with their own advantages and limitations. The following covers one
or two popular or generic versions of five basic types of voltage regulators.

(1) Most line regulators will correct utility voltage sags and swells of 15 percent to output
voltages to the load ranging from +3 to +7 percent of nominal. Many will bring extreme utility
sags in the area of 20 to 30 percent, back to +7 to +£10 percent of the nominal output voltage.
Some things to consider when picking a line voltage regulator are cost, speed of response, output
impedance, audible noise, efficiency at part and full load, sensitivity to load power factor and
unbalanced three-phase loads, and harmonic distortion.

(2) A few types of line regulators can attenuate impulses to a modest degree, but most
perform the regulation function only and pass impulses right through. In fact, some types may
create additional impulse noise by internal switching.

(3) There are two types of motor-actuated regulators, the motor-driven brush type and the
induction regulator type. The motor-driven brush type moves across many taps on an
autotransformer, causing the series transformer to buck or boost the voltage to the load. The
same function is performed by an induction regulator where rotating the regulator one direction or
the other varies the magnetic coupling and raises or lowers the output voltage.

(4) Motor-actuated voltage regulators are generally inexpensive and can handle heavy
loads, but they are slow in response and can only correct for gradual voltage changes. In
addition, their electro-mechanical parts require substantial maintenance and output impedance is
high. They are not often used with critical and sensitive electronic equipment.

(5) The saturable reactor regulator controls output voltage by varying the impedance of the
saturable reactor winding in series with a step-up autotransformer. These regulators are relatively
inexpensive, and have a wide load range, low maintenance requirements, and yield fair normal-
mode impulse protection. However, the disadvantages often outweigh these plus factors.
Sag/swell response is sluggish (in the range of five to ten cycles), output impedance is high (as
much as 30 percent of the load impedance), and they are sensitive to lagging load power factor.

(6) The ferro-resonant transformer voltage regulator is one of the more popular regulators,
especially in the lower size ranges of 0.5 to 2 kVA. The ferro-resonant transformer core structure
is designed so that the secondary operates in flux saturation and the secondary winding resonates
with the capacitor in a tuned circuit. As a result of this saturated operating mode, changing the
primary or line voltage may change the current but will not vary the flux or the secondary
induced voltage. Thus the unit performs a voltage regulating action. A unique characteristic of
the ferro-resonant regulator is its ability to reduce normal-mode impulses. Since its regulating
capability is based on driving the secondary winding into saturation, transients and noise bursts
are clipped.

(a) The basic ferro-resonant transformer puts out a high harmonic content squarewave,
not suitable for supplying sensitive electronic loads. A properly selected neutralizing winding
cancels out most of the harmonic content of the output voltage and yields a satisfactory low-
distortion sinewave.
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(b) The ferro-resonant regulator has a response time of about 25 milliseconds or 1.5
cycles, good reliability, minimal maintenance requirements, reasonable cost, good normal-mode
impulse attenuation, and good regulation. Because of the tuned circuit on the output, it is
sensitive to frequency variations (One percent frequency change causes 1.5 percent output
voltage change), but this is not much of a problem with tight utility network frequency control.
More important are its high output impedance (again up to 30 percent of load impedance),
sensitivity to both leading and lagging load power factors, and low efficiency at partial loads.
Efficiency is about 90 percent at rated load, but since the unit wastes about 10 percent of rated
load regardless of what load level it is operating at, efficiency drops with load. This, in turn,
results in heat dissipation and the generation of audible noise.

(c) Inaddition, ferro-resonant regulators have poor capacity for handling momentary
overloads such as might be caused by high motor starting current, and output voltage collapses at
somewhere about 150 percent of full load. Oversizing is not the whole answer to this problem,
since this causes reduced efficiency and increased heat dissipation. In summary, the ferro-
resonant regulator is useful in small systems that do not contain large motors.

(7) The last type of line voltage regulator to be looked at here is the electronic tap-
switching autotransformer. With this unit the proper triac (or back-to-back silicon controlled
rectifier [SCR]) is energized depending on whether the power line voltage must be increased or
decreased. Voltage correction occurs in discrete steps rather than continuously. Resolution
depends on the closeness of the taps, and switching impulses are minimized by changing taps
when the line voltage is near a zero crossing.

(a) The electronic tap-switching transformer has many good features. Response time
is fast at about 0.5 cycles or 10 milliseconds, regulation is good, output impedance is in the range
of five percent of load impedance, efficiency is high at about 95 percent, and the units are
insensitive to load power factor and load unbalance.

(b) The disadvantages are a somewhat high cost and slightly poorer reliability when
compared to the more rugged units.

(c) This type of regulator is popular and widely used in the medium sizes of 3 kKVA
and up.

e. Line conditioners combine the functions of isolation transformers and line voltage
regulators and thus both attenuate impulses and regulate output voltage. For this reason, a line
conditioner can protect against the principal types of power line disturbances except for voltage
dropouts and line interruptions. It is possible to create a line conditioner by placing separate
voltage regulators and isolation transformers in series. Properly matching the two can be tricky,
and the package is bulkier and generally more expensive than using a single unit designed to
perform the total line conditioner function. Care should be taken not to place two devices in
series that have resonant characteristics (e.g., ferro-transformer and certain types of UPS). This
can cause circuit detuning resulting in failure of equipment to perform its function.

(1) There are basically two types of packaged line conditioners on the market, regulating
line conditioners and enhanced isolation transformer line conditioners. The first uses an
improved ferro-resonant transformer voltage regulator, while the second includes an electronic
tap-switching voltage regulator in conjunction with a high quality isolation transformer.
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(2) The ferro-resonant transformer line conditioner is more popular, being lower priced
and highly reliable. The box and Faraday shields around the primary and compensating windings
give it essentially the characteristics of a high quality isolation transformer in series with a ferro-
resonant voltage regulator. The expected normal-mode impulse attenuation from the saturated
operation of the ferro-resonant transformer, plus the electrostatic shields, make this line
conditioner a good attenuator of both common-mode and normal-mode impulses.

(3) A typical high quality line conditioner should regulate output voltage to within +4
percent of nominal for ac input power line voltage changes from —20 percent to +10 percent.
Total harmonic distortion (THD) will be less than 5 percent, and both types of impulses should be
attenuated up to 120 dB. Other features may include electromagnetic interference/radio
frequency interference (EMI/RFI) noise filtering and quality transient voltage surge suppression
on the output of the line conditioner as almost all line conditioners are intended to serve multiple
loads.

f.  M-G sets consist of a motor driving an ac generator or alternator so that the load is
completely electrically isolated from the power line. In the past, in some cases dc or induction
drive motors were used requiring close speed control to maintain stable frequency to the load.
The tendency nowadays is to use induction or synchronous motors. The synchronous motor
resembles an induction motor but runs at synchronous speed. With either of these unit types,
alternator speed and thus frequency to the load is as stable as power line frequency. M-G sets
have been widely used to supply 415 hertz power to the mainframe computers which require this
frequency, but recently there has been a substantial shift to the use of solid-state inverters.

(1) M-G sets shield the load from impulses and from voltage sags and swells. For
substantial power line voltage changes of 20 percent or more, voltage to the load is still
maintained at =1 percent of nominal. The unique feature of the M-G is its ability to bridge severe
short-term sags or voltage dropouts. The rotational momentum of the rotating elements permits
the M-G to span dropouts of up to about 300 milliseconds or 0.3 seconds, the type that cause
lights to flicker and plays havoc with digital circuitry. This period can be extended by adding
inertia via a flywheel.

(2) The problems with M-G sets are mostly on the output or load side. Very high
alternator output impedance can cause substantial voltage dips in response to sudden load
changes such as result from large inrush motor starting current, and response to load changes is
sluggish in the range of 0.25 to 0.5 seconds. Also, the drive motor may overheat under long-term
brownout or low line voltage conditions.

(3) The cost of a M-G set is somewhat more than for a functionally equivalent line
conditioner. Also, M-G efficiency is relatively low at about 80 percent, so that electrical energy
costs over its lifetime may be substantial. Heat dissipation, weight and bulk, and the potential for
annoying audible noise are factors which must be considered in M-G installation. The use of
rotating field exciters has eliminated the need for slip rings, with the consequent brush inspection
and replacement, but as with any rotating equipment, bearings must be inspected and periodically
replaced.

g. If continuous operation is necessary during a line voltage interruption lasting more than a
half second or so, then an UPS is required. The basic UPS consists of a rectifier/battery charger,
battery bank, and inverter. The rectifier/battery charger takes ac line power of the proper voltage
and frequency and generates dc power. The battery bank takes the place of the rectified dc power
source if line power fails. The inverter with suitable filtering converts the dc power back into a
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sinusoidal wave form. UPS systems are complex, expensive, have high output impedance, and
frequently require special installation facilities and increased air-conditioning capacity to
dissipate the heat. The proper UPS will protect the load equipment from all types of power line
disturbances.

(1) The size of the battery bank determines the length of time the inverter will supply
normal power to the load. For a large computer installation this time is usually about 15 to 20
minutes. This would be enough time to perform a soft shutdown of equipment if the generators
did not come on line. Certain mission requirements may require additional battery time. An
alarm is activated when five minutes of battery time remains to permit orderly shutdown. If the
load equipment does not require special air conditioning (most process control systems and
medical electronics, for example) then it is practical to size the battery bank to cover more
extended outages. In this situation, up to an hour of running time is not uncommon and much
longer periods are possible.

(2) There are various ways of employing a UPS. The specific configuration to be used is
largely dependent upon the reliability of power required by the load.

(a) Continuous mode describes the configuration whereby the load power is always
obtained from the UPS except during UPS failure or periods of required maintenance. In this
case, the load is manually switched to the raw power line via the maintenance bypass line,
causing substantial discontinuity in load operation.

(b) In the forward-transfer mode, the load is normally supplied from the utility power
line and the UPS idles. When power fails, the load is automatically transferred to the UPS. In
normal operation with this configuration there is no load protection from power line disturbances,
except for severe sags and voltage outages, unless other load protection is installed in the utility
power line. This tends to defeat the major objective of the UPS.

(c) More popular is the reverse-transfer mode configuration. Here, the load is
normally supplied by the UPS and is automatically switched to the utility power line only when
the UPS malfunctions. This mode provides maximum benefit from the UPS.

(d) If more extended protection is required, further backup via an engine-driven
generator must be added. Here, battery time is usually only about 5 minutes — long enough to get
the engine-driven generator up and synchronized with inverter output. Of course, such an
installation is very expensive and requires special facilities and substantial maintenance. It
should only be considered if extended power outages are frequent and continuity is critical.

(e) For very critical situations there are other configurations that can be considered,
including double- and triple-redundant UPS systems backed up by multiple engine-drive
generators.

(3) An especially sensitive element, in terms of continuity of service, is the type of
automatic transfer switch, which is used. The electro-mechanical transfer switch is actuated
when the sensed output voltage to the load drops below 94 percent of nominal. However, sense
and switch time ranges from 20 to 50 milliseconds. This time delay will cause most sensitive
load equipment to severely malfunction or even shut down. The static transfer switch is much
faster. It switches upon sensing a failure in inverter input circuitry, a drop in load voltage to 94
percent of nominal, or overload on the inverter exceeding 130 percent of full load. The sense and
switch time is only about four milliseconds, so there is a good chance the load’s dc power supply
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will ride right through this short delay and the load will see no discontinuity. Of course, in all
transfer situations inverter output must be phased with the power line.

(4) Several different types of inverters used in the UPS system are available. The type that
is included in a UPS depends to some extent on the power level requirements for the UPS and on
the particular tendencies of the supplier.

(a) The pulse-width-modulation inverter incorporates two inverters, which regulate by
varying the pulse width and yield an output, which closely resembles a sinewave. This reduces
filter requirements and provides good voltage regulation and response times in the range of 100
milliseconds. However, the extra inverter and feedback networks make this inverter complex and
expensive, and it is usually used only at power levels over 50 kVA.

(b) The most popular inverter type in the smaller size ranges is the ferro-resonant unit.
It consists of an oscillator, which controls the SCR switches, a ferro-resonant transformer, and a
harmonic filter. Its saturated operation produces a regulated output voltage and current limiting,
so complex voltage and current feedback networks are not required. Efficiency varies from 50 to
88 percent depending on load level, and response time is about 20 milliseconds. The simplicity
of this inverter leads to relatively low cost.

(c) SCRs are used in the inverter section of most large UPS products. A SCR is a
semiconductor device with unique properties. It can serve as a rectifier and as a static latching
switch. It can handle more power (both voltage and current) than typical transistors, under both
continuous and surge conditions. It is the most rugged semiconductor available, and in most
cases, can handle more watts per dollar than other types of semiconductors. The SCR serves as
an on-off switch. The SCR can be turned on by a momentary application of control current to the
gate, while transistors require a continuous on signal. The SCR can be turned on in about one
microsecond, and static switch sections turned off in 10 to 40 microseconds. The SCR is ideal for
rectifier UPS products, but has disadvantages when applied to inverter sections.

(d) In recent years manufacturers have been changing over to transistorized inverters in
their UPS products. A transistor permits current to flow through a circuit when the base drive of
the transistor receives an electrical signal. Transistors are not latching devices, so they can be
turned off by simply removing the base drive signal. To minimize switching losses, however,
special drive circuits are required to turn the devices off quickly. Transistors also experience
saturation losses during the conduction stage of the cycle. A transistor is considered efficient if it
has high “gain” — when relatively small amounts of drive current applied to the base permit a
comparatively large current to flow in the collector emitter circuit.

(e) Bipolar transistors produce gain by current conduction. A current applied to the
base causes a proportional current to flow in the collector/emitter. A special type of bipolar
transistor is called a Darlington, which consists of two transistors linked together. The
collector/emitter of the first transistor is used to activate the base drive of the second. Darlingtons
have a higher gain than a single bipolar and are easier to control. The disadvantage is that they
have higher saturation losses and require special drive circuits to minimize switching losses.

(f) Field-effect transistors (FETs) work differently than bipolars. They do not inject
current into the base. Instead, they conduct when they sense a voltage on the gate. This means
that relatively little power is consumed in the gate drive. However, the power-conducting portion
has a relatively high resistance. This creates excessive losses and lower efficiency, making it
unsuitable for use in large UPS products.
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(9) Insulated gate bipolar transistors (IGBTs) combine the best of conventional bipolar
transistors and FETs. Like FETSs, they only require a voltage across the base in order to conduct.
However, like conventional bipolars, they are efficient conductors of current through their
collector/emitters. IGBTSs are the preferred transistors for UPS applications. They are
significantly more efficient and are easier to control than any other power semiconductors.
IGBTSs are commonly available for UPS applications up to 750 kVA without paralleling devices.
Larger devices are available, but have not achieved as much market penetration.

(5) The battery charger/rectifier system operates in a constant-current mode during the
initial charge period, automatically switching to a constant-voltage mode towards the end of the
charge cycle. This gives maximum battery life consistent with fast recharge, and prevents
excessive battery outgassing and water consumption. The charger provides a float voltage level
for maintaining the normal battery charge, and sometimes, a periodic higher voltage to equalize
certain types of batteries. There are several different types of batteries generally selected for UPS
applications. The most common types break down into two technologies: lead acid and nickel
cadmium (NICAD). Lead-acid batteries are further broken down into two types: lead-
acid/calcium and lead-acid/antimony. Lead-acid calcium batteries can be divided into two
categories, wet cell (or flooded) and valve-regulated lead acid (VRLA) sometimes mistakenly
referred to as maintenance-free.

() The sealed VRLA lead-calcium battery uses either a gelled electrolyte design
(GELL), or an absorbent glass mat (AGM) design, does not require the addition of water, and has
no problems with outgassing or corrosion. This type is used when the batteries are integral to
small UPS systems, and where the batteries must be placed in occupied areas. Their big
disadvantage is a limited life span of about five years under optimum conditions. Conventional
wet cell lead-calcium batteries are the preferred type in most UPS systems. Watering and
terminal cleaning are required only about every six months and manufacturer’s warranties are for
up to 20 years. They do outgas hydrogen under charge conditions and must be placed in a secure,
ventilated area. The AGM design uses a very fine glass filament matted together and wrapped
around the battery plates. This glass mat serves two purposes. Through capillary action, the acid
electrolyte is drawn up between the plates with the mat acting as the immobilizing agent. The
glass mat is not 100 percent saturated; thus there are small openings between the glass filaments.
These openings allow oxygen, which is generated on the positive plate during the final stages of
charging to migrate to the negative plate and through chemical reaction, convert back to water,
conserving the electrolyte. The GELL uses a different approach by adding silica to the
electrolyte. This mixture will form a gell compound once the battery has formed. After set-up,
the gell will have many cracks in it. These cracks are essential to allow for the oxygen exchange
between the negative and positive plates. Once in contact, the same chemical reaction occurs as
in the AGM design.

(b) Lead-antimony batteries are the traditional lead-acid units. Their performance is
equivalent to that of the lead-calcium batteries, but they require maintenance every three months
and life is only about one half that of the lead-calcium units. To retain their capacity, lead-
antimony batteries require monthly equalize charging.

(c) NICAD batteries are the most expensive of the various types. Their advantages lie
in small size and weight for a given capacity and excellent high and low temperature properties.
Life is long, nearly that of a conventional lead-calcium battery, and a six-month maintenance
period is adequate. They do require monthly equalize charging, as well as periodic discharge
cycles, to retain their capacity.
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(d) All of these batteries, except for the NICAD type, are surprisingly temperature
sensitive and should be maintained between 72°F to 82°F for optimum performance and long life.
Low temperatures reduce battery capacity and high temperatures shorten life. If batteries are to
be exposed to severe temperature swings, the NICAD type should be seriously considered.

h. The magnetic synthesizer is a static electromagnetic (EM) three-phase ac power
regenerator. The device, powered from the ac utility line, uses no mechanically moving parts in
the generation process, and utilizes no semi-conductor elements in the power path. The output
wave form of the device is electromagnetically generated, and is completely isolated and
independent of the input in all parameters except two, the phase rotation and the frequency. The
output phase rotation of the device is governed by the direction of the input phase rotation, while
the output frequency is precisely keyed to the input line frequency. There is no electrical
connection between the input and the output of the device. The only power line disturbances not
correctable by a magnetic synthesizer are frequency deviations and loss of power, both of which
require a UPS to correct. An ideal application for a magnetic synthesizer is in a major urban area
where utility networks or loops are fed from multiple substations providing very reliable but
otherwise “dirty” power. The improved quality of power results from the synthesis of three-
phase 60 hertz voltage wave forms which remain essentially constant in magnitude and shape
over a large range of input voltage excursions in both the positive direction (surges) and the
negative direction (sags). The device consists solely of saturable iron core reactors and
transformers, together with capacitors, and employs the principles of ferro-resonance for its
operation.

(1) As long as the core of an inductor is not magnetically saturated, the inductor will
support a voltage across the windings. However, as the inductor core approaches saturation, the
current through the winding will begin to increase. When the core becomes completely saturated
and can absorb no more magnetic flux, tremendous currents will flow through the winding, and
the voltage across the winding will approach zero. In essence, the device will go from an open-
circuit to a short-circuit.

(2) If the voltage across the saturated reactor is now reversed, the core will begin
magnetizing in the other direction and will again act as an open-circuit. The inductor will support
this reversed voltage until the core becomes saturated in the opposite direction. At this point, the
reversed current increases to a maximum and the voltage decreases to a minimum. In standard 60
hertz non-saturating devices, the core flux is oriented in one direction for 1/120 second; but
before it can reach the point where the core cannot absorb any more flux, the voltage is reversed,
which begins to orient the core flux in the other direction for the next 1/120 second.

(3) The amount of time for the saturation of a reactor core to take place is measured in
volt-seconds. The volt-seconds rating for an inductive reactor depends upon the frequency and
the voltage desired to be present across the reactor winding before saturation.

(4) A saturating transformer is inherently a non-linear device. It is this non-linearity which
makes it valuable in regulating circuits. In a saturating transformer, as in conventional
transformers, production of an output voltage depends upon the changing magnetic flux in the
transformer core. But unlike conventional transformers, the saturating transformer is designed for
the core to reach saturation after a given number of volt-seconds. Because the flux no longer
changes when the core is saturated, there is no voltage output at this time.
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(5) The primary waveshape and output power level determining elements of the magnetic
synthesizing power conditioner are saturating transformers. In order to obtain the desired outputs
from these transformers, energy must be injected into the devices. In the magnetic synthesizer
power conditioner, energy is introduced through line chokes into the primary windings of the
saturating transformer elements. The line chokes are designed to pass the electrical energy from
the input lines, while blocking the waveshape and voltage level information. The chokes act as
current sources and buffers for the saturating transformer elements. The primary windings are
duplicates of the regulated windings of the secondary. Because the primary windings are wound
on top of the secondaries and are isolated from them, there is introduced the ability to reject
common-mode noise. The primary-over-secondary arrangement also provides a fail-safe feature.
A broken connection at any point will not cause the voltage to rise toward infinity at the load.
There is no high-voltage failure mode in this device.

(a) Six interconnected saturating transformers are utilized for power wave form
synthesis in the power conditioner. At any particular time during operation, one of these cores is
unsaturated while the other five are saturated in directions specified by the interconnection
configuration. When the one core finally becomes saturated, the voltage across it collapses and it
becomes a conductor. That process causes reversal of the voltage across one of the remaining
five cores, which then goes out of its present saturated state and begins building toward saturation
in the other direction. When the core reaches saturation in the other direction, it will then reverse
the voltage across yet another core.

(b) The sequence of saturation and voltage reversals among the transformers is
determined by the transformer interconnection configuration and by the phase sequence of the
driving circuit. The process continues as long as the power conditioning device is in operation.
During the time that a transformer core is unsaturated, there is voltage present in the transformer
interconnecting circuit of the power conditioning device. Therefore, sequencing of the
transformers will produce a constant series of voltage pulses on the interconnecting circuit. The
parameters of each pulse are determined by the volt-seconds design of the corresponding core.

(c) The three-phase sine waveforms which are produced by the design and
interconnection of the transformers in the power synthesizing device contain less than 3 percent
THD. Because each of the wave forms is produced by a saturated element, both the shape and
amplitude are stable. Thus, the transformer configuration becomes a source which dictates the
voltage level and waveshape of the resulting output. Close voltage regulation is maintained and
clean waveshape is assured, each independently of the input line conditions.

i. High quality transient voltage surge suppressors (TVSSs) are available to protect ac
systems at all distribution voltage levels. The TVSSs have let-through voltages much lower than
basic lightning arresters and are designed for facility and sensitive equipment protection. TVSSs
are designed to handle much higher speed transients than lightning arresters.

(1) Underwriter’s Laboratory (UL) Standard 1449, Standard for Transient VVoltage Surge
Suppressors, categorizes TVSS into three types: (1) Direct plug-in TVSS devices incorporate
integral blades for connection directly to electrical outlets by consumers wherever point-of-use
surge protection is desired. (2) Cord connected TVSS devices have a power supply cord
terminating in an attachment plug for connection to nearby electrical outlets by consumers,
wherever area of use is desired by the end user. (3) Permanently connected TVSS devices are
equipped with terminals or leads that are hard wired by qualified personnel into the building’s
electrical service entrance and distribution system.
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(2) UL recently revised UL Standard 1449, Second Edition, August 15, 1996, for
permanently connected TVSS devices to increase the test duty cycle a TVSS must pass. The
measured limiting voltage test was previously known as the “transient voltage surge test.” This
test assigns a suppression voltage rating, or let-through voltage, to a product under test. The first
and last test surge current magnitude used to benchmark and measure the TVSS capability has
been reduced from 3000 A to 500 A. While the duty cycle part of the test has been reduced in
number of impulses from 24 to 20, the current magnitude has been increased from 750 A to 3000
A. The benefit of this change is that the TVSS under test is now subjected to a more strenuous
duty cycle test than with the previous version of the test. A wide variety of additional tests have
been included in the revised UL 1449, including testing of components (capacitor endurance test),
enclosure integrity tests (enclosure impact test, crushing test, mold stress-relief distortion test,
mounting hole barrier test, and adequacy of mounting test), as well as manufacturing and
production line testing.

3-5. Power distribution systems

Power distribution systems, otherwise called power distribution units (PDUS), moveable power
systems or computer power centers, are sometimes confused with load protective equipment. The
purpose of a power distribution system is to provide convenience in distributing power to
computer system elements, to avoid some electrical contractor expenses, and possibly to obain a
better job, particularly if the contractor is not experienced in computer system installation. Power
distribution systems are made by some computer suppliers and independents, but they do not
provide any protection against power line disturbances unless specially equipped to do so.
However, such a UL listed system should certainly be considered for complex computer
installations since it can provide proper wiring and grounding, monitoring of key power system
variables, and other features which will assure that good installation practices have been
followed.
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CHAPTER 4

GROUNDING

4-1. Purpose of grounding

The primary purposes of grounding for circuits, cables, equipment, and systems are to prevent
shock hazard, protection of circuits and equipment, and reduction of electromagnetic interference
(EMI) due to electromagnetic (EM) field, common ground impedance, or other forms of
interference coupling. The various grounding systems used (lightning, power, and/or signal) are
integral parts of a facility or system whether they involve vehicles such as automobiles, ships,
missiles, or aircraft; buildings; or building complexes. Like other facility components, grounding
networks are exposed to the ambient EM environment. This environment includes many sources
ranging from incident radio frequency (RF) signals to lightning, and from atmospheric noise to
internally generated stray currents.

a. The objective and plan of the facility ground network design should consider all aspects to
the degree required for the particular mission of the facility in its environment and in the context
of cost-effectiveness. The use of the term facility ground network is intended to be in the
collective sense; it includes the power fault protection network, lightning protection network,
building or structure (or frame, hull, fuselage skin, etc.) ground, equipment ground, signal
ground, instrument ground, data ground, etc. Attempts should be made to integrate the three
features of lightning protection, electrical safety, and EMI control.

b. The integration of these features in the design may be difficult because they usually do not
fall under the responsibility of the same individual, group, or perhaps company, and they may not
even be considered in the same time frame. In the case of a building, lightning protection and
power grounding are often decided by an architectural and engineering firm during the structural
design phase, and EMI control aspects are left to the electronic equipment engineers for
resolution long after the building is finished. When this happens, tradeoffs become difficult.
However, the various grounding networks must interface and they all must operate in a common
EM environment. To alleviate this situation in future facilities, equipment designers and EMI
engineers must be allowed to participate early in the facility design process. For existing
structures, those persons responsible for electronic equipment grounding should become
thoroughly familiar with the power and lightning-protection ground networks through reviews of
drawings, performance of current and voltage measurements, and physical inspections before
deciding upon the final signal/equipment grounding networks.

4-2. National electrical code (NEC) requirements for grounding

Requirements for the safe installation of electric conductors and equipment within or on various
facilities are contained in National Fire Protection Association (NFPA) 70-2005 and the NEC.
The purpose of the NEC is “the practical safeguarding of persons and property from hazards
arising from the use of electricity.” The NEC is the most widely used code having been adopted
by the majority of the states, counties, municipalities, cities, etc. The federal government,
through the Occupation Safety & Health Administration (OSHA) adopted the NEC in 1971.
Since this code is universally adopted, it serves as a basis for information technology systems’
equipment complying with the minimum requirements found in the Code.

4-1



TM 5-689

a. The NEC contains the intent for grounding. The requirements for grounding the process
control equipment and distributed control systems are contained in several sections of the NEC.
These sections specifically address equipment (enclosures), above 50 volts, below 50 volts, and
grounding electrode.

b. The grounding of the electrical system and connection of the electrical system neutral to
earth must be connected at only one point to the equipment grounding conductor. Reasons for the
electrical system to be grounded are stabilization of the voltage (that is, to keep it from floating
above a set reference point), facilitation of clearing phase to enclosures/ground faults, and
limitation of lightning and line surges. The NEC calls for bonding the electrical system to the
enclosures of (1) conductors and wireways such as conduit, and (2) equipment.

c. Article 250, 11, of the NEC addresses the requirements for equipment grounding.

(1) The word “enclosure” is defined in Article 100 as “The case or housing of apparatus, or
the fence or walls surrounding an installation to prevent personnel from accidentally contacting
energized parts, or to protect the equipment from physical damage.” In Article 250, 1V,
“Enclosure Grounding” could be confused with the word enclosure as being similar to a raceway,
which may be rigid or flexible conduit, wireways, busways, etc. All equipment enclosures will,
therefore, be referred to simply as “equipment” as is done in I11 of Article 250. Although
distributed control systems are not mentioned in name, Section 645-15 states that “All exposed
noncurrent-carrying metal parts of an information technology system shall be grounded in
accordance with Article 250 or shall be double insulated.”

(2) If the equipment is fastened in place or connected by permanent fixed wiring methods,
which is not the usual case, then the exposed noncurrent-carrying parts likely to become
energized shall be grounded, if within 8 feet vertically or 5 feet horizontally of ground or
grounded metal objects and subjected to contact by persons (refer to Section 250-110). It can be
inferred from Section 110-26 that concrete, brick, or tile floors are considered as grounded. Since
the walls are assumed to be grounded, the floor could also be assumed to be grounded since it
touches/attaches to the wall. However, to assure adequate ground protection the floor must be
bonded to a known ground. Most IT equipment systems are connected by cord and plug.
Although these systems are not mentioned by name, it is accepted practice that the noncurrent-
carrying equipment parts be grounded.

d. NEC 250-20(b) addresses the grounding requirements of electrical systems above 50 volts
to 1000 volts. The article addresses systems supplying premises wiring and premises wiring
systems. It does not address the electrical supply system powering the IT equipment and
distributed control systems. The building electrical system can be a grounded, ungrounded, or
high impedance (resistance) grounded system. The definition of premises wiring from Article
100-A of the NEC is: “That interior and exterior wiring, including power, lighting, control, and
signal circuit wiring together with all of their associated hardware, fittings, and wiring devices,
both permanently and temporarily installed, that extends from the service point of utility
conductors, or source of power such as a battery, a solar photovoltaic system, or a generator,
transformer or converter windings to the outlet(s). Such wiring does not include wiring internal
to appliances, fixtures, motors, controllers, motor control centers, and similar equipment.” It is,
therefore, prudent to assume that this section does not apply then to anything other than premises
and excludes equipment connected by cord and plug.
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e. Grounding requirements for electrical systems below 50 volts are addressed in Article 250-
20(a). Thus, if IT equipment and distributed control systems were to use electrical systems less
than 50 volts ac, and if the conditions covered below apply, the ac system must be grounded.

(1) If the transformer supply system exceeds 150 volts to ground
(2) If the transformer’s primary system is ungrounded
(3) When installed as overhead conductors outside of buildings

f.  Section 250-30 of the NEC addresses the grounding of separately derived systems. Large
information technology equipment systems can have a separately derived system through a delta-
wye grounded transformer. This article of the NEC shall apply when an IT system is powered by
such a network.

(1) The grounding electrode shall be as near as practicable to and preferable in the same
area as the grounding conductor connection to the system. The grounding electrode shall be: (1)
the nearest available effectively grounded structural metal member of the structure; or (2) the
nearest available effectively grounded metal water pipe; or (3) other electrodes.

(2) There is an exception dealing with transformers rated not more than 1000 VA. A 1000
VA transformer can use the frame, and, therefore, a grounding electrode is not necessary. This
exception is stated in Section 250-30(a)(2).

g. The key to one of the problems with IT equipment and distributed control systems is found
in 111, “Grounding Electrode System,” Section 250. This part of the NEC states that all grounding
electrodes that are present at each building or structure shall be bonded together to form the
ground electrode system (250.52(A)(1) through (A)(6). This is normally interpreted as meaning
that all metallic systems within the structure shall be bonded such that they have a common
ground plane. These electrodes consist of metal underground gas piping system, other local metal
underground systems or structures, and plate electrodes.

(1) Many control system instruction manuals show rods as the only method of connecting
to earth for the electrical system and the IT equipment system. This is probably a carryover from
the residential wiring practice, where the items listed as “grounding electrode system” are not
available and “made and other electrodes” (rods) must be used.

(2) Section 250-60, “Use of Air Terminals” states that “Air terminal conductors and . . .
rods . . . used for grounding air terminals shall not be used in lieu of the made grounding
electrodes required by Section 250-52 for grounding wiring systems and equipment.”

(3) Section 250-53(B) of the NEC states that “Where more than one electrodes of the type
specified in 250.52(A)(5) or (A)(6) are used, each electrode of one grounding system (including
that used for air terminals), shall not be less than 1.83 m (6 ft)) from any other electrode of
another grounding system.” Two or more grounding electrodes that are effectively bonded
together shall be considered a single grounding electrode system.” The isolation between
electrical systems, which was sought through separate ground rods, was usually non-existent.

The electrical systems were actually tied together through the “sphere of influence.” The radius
of the sphere of influence of a driven rod is equal to the rod’s depth. If a 10-foot rod is driven
into the earth, everything within a radius of 10 feet will be under the influence of the 10-foot deep
rod. The average resistance between a second rod driven within a sphere whose radius is 10 feet
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and which is centered at the top of the first rod will be negligible. They would be considered as
being connected together, assuming average earth conditions.

h. The authority having jurisdiction of enforcement of the NEC will have the responsibility
for making interpretations of the rules, for deciding upon the approval of equipment and
materials, and for granting special permission contemplated in a number of the rules (Section 90-
4). If the installation complies with and exceeds the NEC requirements, both stated and inferred,
no problems should be encountered in receiving approval for the installation. This will be true if
all the electrical systems, grounding systems, equipment enclosures, etc., are all connected and
bonded together.

4-3. System configurations

Electrical systems can encompass one item or several. A system may represent a small self-
contained electronic circuit totally within the confines of a case, cabinet, rack, or it may be an
extended collection of equipment racks or consoles distributed over a wide geographical area.
The grounding requirements and procedures will be markedly different for these different types
of systems. One way of distinguishing between different types of systems is to examine the
manner by which power is obtained and how the equipment elements are interconnected with
each other and with other systems. Based on these two considerations, systems may be identified
as isolated, clustered, distributed, multiple-distributed, or central with extensions.

a. Anisolated system is one in which all functions are accomplished with one equipment
enclosure. An isolated system should not be confused with a floating system, which has no
external ground. Some isolated systems may be floating while others must be grounded.

(1) Only a single power source is associated with an isolated system. (Single power source
means one battery pack, one branch circuit supply, etc.). In addition, only one ground connection
(to structure, to earth, to hull, etc.) for the entire system is needed for personnel protection or
lightning protection, or no facility ground connection at all is required. No conductors except the
power cord and the appropriate ground exists because no interfaces (power or signal) with other
equipment or devices, which are grounded, are present or needed. Common examples of isolated
systems are hand-held calculators, desktop computers (off line), home-type radios, television
receivers, etc.

(2) Grounding requirements for isolated systems are illustrated by figures 4-1 and 4-2.
They typically include a third wire ground if powered with single-phase ac or a ground-cable run
with the power conductors if multiphase ac is involved. Double insulated systems as defined in
NEC Article 250-114 are not required to have a third ground wire. Battery driven systems
usually do not require any grounding, but the system should be isolated. It is important that
isolated systems are not located near lightning down conductors, or near other grounded metal
objects, and in areas where very high RF voltages may appear on equipment cases. The internal
signal grounding requirements of the isolated system are those determined by the designer as
necessary for proper self operation.

b. A clustered system as shown in figure 4-3 is characterized as having multiple elements,
equipment racks, or consoles located in a central area. Typical clustered systems include
minicomputers, component stereo systems, medium scale data processors, and multi-element
word processors.
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Figure 4-1. Minimum grounding requirements for ac powered isolated system

(1) A distinguishing feature of a clustered system is that it utilizes one common power
source, e.g., a battery or a single ac power connection. There are likely to be multiple
interconnecting cables (signal, control, and power) between the members of the system but not
with any other system. A clustered system only needs one facility structure ground tie to realize
personnel safety and lightning protection requirements.

(2) Grounding for a clustered system requires that one connection be made to structural
ground as illustrated by figure 4-4. If the power supplied is single-phase ac, the third wire
ground provides this connection. If the power supply is three-phase ac, (according to Paragraph
250-122 in the NEC) a supplemental ground conductor shall be installed. It shall be sized in
accordance with Section 250-122 and Tables 250-66 and 250-122 of the NEC. Battery powered
systems should have one ground connection to the structure. The signal ground referencing
scheme used between the elements of the system should reflect the particular signal
characteristics (frequency, amplitude, etc.) of the various pieces of equipment. This scheme may
be single-phase or multiple-point.

(a) If a multiple-point scheme is used, the signal ground may be realized with cable
shields, auxiliary conductors, or a wire grid or metal sheet under or above the array of equipment.
In a benign (quiet) EM environment, signal grounding with cable shields or auxiliary conductors
between the interconnected pieces is acceptable. In high level, multi-signal environments, this
type of grounding scheme should be avoided because of the antenna pickup effects of the
multiple conductors. Signals coupling to the ground conductors produce common-mode voltages
between various source-load pairs and raise the threat of interference. A better method of
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Figure 4-3. Clustered system




TM 5-689

]

SINGLE
AC
CIRCUIT

STRUCTURAL GROUND
(i.e. SAFETY GROUND)

Figure 4-4. Basic grounding of a clustered system

grounding should provide broad metal paths between the pieces of equipment of the system.
Overhead or underfloor ductwork, cable trays, and wire channels can frequently provide the
necessary signal grounding and fault protection network for a clustered system. The best
approach, and the one recommended for use in high level RF environments, will use a close-mesh
wire grid or a solid metal sheet for mounting the various pieces of equipment of the system.

(b) In extremely severe environments as in the vicinity of a transmitter, the solid sheet
is preferred over the grid. Each cabinet is carefully bonded to this grid or sheet. All
interconnecting signal leads, power buses, etc., should be routed inside enclosures and beneath
the ground plane, preferably in conduit or in raceways. Note that the evolution from the poorest
to the best approach is aimed at rendering the system and its cables successively less effective as
a pick-up antenna for radiated RF energy, particularly in the broadcast, high frequency, very high
frequency, and ultra high frequency bands.

c. Adistributed system is one in which major elements are physically separated in a way that
requires equipment to be variously fed from different power outlets, branch circuits, different
phases of the line, or perhaps even different transformer banks.

(1) Inadistributed system, separate safety and lightning protection grounds to the facility
(vehicle) structure (frame) are required. Another common characteristic of a distributed system is
that multiple conductor lengths are likely to be greater than 1/10 of a wavelength at frequencies
where an interference threat exists. Examples of distributed systems include industrial process
control, environmental monitoring and control, communications switching, large main frame
computer nets and affiliated IT equipment systems.

4-7



TM 5-689

(2) Effective grounding of distributed systems to achieve the required safety and lightning
protection for equipment and personnel, while minimizing noise and EMI, requires careful
application. To describe a stereotyped network or to list a set of rules is not considered prudent.
General guidelines follow.

(a) If the system is ac powered, consider each major element (consisting of one or
more types of equipment essentially located at a particular location) as either an isolated or
clustered system, as appropriate. Proceed to ground each major element. Each and every signal
port on these isolated or clustered subsystems that must interface with other portions of the total
system, i.e., other subsystems, should be viewed as interfacing with a noisy world. As such, the
techniques for controlling unwanted coupling of radiated and conducted interference into the
signal paths must be fully employed. Obviously, discretion will be necessary. There will be
situations, depending upon the properties of the signal being transmitted from terminal to
terminal, the characteristics of the signal path, and the nature of the EM environment, in which no
additional protective measures are required. In general, adequate isolation must be provided
between the external (to the system) conducted and radiated noise environment and the signal
path.

(b) Common battery distributed systems present a particular challenge. Such systems
are commonly found on aircraft where the fuselage is used for dc power return. The use of the
equipment rack, structure, hull, or fuselage for the power return path means that the structure
becomes the circuit reference. Therefore, voltage differentials between various points in the
structure appear in series with any single ended, unbalanced signal paths. Again, adequate
rejection against such conducted interference must be obtained.

(3) Multiple distributed systems are similar to that of a distributed system except that there
are usually several systems contained and operating in the same general area. Typically, the
multiple systems share the primary power sources. A distinguishing feature of multiple
distributed systems is that they typically run a high risk of interfering with each other and are
susceptible to interference from facility noise and the external environment. Thus, in addition to
having grounding requirements like those discussed for distributed systems, additional shielding
and filtering requirements are necessary to minimize intersystem interference.

d. A central system with extensions is illustrated in figure 4-5. It is distinguished from an
isolated or clustered system in that integral elements of the systems extend out from the central
portion at long physical and electrical distances. This system is distinguished from a distributed
system in that the extended elements obtain their power from the central element. Connections to
a power source are not made anywhere except at the main element. An example of this type of
system is an industrial process controller with sensors and actuators located remotely from the
data logger or controller.

(1) The central or primary element of this type of system should be founded as though it
were a clustered or isolated system. Depending upon the operating frequency ranges and signal
levels of the extension elements and the characteristics of the EM environment, a single-point tree
or star grounding scheme may be used or a multiple-point scheme may be used.

(2) Itis likely that most systems of the central-with-extensions configuration will involve
relatively low frequency (audio or below) with operating bandwidths encompassing the power
frequencies. If this is the situation, a single-point tree is recommended. The ground mode would
be at the central element with one connection (the safety ground) made to the structure. Extended
elements should be floated or balanced. Twisted pair or balanced signal transmission-line

4-8



TM 5-689

Remote

Sensors/Actuators
(Typical)

Controller

[

Figure 4-5. Central-with-extensions system

conductors should be used between the central element and the extended elements. If radiated
coupling proves to be a problem, the extended elements should be configured, if at all possible, so
that the shields (as on coax, for example) from the central element can be continued to enclose the
extended elements.

4-4. Ground configurations

a. Single-point grounding means connecting one point (either the source or load end) of the
signal return side of the energy transfer loop to ground. There are many applications, which
require single-point grounding. Although definitely advantageous in many situations, in a multi-
equipment system or facility a single-point ground system can be very difficult to implement and
maintain as a true single-point ground system.

b. Multiple-point ground attempts to realize an adequately low ground plane impedance, i.e.,
minimize ground reference voltage differentials, is the basis of multiple-point grounding. In
multiple-point grounding, the source and load end of every energy (signal) transfer pair is
connected to a ground plane (chassis, equipment cabinet, structural frame, printed circuit board,
etc.) by the shortest electrical path. The ground plane is also interconnected by the largest
feasible number of parallel paths. Ideally, the ground plane would consist of a solid metal mass
of lowest possible resistance.

c. Asignal ground is necessary for RF equipment and circuits which frequently utilize the
chassis, cabinet, or large unetched areas on printed circuit boards as ground planes for the signals
of primary interest. Large, common areas are effective RF signal grounds because wide metal
paths exhibit lower inductance, and thus lower impedance, than do round wires or narrow rods.
To retain the ground plane effectiveness, paths serving as individual component, device, or
network grounds must be short to minimize the circuit-relative impedance; thus, the overall
ground must be brought to the component, device, or network. RF interfaces (input and output
signal ports) are typically unbalanced and thus cable references, or signal grounds, must be the
same as the chassis or cabinet ground.
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d. The control of ground plane impedance is important in ensuring a noise-free system.
Interference between circuits and systems always exists between ground conductors.

(1) Grounding conductors and paths exhibit inductive, capacitive, and resistive properties.
Having such properties means that grounding conductors and paths rarely provide the zero
impedance, or equipotential, reference plane which is sought for the grounding of signals. Any
unwanted signals, whether they are power or microwaves, pose a threat of interference to desired
signals whose circuits are referenced to the network.

(2) If both source and load ends of a circuit are connected to a noisy ground reference, a
possibility exists for interference. Obviously, if the voltage differential between the source and
the load is reduced, the interference threat is reduced.

(3) Reduction of interference can be done through lowering the impedance of the path
through which the interference currents (and, frequently, the desired signal currents) are flowing.

(4) Ground noise problems can frequently be solved by providing more ground paths
through the bonding of all metallic members of an equipment cabinet, or of a structure, together
with low impedance interconnections. The technique, if thoroughly applied throughout a facility,
can be very effective in reducing ground system (plane) impedance. The use of massive ground-
return conductors, grounding sheets, or large area plates are frequently helpful.

e. Insituations where single-point grounding is required at RF frequencies, capacitive
grounding can be used. This is referred to as frequency-selective grounding. The inverse
situation can also be employed where an inductance is used to achieve a dc and low frequency
ground (e.g., for safety) and approximate an open circuit at RF. Parasitic effects can render
capacitive and inductive grounding highly unpredictable and should be used only under unusual
conditions and with a great deal of care to assure that the overall interference problem is not
aggravated.

4-5. Grounding for fault protection

Fault protection is an integral part of ground network design. Frequently, signal grounds are
common with fault protection paths, particularly where structural elements of a building are
involved. Because traditional practices and personnel and structural protection requirements
strongly favor that priority be placed on fault protection needs over EMI needs, it is likely that
signal ground networks must be designed to be compatible with these networks. Occasionally,
requirements of fault protection will force compromises in the signal ground design and
implementation. The following discussion presents an overview of the principles of design
behind fault protection systems.

a. One primary reason for grounding is to prevent electric shock in the event of a circuit fault.
Electric shock occurs when the human body becomes a part of an electric circuit. It most
commonly occurs when people come in contact with energized devices or circuits while touching
a grounded object or while standing on a damp floor. The effects of an electric current on the
body are principally determined by the magnitude of current and duration of the shock. Current
is determined by the open circuit voltage of the source and total path resistance including internal
source resistance and human body resistance.

(1) In power circuits, internal source resistance is usually negligible in comparison with
that of the body. In such cases, the voltage level, V, is the important factor in determining if a
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shock hazard exists. At commercial frequencies of 50 to 60 hertz and voltages of 120 to 140
volts, the contact resistance of the body primarily determines the current through the body. This
resistance may decrease by as much as a factor of 100 between a completely dry condition and a
wet condition. For estimation purposes, the resistance of the skin is usually somewhere between
500 and 1500 ohms.

(2) An electric current through the body can produce varying effects including death,
depending upon the magnitude of current. For example, the perception current is the smallest
current that might cause an unexpected involuntary reaction and produce an accident as a
secondary effect. Shock currents greater than the reaction current produce an increasingly severe
muscular reaction. Above a certain level, the shock victim becomes unable to release the
conductor. The maximum current at which a person can still release the conductor by using the
muscles directly stimulated by that current is called the let-go current. Shock currents above the
let-go level can begin to cause check muscles to contract and breathing to stop. If the current is
interrupted quickly enough breathing will resume. At a still higher level, electric shock currents
can cause an effect on the heart called ventricular fibrillation. Under this condition, usually there
is a stoppage of heart action. Various current levels for 60 hertz and dc are summarized in table
4-1. At frequencies above 300 hertz, the current levels required to produce the above effects
begin to increase due to skin effort. For example, the perception current is approximately 100
milliamperes at 70 kilohertz (kHz). Above 100-200 kHz, the sensation of shock changes from
tingling to heat. It is believed that heat or burns are the only effects of shock above these
frequencies.

b. To protect people from inadvertent exposure to hazardous voltages, all exposed metallic
elements should be connected to ground. In this sense ground usually means other exposed
equipment, metal members of the building, plumbing fixtures, and any other metallic structures
likely to be at a different (hazardous) potential in the event of a fault.

(1) If accidental contact occurs between energized conductors and chassis, frame, or
cabinet through human error, insulation failure or component failure, a direct low resistance path

Table 4-1. Summary of the effects of shock

Alternating Current (60 Hertz) Direct Current Effects

(milliamperes) (milliamperes) (milliamperes)
0.5-1 0-4 Perception
1-3 4-15 Surprise (reactor current)
3-21 15-80 Reflex action (let-go current)
21-40 80-160 Muscular inhibition
40-100 160-300 Respiratory block
Over 100 Over 300 Usually fatal
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exists between the fault and the energy source (usually a transformer) which causes fuses to blow
or breakers to trip and thus quickly remove the hazard.

(2) The dependence of shock effects upon frequency suggests that the relative danger from
electric shock is related to the duration of exposure so that one objective of the fault protection
system (network) is to reduce the time of exposure to a minimum. Another reason for achieving
rapid clearance is to limit temperature rise in the faulted conductor and thus minimize a potential
fire hazard.

c. Fault protection design is normally governed by the NEC and other established industry
standards. The NEC is issued by the NFPA as NFPA 70 and is updated every three years. This
code has been adopted by the American National Standards Institute (ANSI) as ANSI/NFPA 70
and it is rapidly becoming universally accepted. It has become, in effect, a Federal Standard with
its incorporation into the OSHA requirements.

(1) When viewed from the perspective of EMI and noise control, it should be remembered
that the primary objectives of the NEC are fire and shock hazard protection and not the
achievement of EM compatibility. However, this does not mean that practices of the NEC are
necessarily in opposition to good EMI practices. It does mean that the NEC standards must be
met in any equipment or system design and installation and, therefore, its requirements must be
thoroughly understood while implementing any EMI grounding system. Another thing to realize
is that simply conforming to the NEC does not assure a noise-free system; generally other
measures also must be employed to achieve the desired level of total system (equipment, facility,
and environment) compatibility.

(2) Article 250 of the NEC sets forth the general grounding requirements for electrical
wiring in a structure. Present requirements of the NEC specify that the ground lead (green wire),
in a single-phase ac power distribution system, must be one of three leads. The other two leads
comprise the hot lead (black wire) and the neutral lead (white wire). The ground lead is a safety
conductor designed to carry current only in the event of a fault. The hot lead is connected to the
high side of the secondary of the distribution transformer. For fault protection, the NEC specifies
that the neutral be grounded at the service disconnecting means (main breaker). The safety
ground (green wire) is grounded at that point as shown in figure 4-6. All exposed metallic
elements of electrical and electronic equipment are connected to this ground with the green wire.

(3) Grounding of a three-phase wye power distribution system is done similarly to the
single-phase system. The connections for a typical system are shown in figure 4-7. The neutral
lead, as in single-phase systems, is grounded for fault protection at the service disconnecting
means. The NEC specifies that the neutral should never be grounded at any point on the load side
of the service entrance on either single-phase or three-phase systems.

(4) Figure 4-8 illustrates two correctly wired branch circuits. In the separate branch
circuit, two pieces of equipment are energized from separate branch circuits. Minimum power-
related voltages exist between the equipment cabinets A and B. Thus, potential interference
currents in the interconnecting ground path (provided, for example, by a ground bus, cable shield,
etc.) are small. The common branch circuit in figure 4-8 shows both pieces of equipment sharing
a common-branch circuit, as in the same room, for example.
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Figure 4-6. Single phase 115/230 Vac power ground connections
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Figure 4-7. Three phase 120/208 Vac power system ground connections
(5) Figure 4-9 shows the effects of improper wiring.
(a) The hot neutral reversed condition is that of reversal of the hot (black) and neutral
(white) conductors. This can result in a short circuit condition. Although a violation of the NEC,

it does not automatically produce stray or return currents in the safety wire (or equipment
cabinet/conduit system).
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Figure 4-8. Properly wired ac distribution circuits for minimum ground noise

(b) The other conditions of figure 4-9 represent the most likely problems and are the
most troublesome from the standpoint of stray noise. Interchange of the neutral and ground
conductors frequently exists because no short circuit is produced and the condition may go
undetected. The full load current of terminating equipment, however, returns through the safety
wire/conduit/cabinet ground system. The resultant common-mode voltages and currents pose a
severe threat to interconnecting circuits between equipment A and B. The condition of neutral
safety interchanged, separate branch circuit is the most troublesome from the standpoint of power
frequency common-mode noise because of the higher voltage drop developed by the return
current traveling through the longer path.

(c) These conditions are the sources of many facility ground noise problems.
Improperly grounded neutrals can occur in a piece of terminating equipment or can be the result
of improper wiring at an outlet, junction box, or switch panel. (The most common cause is
improper wiring.) If the neutral is grounded at any point except at the service disconnect, part (if
not most) of the load current returns from the load back through conduit, raceways, equipment
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cables (including coax and other cable shields), and structural support members. Voltage drops
associated with this return load current appear as common-maode noise sources between
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Figure 4-9. Noise problems resulting from improper wiring
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separately located equipment, as illustrated. If this equipment must be interconnected with signal
paths, appropriate common-mode rejection measures must be employed in the signal paths.

4-6. IT equipment grounding

The primary objective of grounding for IT equipment is to minimize electronic noise that would
adversely affect the output signals of the equipment. The power-distribution system for IT
equipment rooms is usually designed by an electrical consultant and installed by an electrical
contractor to insure maximum reliability. Grounding provisions provide personnel safety equal to
or exceeding the requirements of the NEC. The information technology equipment is usually
designed and installed by IT equipment manufacturing companies or their contractors, in
cooperation with the user-purchaser. The IT equipment room installation often includes a raised
floor, with power to IT equipment, interconnections, cooling-air distribution, and a fire-
extinguishing system all located under the floor. This is where the usual interfaces are
accomplished and where problems frequently occur between the IT equipment installation and the
electrical distribution system powering the IT equipment. Grounding methods have been
developed to minimize noise, sometimes isolating the IT equipment grounding system from the
rest of the building grounding system. However, some of these methods are violations of the
NEC grounding requirements and may be unsafe.

a. To prevent electrical noise from affecting IT equipment, two entirely different and separate
grounding systems are required.

(1) First, the power distribution system must be grounded in accordance with NEC
requirements for safety, and in addition the 60 hertz power system grounding must be so designed
that it will minimize noise pickup that can affect the IT equipment operation.

(2) Second, the IT equipment and enclosures must be connected to a reference grounding
system for high-frequency noise. This high-frequency protection is in no way related to system
grounding. In fact, the high-frequency reference will work whether or not it is grounded to the
system ground. However, since it consists of exposed, metallic noncurrent-carrying parts that
could accidentally become energized, it must be grounded, as required by NEC Section 250-96.

(3) Once itis recognized that proper IT equipment grounding requires both a 60 hertz and
a high-frequency grounding system, that electrical safety requires that the two systems be bonded
together, and that each system can be examined separately, then it can be determined how to bond
them so they are compatible.

b. The grounding of IT equipment is done in accordance with NEC Article 645, Information
Technology Equipment.

(1) IT equipment grounding, like all other electrical equipment grounding, has only one
purpose -- safety. The grounding performs two functions. First, it ties all equipment together
with low-impedance conductors so all equipment is at the same potential. It also bonds that
system to the grounding-electrode system so that the potential is that of the earth. If the
grounding is done in accordance with the NEC, there should not be an unsafe difference in
potential between any two pieces of exposed noncurrent-carrying metal or from any noncurrent-
carrying metal to ground, even under fault conditions. Second, the equipment grounding provides
a safe, low-impedance return path for ground-fault currents to permit overcurrent devices to clear
the fault quickly and thus minimize damage.
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(2) Where the power system supplying the IT equipment has a grounded conductor (which
is usually the case, since most IT equipment use a 208Y/120V power supply with a grounded
neutral), that conductor must be grounded in accordance with Article 250. This is frequently a
source of confusion and conflict when the IT equipment is supplied from a separately derived
source such as a dedicated transformer or an uninterruptible power supply (UPS) or motor-
generator (M-G) set. The NEC requirements are intended to ensure a safe installation and are not
concerned with whether or not the system works properly so long as it is safe. It is important to
keep this in mind. It is necessary to conform to the code and at the same time design and install
an equipment grounding system that will permit the IT equipment to operate with a minimum of
noise problems and data-handling errors.

(3) In a mistaken effort to isolate the IT equipment system from the rest of the building
power system, many systems have been grounded to a ground rod or buried ring around the
building but not connected to the building grounding system and grounding electrode. This
isolation has often been achieved by using many makeshift devices to keep the IT equipment
insulated from the metallic parts of the distribution system.

(4) Power-supply conduits have been insulated from IT equipment cabinets with polyvinyl
chloride (PVC) conduit fittings or even plumbing fittings. Conduit runs have been ended before
reaching the equipment cabinet and the conductors run the remaining distance exposed. Green-
insulated grounding conductors have been run separately from the circuit conductors and to a
separate ground point. Ground pins have been cut off plugs and the green wire left floating.
Flexible cords, without grounds, have been used to supply the IT equipment, and so on.

(5) All these schemes are unsafe, because there is no low-impedance return path for fault
current and no assurance of equal potential between the equipment and other grounded metal.
They violate many sections and every intent of the NEC. Finally, they often result in more
equipment noise than proper grounding would produce, because the multiple ground points can
have differences in potential between them, causing circulating ground currents and false data
inputs or processing.

(6) IT equipment grounding must be done in accordance with NEC Aurticle 250 and consist
of IT equipment grounding and power-system grounding. All equipment grounding essentially
requires that exposed noncurrent-carrying metal parts be connected by equipment grounding
conductors to the grounding electrode at the electric service equipment, or at the power source if
power is obtained from a separately derived system. The equipment grounding conductors must
run with or enclose the circuit conductors and may be one or more of a combination of the types
listed in NEC Section 250-118. These include a bare or insulated conductor, rigid or intermediate
metal conduit or electrical metallic tubing, flexible metal conduit approved for the purpose; the
armor of Type AC armored cable; cable trays; and other raceways specifically approved for
grounding. An insulated grounding conductor must have an outer finish that is green or green
with a yellow stripe. The grounding path must be permanent and continuous, and conductors
must be sized and installed in full compliance with the many other applicable code requirements.

(7) IT equipment grounding will comply with the code and will be safe if it meets these
requirements. However, several additional provisions are necessary if the IT equipment
installation is to operate with minimum noise problems from the ground system. If IT equipment
is installed in the same way as most other electrical equipment, the grounding may create many
multiple grounding paths. The grounding conductors are run with the power conductors from the
source to each piece of equipment, but there are also many pieces of equipment fed from other
equipment, and many other metallic interconnections between the grounded metal enclosures of
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various units. This can be perfectly safe, and in accordance with the code for equipment
grounding, but the multiple points of grounding can have slight differences in potential, causing
small ground currents to flow, especially under transient conditions. These ground currents
appear as noise to the data-processing equipment and can cause errors in computation or
component failures. This arrangement produces “ground loops” — multiple paths for the
circulation of ground currents.

(8) By modifying the grounding these ground loops can be eliminated. Each piece of
equipment is fed separately and radially from the source and is grounded (by means of the
metallic raceway, green-wire ground, and any other grounding conductors) to a single IT
equipment ground point (G) at the source or distribution point. This radial grounding eliminates
any ground loops. In addition, each piece of equipment is connected by the shortest possible
connection to the reference grid. While these connections seem to create multiple ground loops,
as explained earlier, all points on this reference grid are at the same potential, not only at the
power frequency of 60 hertz, but also at much higher frequencies, so no currents will circulate.
One point on the reference grid must also be tied to the IT equipment ground point to put it at the
same ground potential as all other equipment.

(9) A radial installation made as shown to a single ground point can comply in all ways
with the NEC, can be entirely safe, and at the same time can be as free as possible from
equipment noise problems originating from the grounding system.

(10) Another point of confusion in IT equipment grounding is the selection of the proper
grounding electrode to which the IT equipment grounding system must be connected. A frequent
error of IT equipment manufacturers is to request a grounding electrode separate from and not
connected to the power system electrode — a separate ground rod or ground ring. This is not only
unsafe and a code violation; because of differing ground potentials, it can also be a source of,
rather than a cure for, IT equipment noise problems.

(a) The proper grounding electrode is clearly spelled out in Article 250 of the code.
Where the building service is the source of supply, the grounding electrode must be one or more
of those types listed in Section 250-50, to which the grounded circuit conductor (neutral) must
also be connected. There is little confusion on this point. However, large IT equipment
installations are frequently supplied from a separately derived system rather than directly from
the building service. This is done to isolate the IT equipment supply from the other building
power systems, and often to condition the IT equipment power to make it more reliable and
compatible with IT equipment requirements.

(b) The separately derived system may be a transformer, a computer power center, a
M-G set, a synthesizer, or a UPS inverter. In all such cases, the required grounding electrode
must be as near as possible to the source of power, the separately derived system (Section 250-
30). The grounded conductor, or neutral, of the separately derived system and all equipment
grounding conductors must be connected to this grounding electrode, not the one at the building
service. A connection may also be made back to the service grounding electrode through the
metallic raceway system; but this is neither required by code nor necessary for safety. The reason
for this is that any fault currents that flow in the separately derived system must have a low-
impedance path back to their source - the separate system source, not the building service.

(c) For separately derived systems, the preferred grounding electrode is the nearest

effectively grounded metal structural building steel, or the nearest effectively grounded metal
water pipe. If neither of these is available, other electrodes as listed in Section 250-50 may be

4-18



TM 5-689

used. We have seen installations with grounding connections run several hundred feet back to the
service ground from a IT equipment transformer secondary, when the connection could have been
and should have been made to the steel building column only a few feet away.

(d) Ground the IT equipment radially to a single ground point, tie it to a high-
frequency reference grid, and ground this grid to the same IT equipment ground point. Ground
the IT equipment ground point to the proper grounding electrode, and an IT equipment grounding
system that is electrically safe and meets all code requirements, will be essentially free of ground-
caused IT equipment noise and problems.

c. IT equipment input, process, and output data at tremendous rates which are constantly
increasing. Typical IT equipment clocks that control the data transfer into, within, and out of the
equipment operate at very high frequencies [upwards of 1 gigahertz (GHz)]. These are radio
frequencies, and IT equipment is sensitive to these frequencies. The wiring can act as a receiving
antenna and can respond to external RF signals that may cause false data to be processed by the
IT equipment. The RF signals that can radiate from or get into IT equipment are known as EMI.

(1) IT equipment microprocessors operate at very low voltages — usually 5 to 12 volts.
Therefore, it is critical that unintentional voltage differences between various units of data-
processing equipment in an 1T equipment room be extremely small. At 60 hertz this is relatively
simple — just tie them together with a low resistance, low-impedance grounding conductor so the
enclosures and grounded metal are all at the same (ground) reference potential.

(2) Atradio frequencies the solution is not so simple. Low-impedance grounds are not
easy to obtain, since the inductive reactance of a conductor is proportional to the frequency. At
30 megahertz (MHz), a length of conductor has an inductive reactance 500,000 times the
reactance at 60 hertz. In addition, there is stray inductance and capacitance from conductor to
conductor or conductor to grounded metal and resonance effects at high frequencies, making it
very difficult to get a conductor of any appreciable length to have the same voltage at both its
ends. If there is a difference in potential between the ends of a grounding conductor connecting
two pieces of IT equipment, it is possible for data errors to occur.

(3) A high-frequency impulse applied to a conductor travels along the conductor at a finite
speed, about 85 percent of the speed of light, until it reaches the end of the conductor. It is
reflected back along the conductor, becoming a traveling wave. At some frequencies, the
reflected waves meet and reinforce oncoming new waves, creating resonances and standing
waves. At or near these resonant frequencies the conductor appears to have an extremely high
impedance and does not provide an effective voltage equalizing means between two pieces of
equipment. In addition, the conductor can act as an antenna at or near these resonant frequencies,
radiating energy that can interfere with other equipment or receiving stray signals from other
sources and presenting a false voltage signal to the IT equipment.

(4) These effects are completely unpredictable because the interfering signals are not
steady and because IT equipment sensitivity varies. Digital IT equipment operates on binary
signals, on or off, or 0 to 1. The circuits are most sensitive at the moment they are switching
from one state to the other, and if an impulse occurs at that moment, a false “bit” of data may
occur in the system. At other times, the same impulse may not affect the processing. These
errors can be extremely difficult to identify.

(5) This points out the need to interconnect all cabinets of the system in such a way that
they are at the same potential for all frequencies, from 60 hertz or less to very high radio
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frequencies. One of the best ways of accomplishing this is the signal reference grid.
Transmission-line testing has shown that standing waves will not cause a significant voltage
difference between the two ends of a conductor that is not longer than about 1/10 to 1/20 of a
wavelength. The wavelength at 10 MHz is about 100 feet and 1/20 wavelength is 5 feet. The
wavelength at 30 MHz is about 32 feet and 1/20 wavelength is a little under 2 feet.

r=clf
where A = wavelength (meters)
¢ = velocity of light in free space = 3 x 10% meters/second
f = frequency in hertz (cycles/second)

(6) If conductors are connected in a mesh or grid to form a multitude of low-impedance
loops in parallel, there will be little voltage difference between any two points in the grid at all
frequencies from 60 hertz up to a frequency where the length of one side of one square represents
about 1/10 wavelength. A grid made up of 2 foot squares will at any point provide an effective
equipotential ground reference point for signals up to more than 30 MHz. If such a grid is
installed in the IT equipment room and the enclosure or frame of each piece of IT equipment is
connected to it by a short conductor, there should be no equipment noise problems resulting from
differences in ground potential between the frames of any two pieces of equipment.

(7) Araised floor in the IT equipment room can be used as the reference grid if of the
proper type and design. Most raised floors consist of vertical stanchions or corner supports 2 feet
apart that hold up the 2-foot square floor tiles. If the floor is the type that has stringers between
the stanchions and the stringers are positively mechanically bolted to them to make a good
electrical connection, the stringers will form an excellent 2-foot square mesh. If the floor tiles or
panels are metal-clad, they will further reduce the impedance between loops. This is probably the
best and least-costly way to obtain the high-frequency reference ground grid. Floor tiles should
be used that do not have a zinc electroplated-passivation coating on the tile’s sheet metal pan,
thereby avoiding potential problems with zinc whiskers. 1T equipment room floor tile
manufacturers have identified this problem, and no zinc electroplated floor tiles have been
manufactured for several years.

(8) The frames of the IT equipment should be connected to the grid by the shortest possible
leads with braided copper the preferred material, followed by copper strap, with round conductor
least desirable, because braid provides the most effective and round conductor the least-effective
results with high-frequency signals. Connections from the equipment frames to the raised-floor
grid can easily be kept to eight inches.

(9) If the bolted-stringer type of floor is not installed, a grid can be created by laying a
mesh on the true floor, under the raised floor. This mesh also can be of copper wire, (least
desirable) flat copper strap, or braided copper strap (most desirable), electrically connected every
2 feet to make a grid of 2-foot squares. Since this grid is on the true floor, it is about 2 feet
farther from the equipment enclosures and requires a longer connecting strap from enclosure to
grid, reducing its effectiveness a little.

(10) Additional protection against false signals is obtained by using shielded cables to
interconnect equipment or using filters and traps to keep unwanted signals out of the system. If
shielded cables are used, only one end of the shielding may be grounded. Grounding both ends of
the shield would provide a closed current loop that could create an induced current in the shield
and damage the shield through overheating.
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(11) A higher frequency network reference signal subsystem may be required for
frequencies of concern higher than 30 MHz. The optimum interconnecting cable and/or mesh
spacing of the equipotential plane should be one-tenth to one-twentieth of the wavelength of
concern. For a 500 MHz signal, one-tenth of a wavelength is about 1.2 inches. This small mesh
spacing may not be feasible; therefore, the mesh spacing should be as small as practical. As a
design objective, the mesh grid openings should be no larger than 4 inches. A ground reference
plane made up of a copper mesh with four-inch openings may be embedded in the concrete floor
of new facilities. Another option for existing or new facilities is to install a metal sheet or roll of
aluminum, copper, or phosphor bronze under floor tiles or carpet. When it is impractical to
install an equipotential plane under the floor surrounding the ADP equipment, thin metal sheets
can be installed in or on the ceiling of the equipment room. Additional details can be found in
MIL-HDBK-419A, Section 1.5.1, Higher Frequency Network.
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CHAPTER 5

HARMONICS

5-1. Harmonics defined

Harmonic is defined as a sinusoidal component of a periodic wave having a frequency that is an integral
multiple of the fundamental frequency. For example, a component, the frequency of which is five times
the fundamental frequency, is called a 5™ harmonic. The theoretical maximum amplitude of each
harmonic current produced by a converter is equal to that of the fundamental component divided by the
harmonic order. For example, the 5™ harmonic is equal to 20 percent of the load current; and the 7
harmonic is equal to 14.3 percent; and so on. These values are for an idealized squarewave and, in
practice, will be less because of system impedance. The harmonic components are assumed to be in
phase with the fundamental. The resulting waveshape will depend on the magnitude and the phase
relation of each of the harmonic components.

a. Harmonic distortion factor (HDF) standards are needed to ensure that users are provided with a
suitable voltage supply wave form; limit distortions to levels that system components can tolerate; and
prevent the power system from interfering with the operation of other systems. In order to compare levels
of harmonic distortion in a power system, the HDF is used, and is defined in the Institute of Electrical and
Electronic Engineers (IEEE) Standard 519-1992 as:

HDF = square root of  (sum of squares of amplitudes of all harmonics) x 100%
( square of amplitude of fundamental )

b. The amount of voltage distortion that can be tolerated on a power system is dependent upon the
equipment connected to it and this equipment’s susceptibility to nonsinusoidal waveshapes. Power utility
companies may be more stringent or relaxed in their specifications for the HDF, and may use different
formulas than those given in IEEE Standards. In Canada, for example, the requirements for HDF vary
from utility to utility, but in general they range from one to five percent depending on the system voltage
level. The higher the voltage level, the more stringent the harmonic limitations requirements. It is,
therefore, necessary to check with the power company as to their requirements in limiting harmonic
voltages and currents as this may have substantial impact on the drive and filter design. IEEE Standard
519-1992 specifies guidelines with regard to limiting the harmonic voltage and current distortion factor.
A summary of these guidelines is given in table 5-1.

5-2. Harmonic sources
The common sources of harmonics in utility or industrial electrical systems are: rectifiers, dc motor
drives, adjustable frequency ac drives, uninterruptible power supplies (UPS), arc furnaces, static volt
amperes reactive (VAR) generators, cyclo converters, and static motor starters.
a. A static power converter generates harmonic currents the order of which is given by:
n=kp 1
where: n = order of the harmonic

k=aninteger 1,2,3 ...
p = number of pulses of the converter system
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Table 5-1. Voltage distortion limits for medium and high voltage power systems

Power System Dedicated System General Power
Voltage Level Converter* System
Medium Voltage 8% 5%
24-69kV

High Voltage 1.5% 1.5%

115 kV and Above

*A dedicated system is one servicing only converters or loads not affected by voltage distortion.

A 6-pulse converter would generate harmonic currents of the order 5%, 7, 11", 13™ 17", 19™, 23" 25™
etc. For a 12-pulse converter configuration, the harmonics generated are 11" 13% 23 25% ete.
Therefore, a 12-pulse converter system provides a significant reduction in the voltage distortion and,
equally important, it eliminates (assuming balanced conditions) the lowest order harmonics of 5™ and 7"
that are typical of most concern.

b. The presence of these harmonic producing devices in a system does not necessarily constitute a
problem. The harmonics may be of sufficiently low magnitude and, therefore, harmless at one extreme,
or they may be a magnitude high enough to cause damage to equipment in the system. If in an existing
system there is no history of harmonic related problems such as motor failures, telephone interference,
etc., then there is likely to be no harmonic problem, and a harmonic analysis study is probably not
warranted. However, a good guideline is that if 20 percent or more of the plant load consists of harmonic
producing sources, a harmonic study should be considered. This will determine the magnitude of
harmonic currents and voltages, and will aid in designing special filters to reduce these distortions.

c. In addition there are other non-linear devices such as arc discharge devices used in arc furnaces and
fluorescent lamps. Power supplies for electronic equipment such as UPS, numerical controlled machine
and computers, and any load that requires other than a sinusoidal current will be a source of harmonic
currents.

5-3. Harmonic technical history

From approximately 1910 to the 1960s, the main non-linear loads came from those few larger users in the
electro-chemical and electro-metallurgical industries. They developed means of limiting the harmonic
currents that their processes developed and thus minimized the effect on power systems and other users.

a. Small and medium sized adjustable speed drives used motor-generator (M-G) sets to feed dc
motors and a few adjustable speed ac drives used wound rotor motors. Still other variable speed drives
were steam driven. For the M-G sets, the mechanical linkage between the two systems transmitted power
between them and at the same time electrically isolated each system from the other. However, these M-G
sets were bulky and tended to be high maintenance pieces of equipment.

b. The first attempt at electrical rectification was accomplished through mechanical means. A motor
driven cam physically opened and closed switches at precisely the right instant on the voltage wave form
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to supply dc voltage and current to load. At best, this approach was cumbersome since timing the
switches and keeping them timed was extremely difficult. In addition, contact arcing plus mechanical
wear also made this equipment a high maintenance item. Mechanical rectifiers were soon replaced by
static equipment including mercury, selenium, and silicon diodes, thyristors and finally insulated gate
bipolar transistors (IGBTs). With the invention and development of the thyristor, cost effective
equipment became available to allow standard squirrel cage induction motors to drive pumps, fans, and
machines with the ability to control the speed of these drives. The technology grew rapidly and the
applications of these drives covered all aspects of process drives in all industries. These non-linear type
loads increased dramatically in just the decade of the 1970s. This growth has continued and will
continue.

c. Although solid-state rectification appeared to be the panacea to the problems of the older methods,
other system problems soon became noticeable, especially as the total converter load became a substantial
section of the total system power requirements.

(1) The most noticeable initial problem was the inherent poor power factor associated with static
power converters. Economics (utility demand billing) as well as system voltage regulation requirements
made it desirable to improve the overall system power factor which normally was accomplished using
shunt power factor correction capacitors. However, when these capacitor banks were applied, other
problems involving harmonic voltages and currents affecting these capacitors and other related equipment
became prevalent.

(2) Another initial problem was the excessive amount of interference induced into telephone
circuits due to mutual coupling between the electrical system and the communication system at these
harmonic frequencies.

(3) More recent problems involve the performance of computers, numerical controlled machines,
and other sophisticated electronic equipment which are very sensitive to power line pollution. These
devices can respond incorrectly to normal inputs, give false signals, or possibly not respond at all. More
recently, neutrals of four-wire systems (480/277V; 120/208V) have been the latest power system element
being affected by harmonics.

5-4. Resonance

The application of capacitors in a harmonic environment necessitates the consideration of the potential
problem of an excited harmonic resonance condition. Inductive reactance increases directly with
frequency and capacitive reactance decreases directly with frequency. At the resonant frequency of any
inductive-capacitive (L-C) circuit, the inductive reactance equals the capacitive reactance.

a. Two forms of resonance which must be considered: series resonance and parallel resonance.

(1) For the series circuit, the total impedance at the resonant frequency reduces to the resistance
component only. For the case where this component is small, high current magnitudes at the exciting
frequency will flow. From a practical viewpoint, series resonance conditions are source limited. As long
as the harmonic source is not excessively large compared to the power factor capacitor bank, the
harmonic current is typically within limits.

(2) Parallel resonance is similar to series resonance where the capacitance reactance equals the
inductive reactance. However, the parallel impedance is significantly different. At the resonant
frequency the impedance is very high and when excited from a source at this frequency, a high circulating
current will flow in the capacitance-inductance loop — although the source current is small in comparison.
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The most common situation, which leads to parallel resonance in industry, is where the source inductance
resonates with the power factor capacitor bank at a frequency excited by the facilities’ harmonic sources.
In this situation, the harmonics are amplified by the resonant condition and are not source limited.

b. In actual electrical systems utilizing power factor correction capacitors, either type of resonance or
a combination of both may occur if the resonant point happens to be close to one of the frequencies
generated by harmonic sources in the system. The result may be the flow of excessive amounts of
harmonic current and/or the appearance of excessive harmonic overvoltages. Possible consequences of
such an occurrence are excessive capacitor fuse operation, capacitor failures, unexplained protective relay
tripping, telephone interference, or overheating of other electrical equipment. A calculation of potential
problems for resonant frequency can be calculated as defined in IEEE Standard 519-1992 as: h = square
foot of (short circuit MV A at the point of study divided by Mvar, the capacitor rating at the system
voltage).

5-5. Electrical loads

a. Until recently, almost all loads were linear, and those that were not were a small portion of the total
as to have little effect on system design and operation. Then came the electronic revolution and electronic
loads, such as computers, UPS equipment, and variable speed motor drives, have proliferated. These
electronic loads are mostly non-linear, and have become a large enough factor to have serious
consequences in distribution systems. Overheated neutral conductors, failed transformers, malfunctioning
generators, and motor burnouts have been experienced, even though loads were apparently well within
equipment ratings. Motor, incandescent lighting, and heating loads are linear in nature. That is, the load
impedance is essentially constant regardless of the applied voltage. For ac, the current increases
proportionately as the voltage increases and decreases proportionately as the voltage decreases. This
current is in phase with the voltage for a resistive circuit with a power factor of unity. It lags the voltage
by some phase angle for the more typical partially inductive circuit with a power factor commonly
between 0.80 and 0.95, and leads the voltage by some phase angle for the occasional capacitative circuit,
but is always proportional to the voltage. For a sinusoidal voltage, the current is also sinusoidal and at the
same frequency.

b. A non-linear load is one in which the load current is not proportional to the voltage. Often, the load
current is not continuous. It can be switched on for only part of the cycle, as in a thyristor-controlled
circuit; or pulsed, as in a controlled rectifier circuit, a computer, or power to a UPS.

(1) Non-linear loads can often create considerable harmonic distortion on the system. Harmonic
currents cause excessive heating in magnetic steel cores of transformers and motors. Odd-order
harmonics are additive in the neutral conductors of the system, and some of the pulsed currents do not
cancel out in the neutral, even when the three phases of the system are carefully balanced. The result is
overloaded neutral conductors. Also, many of these non-linear loads have a low power factor, increasing
the cost of utility power where power factor penalty clauses apply.

(2) Non-linear load currents are nonsinusoidal and even when the source voltage is a clean
sinewave, the non-linear loads can distort that voltage wave, making it nonsinusoidal. It is essential that

special characteristics of non-linear loads are understood so that failures on critical systems are avoided.

(3) Inrectifiers for dc loads and dc motor speed controls, the incoming ac is rectified and in many
cases filtered to remove the ripple voltage.
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(4) In ac speed controls, the incoming ac is rectified to dc, which is then inverted by pulsing
circuits back to adjustable-frequency ac. The same steps are used in UPS systems to obtain constant-
frequency 60 or 415 hertz ac power.

(5) In power supplies for computers, office machines, programmable controllers, and similar
electronic equipment, the ac is converted to low-voltage dc, with high-speed switching circuits for
controlling the voltage. The dc is used directly by the microprocessors or central processing unit (CPU).

(6) In the past, most motor-driven computer peripherals, such as tape drives and cooling fans, had
ac motors. However, in the latest equipment these peripherals use dc motors, increasing the dc load of the
computer system.

(7) Conventional rectifier-type power supplies consist of a transformer to raise or lower the
voltage, a rectifier, and filtering to remove the voltage variations or ripple from the dc output. Where
voltage change is not necessary, the transformer may be eliminated. Voltage control can be obtained by
replacing the diodes in the rectifier with thyristors [silicon-controlled rectifiers (SCRs)]. These are gated
on (conducting) at any point in the cycle, turn off automatically as the current passes through zero, and
are gated on again at the same point in each subsequent half-cycle.

(8) Rectifiers use three-phase power for a 6-pulse circuit, or use transformers to increase the
number of phases to create a 12- or 24- pulse circuit. The greater the number of pulses, the less filtering
is needed to provide a smooth, ripple-free dc output. There are many variations of these basic rectifier
circuits.

(9) A characteristic of all rectifier circuits is that they are non-linear and draw currents of high
harmonic content from the source. Diode full-wave rectifiers are least non-linear, conducting as soon as
the forward voltage overcomes the small (about 0.7 V) forward bias required. Phase-controlled rectifiers
using thyristors do not begin to conduct until gated on and are, therefore, more non-linear.

(10) The standard power supply, with a transformer and an iron-core choke in the filter, is large,
heavy, inefficient, and costly. Manufacturers of computers and other microprocessor-based electronic
equipment have almost completely changed over to the switching-mode type of power supply, which
eliminates the heavy iron-core input transformer and filter choke.

(11) The switcher controls the voltage, switching at a frequency of from 20 to 100 kilohertz (kHz).
A newer switcher operates in the megahertz (MHz) range. A transformer on the switcher output provides
some voltage control and isolation of the load from the source. The high switching frequency means that
the transformer can be small and light. It requires only a ferrite core instead of a steel core. Voltage
sensors and control circuits vary the switcher duty cycle (on time) to produce the required output voltage
under varying load conditions.

(12) Switching mode power supplies (SMSP) are highly non-linear and a major source of harmonic
distortion and noise. The high-frequency harmonics extend into the radio-frequency (RF) range,
requiring most manufacturers to include filters in the incoming line to meet FCC requirements on limiting
conducted and radiated interference. Modern computers, from the individual PC to the largest
mainframe, and most other microprocessor-based electronic equipment use SMPS and are a major source
of non-linear load problems.
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5-6. Neutral currents

Multiples of the 3™ harmonic current are additive in the common neutral of a three-phase system, but the
mechanism that causes this is little understood.

a. In athree-phase, four-wire system, single-phase line-to-neutral load currents flow in each phase
conductor and return in the common neutral conductor. The three 60 hertz phase currents are separated
by 120°; and for balanced three-phase loads, they are equal. When they return in the neutral, they cancel
each other out, adding up to zero at all points. Therefore, for balanced three-phase, 60 hertz loads, neutral
current is zero.

b. For 2" harmonic currents separated by 120°, cancellation in the neutral would also be complete
with zero neutral current. This is true in the same way for all even harmonics.

¢. For 3" harmonic currents, the return currents from each of the three phases are in phase in the
neutral and so the total 3 harmonic neutral current is the arithmetic sum of the three individual 3™
harmonic phase currents. This is also true for odd multiples of the 3™ harmonic (9™, 15™, 21%, etc.).

d. The theoretical neutral current with harmonics is at least 1.73 and perhaps as much as 3.0 times the
phase current. For pulsed loads, the pulses can occur in each phase at a different time. They will return
in the common neutral, but they will be separated by time; therefore, there will be no cancellation. If
none of the pulses overlap, the neutral current can be three times the phase current.

e. The effects of additive harmonics in the neutral were first recognized in the National Electrical
Code (NEC) many years ago, when Section 220-22 prohibited reduced neutral conductor size for that
portion of the load consisting of discharge lighting. The effects of electronic equipment were recognized
in the 1987 NEC when the prohibition in Section 220-22 against reducing the neutral was expanded to
include non-linear loads.

f.  There are several solutions to minimize this problem. Not only must neutral conductor sizes not be
reduced for these loads, but they must often be increased. Many engineers are designing with neutral
conductors sized for at least 150 percent of the true root mean square (RMS) phase current, including the
harmonic content.

g. The harmonic content of the loads may be reduced by means of line filters. Since the
manufacturers of the electronic equipment seldom install line filters beyond the minimum necessary to
meet FCC requirements, the power-line filters must usually be separate units installed between the source
and the loads.

h. For large computers, UPS, or other non-linear loads, the final isolation transformer should be
located as close as possible to the load. The neutral conductors from the wye secondary must be
oversized as noted, but the conductor lengths would be relatively short. Nothing upstream from the
transformer will be affected. However, the transformer may have to be derated.

5-7. Derating power equipment
The ratings of transformers and generators are based on the heating created by load currents of an
undistorted 60 hertz sinewave. When the load currents are non-linear and have a substantial harmonic

content, they cause considerably more heating than the same number of amperes of pure sinewave. There
are two major reasons for this.
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a. When steel is magnetized, the minute particles known as magnetic domains reverse direction as the
current alternates, and the magnetic polarity also reverses. The magnetizing of the steel is not 100 percent
efficient, since energy is required to overcome the friction of the magnetic domains. This creates
hysteresis losses which are greater for a given RMS current at the higher-frequency harmonics, where the
magnetic reversals are more rapid than at the fundamental 60 hertz.

b. Also, alternating magnetic fields induce currents into the steel laminations when the changing
magnetic flux cuts through a conductor. These “eddy currents” flow through the resistance of the steel,
generating eddy-current heating losses. Because of the higher frequencies, eddy-current losses are
considerably greater for harmonic currents than they are for the same RMS value of 60 hertz current. A
lesser, but still considerable, heating effect at higher frequencies is caused by the “skin effect” in the
conductors. Currents at higher frequencies are not distributed evenly through the cross-section of the
conductor. The magnetic fields tend to force the current flow toward the outside or skin of the conductor.
This effect increases as the frequency increases, and also as the magnitude of current increases. At higher
frequencies, the center of the conductor carries little or no current. Therefore, the effective cross-section
of the conductor is decreased, and its resistance is increased. It behaves as a smaller conductor of lower
capacity. As aresult, a given current at harmonic frequencies causes more conductor heating than the
same current at 60 hertz.

C. The result of hysteresis, eddy current, and skin effect is that the transformer or generator carrying
no more than its full-rated RMS current, but supplying non-linear loads with a high harmonic content,
will overheat, sometimes to the point of failure. Transformers and generators loaded to less than 70
percent of their rating have been shut down because of over-temperature. Rectifier transformers
specifically designed for non-linear industrial rectifier loads have been manufactured to reduce these
effects. K-factor rated transformers of various ratings (depending on harmonic content) are readily
available for supplying power to non-linear loads without the problem of overheating (as a result of
excessive harmonics).

d. As the harmonic currents are drawn by the loads, they act on the impedance of the source, causing
harmonic distortion of the source voltage. Motors are normally linear loads, but when the supply voltage
has harmonic distortion, the motors draw harmonic currents. These harmonic currents cause excessive
motor heating from higher hysteresis and eddy-current losses in the motor laminations and skin effect in
the windings. Thus, motors supplied from sources with voltage distorted by other non-linear loads will
also overheat unless they are derated. Motors are particularly affected by the fifth harmonic.

e. The solutions to overheating of transformers, generators, and motors as a result of non-linear loads
are the same as those for neutral overheating. The equipment must be derated or the harmonic content
must be reduced by line filters, or both. Manufacturers should be consulted before designing equipment
and discuss effects based on electronics load (harmonic) profile or estimated system distortion.

5-8. Generator control problems

a. Harmonic currents can cause serious problems for generator installations in addition to excessive
heating. Modern generators use electronic means to regulate the output voltage of the generator, to
control the speed of the engine or prime mover (thus the output frequency of the generator), to parallel
generators, and to share the load proportionately among the paralleled units.

b. Many of these control devices use circuits that measure the zero crossing point of the voltage or
current wave. At 60 hertz this is acceptable; but with a high harmonic content, there may be many more
zero crossings than the normal ones for 60 hertz. This can cause hunting and instability in speed and
frequency control, and can make the paralleling of generators difficult or impossible.
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c. Load sharing depends on measurement of the load on each unit. The RMS value of the current is
simple to determine for a pure 60 hertz sinewave, but using controls based on 60 hertz RMS where
harmonics are present will give false readings, sometimes too high and at other times too low. Only more
complex true RMS measurements will provide proper operation by using a true RMS meter.

d. Therefore, it is urgent that the generator and control manufacturers are informed of the load
characteristics if a generator is to be used alone or in parallel with non-linear loads. If this is not done, the
installation may not perform properly and it may be costly to obtain correct operation.

5-9. UPS output harmonic distortion

UPSs are used to supply clean power to computers under all conditions, including total utility power
failure. They range from large systems of thousands of kVA for major computer installations to small
units of a few hundred VA for PCs. If the loads distort the power supplied by the UPS, then the power
fed to the loads will not be truly “clean.”

a. When harmonic currents are drawn by the load, they cause voltage distortion of the source. Since
the voltage drop across the source for a given current is proportional to the impedance of the source (E =1
x Z), the distortion caused by a given harmonic current is lower for a low-impedance source and higher
for a high-impedance source.

b. The total harmonic distortion (THD) of the UPS for a given load depends on the UPS design and
output impedance. This is true whether the UPS is the static type or the rotary M-G type. Most UPS
manufacturers specify the output distortion of their equipment; <5 percent total harmonic distortion (as a
percentage of the fundamental) is typical. However, many manufacturers add a disclaimer, such as
“based on linear loads” or “for reactive and inductive loads.” Such a disclaimer means that the THD
figure only applies under linear load conditions. Before purchasing any UPS, make certain that it is
capable of supplying the actual types of non-linear loads to be connected to it. Discuss the prospective
loads with the manufacturer because correcting problems may be costly.

c. UPS equipment utilizing IGBT rectifier technology, working at a 6 kHz frequency avoids harmonic
contamination of the source. Input current wave forms have been measured at less than 3 percent THD at
100 percent load and a maximum of 5 percent at 50 percent load. These low levels of harmonics are
achieved without the use of any passive harmonic resonant filtering. The input power factor of IGBT
rectifiers is 0.98 lagging, so there is no need for power factor correcting capacitors.

5-10. Solution of harmonic problems

a. The use of phase multiplication should be considered in the design stages of a particular power
supply. The phase multiplication technique requires special transformer configurations. Retrofits to
existing power supplies, i.e., user loads would entail a cost far outweighing the benefits of the scheme.

(1) Phase multiplication theoretically will cancel normal harmonics. However, in practice, both
current sharing distributions and phase angles deviate enough to allow only incomplete cancellation.
Most references on the subject indicate that 10 to 25 percent of the maximum harmonic magnitudes will
remain.

(2) Once systems without higher order phases are in place, there is little the power system engineer
can do but resort to external filtering or real-time cancellation methods.
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b. Tuned passive filters contain several branches of series R-L-C elements. These are connected in

parallel and externally to the non-linear load with the objective of filtering the major harmonics generated
by the load.

(1) The harmonic currents do not “magically” disappear; rather they flow through the branches
whose impedances have been set to result in a minimum voltage distortion response.

(2) An example of a tuned passive filter containing elements for the 5™ and 7™ harmonics and a
high pass filter for all the higher harmonics is shown in figure 5-1. The filters represent a constant net
capacitive VAR generation at the fundamental frequency. The inductor Lp is added to re-establish an
overall unity power factor.

Ls Rs
O i — O NANV-O ' ‘
SOURCE IMPEDANCE
L R Lp
L5 L7
AC
INPUT cs c7 c Rp @ LOAD
R5 R7 l/
O ®
TUNED PASSIVE ELEMENTS \‘ POWER FACTOR
COMPENSATOR

Figure 5-1. Tuned passive filter

(3) An examination of figures 5-1 and 5-2 together will show the complexity of this arrangement.
Experience shows there will be eight poles and at least four zeros within the range of harmonic
frequencies normally encountered. The filter is located, selected, and tuned with both the load
characteristics and source impedance (Ls and Rs) in mind. Changing the load, the source, or the filter’s
location can result in degraded or unpredictable performance. The units can be costly to design and set,
bulky, frequency and component variation sensitive, and intolerant of major system design changes.

C. A passive filter configured for 3, 5™, 7™, 9™ and higher harmonics is shown in figure 5-3. The
phase control of the current through the inductor Lp can continuously adjust filter/load power factor.
With careful design, placement, and tuning, it will effectively handle higher kV A loads of 6-pulse
rectifiers exhibiting incomplete harmonic cancellation. However, the drawbacks discussed in the
previous sections should not be underestimated.
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Figure 5-2. Impedance poles and zeros of tuned passive filter
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Figure 5-3. Tuned passive filter with static VAR control

d. The active load current compensator is shown in figure 5-4. It performs every function of the tuned
passive devices with VAR compensation shown in figure 5-3. The active technique requires an efficient,
high speed, switching amplifier. This technique is superior to passive filtering in the following areas.

(1) Tt will power-up/power-down without transients.

(2) Will go into a self-protection mode should a load short-circuit (crowbar) appear.

(3) Can tolerate some variation in frequency without compromising performance.
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Figure 5-4. Active load current compensation

(4) Will respond to voltage step variation or load current step variation without unwanted
transients.

(5) Effectively cancels the harmonic currents at its output node by “real-time” addition and
subtraction. In effect, it “linearizes” the load’s non-linear current.

5-11. Measurement of non-sinusoidal currents and voltages

Measuring nonsinusoidal currents and voltages requires radically different techniques than used for
sinusoidal wave forms. Conventional meters (analog and digital) measure either the average value or the
peak value of the wave form, and then are calibrated to read the equivalent RMS value. The RMS value
of a periodic wave is called its effective value; the RMS value of current or voltage is a measure of its
true heating value in a resistance. For a sinewave, the RMS value is 0.707 times the peak value, or 111
times the average value. A meter sensing peak or average values and calibrated using these multipliers to
read RMS values will agree with a true RMS meter.

a. This only applies if the wave form being measured is a true sinewave. As soon as the wave form
contains harmonics, the ratio of true RMS to average or peak value can change drastically.

(1) On a squarewave, the average-calibrated meter will read RMS values about 11 percent high,
and the peak-calibrated unit about 30 percent low.

(2) For pulses, the errors can be tremendous, depending on the height of the peak and on the off-
time between pulses. The average-sensing meter will read very low, as much as 50 percent, and the peak-
sensing meter will read very high sometimes more than 100 percent.

b. Crest factor is the ratio of the peak or maximum value of a wave form to the RMS value. For a

pure sinewave, the crest factor is 1/0.707 or 1.414. However, for a pulsed wave of the same peak value,
but with considerable “off” time and a low RMS value, the crest factor will be much higher.
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c. Only a meter or relay that measures true RMS values will give correct readings for a nonsinusoidal
wave form. Some thermal meters apply an input to a resistive load and measure the heat generated. This
gives a true RMS reading, but is very slow in reaction time and, therefore, not practical for most power
system measurements. Some analog meters can be made to measure true RMS, but are complex, slow,
and limited in scope.

d. Accurate electronic measurement of RMS values has been made practical by micro-processors.
RMS measuring circuits sample the input signal at a high rate of speed, typically about 100 times the
highest harmonic frequency. To measure the 25™ harmonic of a power system, a frequency of 1500 hertz,
the sampling rate would be about 150,000 times per second. The microprocessor circuits digitize and
square each sample, add it to previous samples squared, and take the square root of the total. This will be
an accurate RMS value, regardless of the wave form being measured. This cannot be done continuously,
but is done to brief samples and is only possible using the high speed of digital electronic circuitry.

e. Current transformers must be of high quality (with a very wide bandwidth) to sense high and low
frequencies accurately, if the RMS reading is to be accurate for high-order harmonics and pulsed currents.
This is not a problem for pure 60 hertz sinewaves.

f.  The best designs of modern solid-state circuit breaker trips and of other electronic relays use this
digital sampling technique and true RMS measurement, combined with high-quality sensors, to obtain
accurate tripping on non-linear loads. Older solid-state relays, even though electronic, used average-
sensing with RMS calibration. When applied on non-linear loads, these relays can fail to trip on
overcurrents or can trip unnecessarily.

g. When induction-disk watthour meters are applied on non-linear loads, the harmonics may cause the
disk to rotate faster or slower than the same RMS current at 60 hertz, depending on the specific harmonic
content. If the watthour meter is used for billing, this can result in utility bills that are too high or low,
and in most cases, too high.

h. Power factor is the ratio between the true power consumed and the product of the voltage and the
current (power factor = o/EI, which can be transposed to w = EI (power factor). For a sinewave, the
power factor is often expressed as the cosine of the phase angle (8) between the voltage and current, and
this equation becomes ® = EI cosine 0. This is true only for a sinewave, and cosine 0 is not the power
factor for non-linear loads. The only accurate way to measure non-linear power factor is to measure the
average instantaneous power and divide that by the product of the true RMS voltage and the true RMS
current. This can be done by digital microprocessor circuits.

i.  When it is necessary to know the actual harmonic content of a wave form, a spectrum analysis can
be performed. This breaks the wave form down into its separate harmonics and measures the percentage
and the phase angle of each with respect to the fundamental frequency. This analysis has been made
practical by digital microprocessor processing. Spectrum analyzers have recently become available that
can print out the results in both graphic and tabular form.

5-12. Conclusions

The problems of non-linear loads and the harmonics they generate will continue to cause problems that
must be corrected. The techniques recommended to minimize the effects of these loads are:

a. Oversize neutral conductors to 200 percent of phase conductor ratings.

b. Locate isolation transformers close to the load.
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€. Derate transformers, generators, and motors.
d. Use true RMS sensing meters, relays, and circuit breaker trip units.

e. Make certain that all controls, especially for generator speed and paralleling will operate properly
with non-linear loads.

f.  Select power sources with low output impedances to minimize voltage distortion.

g. Provide line filters to remove the harmonic loads from the source.
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CHAPTER 6

STANDBY POWER

6-1. Introduction

The purpose of this chapter is to provide guidance and understanding of standby power systems that may
be required depending on the reliability of the primary power supply and the desire to maintain the
information technology equipment system operable and uninterrupted.

a. There are many electrical power applications which require a continuous and high quality power
source. An uninterruptible power supply (UPS) is an assembly of equipment dedicated to providing
power free of voltage and frequency variation, transient pulses, line noise, and interruption. Techniques
to accomplish these purposes are varied. Combining the characteristics of a UPS system, particularly the
static systems, and a standby generator set presents special considerations to ensure compatibility.

b. The major problem associated with reliable power for computer systems is how to reconcile
commercial short-duration power interruptions with relatively short time domains in electronic circuits.
The goal of most manufacturers in today’s technology is to build 4 milliseconds to 1 cycle of carryover,
or ride-through time, into their equipment.

c. Table 6-1 identifies computer input power quality parameters for several manufacturers. This table
should be used only as a source of some examples since computer designs vary with size of computers,
their processing power, and the technology available when the design was created. They are continually
changing and the parameters of power needs are changing rapidly with the designs. Although there is a
degree of variance between computer manufacturers, the following represents the principal power
parameters which are considered important by most major companies. While several of these parameters,
such as frequency variation, can be relatively insignificant when power is derived from a commercial
power source which embodies vast tie networks, they can become an important design consideration
when supplemental or independent power sources are applied as a means of power quality improvement.

d. Two common sources of standby power are ac generators and dc batteries.

(1) A standby generator can be on line in a matter of seconds and continue operating as long as the
utility outage lasts. A standby generator set is defined as a unit which supplies continuous electrical
service during interruption of normal power. Storage capacity for 30 days of continuous full load plant
operation should be provided.

(2) Battery power is a group of electro-chemical cells interconnected to supply a nominal voltage
of dc power to a suitable connected electrical load. The number of cells connected in series determines
the nominal voltage rating o