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Chapter

9
Uninterruptible Power 

Supplies

The term Uninterruptible Power Supplies (UPS) has been applied
both to an uninterruptible power system and to the specific
battery-inverter equipment incorporated into the system. In this
chapter, we will use the term UPS for the specific equipment.

The UPS was developed in parallel with digital computers
and other IT equipment to provide a reliable uninterruptible
electric power source to create a standard the electric-utility
industry could not provide. The computer industry would not
have developed without some type of UPS, which either used
engine-generator sets or static inverters employing power
electronic devices. If the concept of an independent UPS had
not been developed, then all electronic equipment sensitive to
disturbances in source voltage would have had to incorporate
energy storage means—for example, batteries to counteract
such disturbances in the source voltage.

Introduction

The concept of a double-conversion UPS is shown in Figure 9.1a [9.1].
The essential parts are

■ The inverter, for converting power from DC to AC
■ The battery, to supply power to the inverter when AC power is

interrupted
■ The converter-battery charger, to supply DC power to the inverter,

as well as to charge the battery
■ The by-pass circuit, to supply AC power directly to the load when

the inverter fails. A second by-pass circuit external to the UPS—the

129
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maintenance by-pass—is usually provided when the UPS is taken
out of service.

Both the battery charger (rectifier) and the inverter utilize power
semiconductor devices, which are switched to convert power from AC to
DC, or DC to AC. The theory of operation is described in Chapter 5. The
devices are usually pulse-width modulated to shape the line-current
waveform of the rectifier, as well as the output voltage of the inverter
to sine waveforms. Additional elimination of input and output har-
monics is done with filters.

The concept of the “Delta UPS” is shown in Figure 9.1b. The battery-
inverter circuit only supplies the “delta” or difference between the line

130 Chapter Nine

Normal utiliity source

Main
CB

Main bus

UPS input
CB

UPS output
CB

Emerg. AC bus

To emergency AC load

(a)

Bypass static
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To non-emergency
load
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CB

Bypass
CB

Battery
charger

Battery

Inverter

Figure 9.1a Double conversion UPS: inverter; battery; con-
verter-battery charger; by-pass circuit [9.1].
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voltage and the required load voltage. The Delta UPS is more efficient
than the double-conversion UPS because the load power is supplied
directly from the line nearly all of the time. The inverter and battery
still have to be sized for the longest utility outage time. 

History

The silicon-controlled rectifier (SCR) was introduced in 1957. The devel-
opment of inverters using SCRs for UPS was expedited by the book,
Principles of Inverter Circuits, by Bedford and Hoft, published in 1964 [9.2].
An early publication by Fink, Johnston, and Krings in 1963 described
three-phase static inverters for essential loads up to 800 kVA [9.3].
Kusko and Gilmore described in 1967 a four-module redundant UPS for
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500 kVA for the FAA Air Route Air Traffic Control Centers. The overall
MTBF requirement was 100,000 h and the MTTR was 1h [9.4].1 The indi-
vidual modules were assumed to have an MTBF of 1100 h. Modern UPS
modules are considerably more reliable. The concept of uninterruptible
system availability is described in Chapter 8.

The major change in the design of inverters since their inception for
UPSs is the replacement of the silicon controlled rectifiers (SCRs) as the
switch devices by IGBTs. The SCRs require forced commutation to turn
off the current—that is, to open the switch. The IGBTs are controlled
by the gate voltage. The forced commutation for SCRs required addi-
tional circuits and operations that increased the failure rates and
reduced the reliability of the inverters. Furthermore, the IGBTs can be
switched much faster than SCRs, which enabled pulse-width modula-
tion (PWM)—in other words, the voltage and current waveform shap-
ing to be used.

An early concept of UPS that preceded the SCR is shown in Figure 9.2a.
It was a rotary machine set consisting of a diesel engine, clutch, elec-
tric motor, flywheel, and generator [9.1]. When utility power was avail-
able, the motor drove the generator. When utility power failed, the
engine would be started while the flywheel and the generator slowed.
At a certain speed, the clutch was engaged so the engine could drive
the generator to restore and maintain its synchronous speed. A motor-
generator which is a UPS, but employs batteries to provide energy
when utility power fails, is shown in Figure 9.2b.

132 Chapter Nine

1 MTBF � Mean time between failures. MTTR � Mean time to repair.

CB
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Alternate
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Figure 9.2a MG UPS with flywheel, clutch, and diesel engine [9.1].
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Types of UPS Equipment

Commercially available UPS equipment can be categorized into the fol-
lowing types, depending upon the manufacturer and the application.

■ Output Ratings
■ Power: 1 kVA single-phase to 1000 kVA three-phase per module
■ Voltage: 120 V single-phase to 208 V/120 V or 480 V three-phase

■ Design
■ Double: Conversion or Delta
■ Inverter: Power transistors, IGBTs. Pulse-width modulated with

output filter
■ Battery Charger: Input rectifier or separate charger
■ By-pass Circuit: Thyristors or IGBTs
■ Maintenance By-pass: Circuit breaker

■ Energy Storage
■ Batteries: Flooded, VLRA (value regulated lead acid)
■ Flywheels
■ Fuel cells

■ Typical Run Time
■ Batteries: 5 to 20 minutes at full load
■ Flywheels: 15 seconds, enough time to start E/G set
■ Fuel cells: 8 hours

Uninterruptible Power Supplies 133
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Figure 9.2b MG UPS with load-commutated inverter and battery [9.1].
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Commercial equipment

The following are examples of commercial UPS equipment in order of
power ratings:

■ Rating, 1000 to 2200 VA (Figure 9.3) 
■ Delta battery-inverter
■ 120- and 240-V single-phase models
■ AVR, automatic voltage regulator, topology, voltage compensation

(See Chapter 10)
■ Hot swappable batteries

■ Rating, 3 to 10 kVA (Figure 9.4) [9.5]
■ Battery-inverter
■ Double-conversion (online rectifier-inverter)
■ Various input and output voltages, three-phase
■ Monitor and control via the Web browser

■ Rating, 120 kVA (Figure 9.5) [9.6]
■ Battery-inverter
■ 480 V, three-phase
■ Run-time: full load, 8 minutes; half load, 22 minutes
■ Interphase port, DB-25, RS-232

■ Rating, 1000 kVA, (Figure 9.6) [9.6]
■ Battery inverter
■ 480 V, three-phase
■ Configurable for N�1 internal redundancy

134 Chapter Nine

S3k2u

The slim 2U shape and advanced networking and remote
control options make this UPS the perfect choice for
networking or process control racks. The S3K2U series
UPS’s protect against most severe power disturbances
including over/under voltages through state of art sinewave,
line-interactive technology. Utility power is continually
protected by the S3K2U series while internal battery power
is maintained for deep sag conditions.

The built-in protection for under and over voltage conditions
of the S3K2U units includes low-energy lightning surge
protection on the input power source. They are provided with
an input circuit protector and a pair of surge protected data
line connectors (RJ-45).

The S3K2U series include an automatic bi-weekly test
function to ensure the capability of the battery to supply power
in deep sag situations. Should the battery fail this test, the
UPS will display a warning to indicate that the battery needs
to be replaced.

Figure 9.3 Delta line-interactive UPS, 1000VA to 2200 VA.
[Courtesy Sola/Hevi-Duty]

14



■ Modular design for fast service and reduced maintenance
requirements

■ Rating, for 225 kVA UPS, (Figure 9.7) [9.7]
■ Flywheel power system support for UPS
■ Run time, 13 seconds at UPS full load, 28 seconds at UPS 50 per-

cent load
■ Recharge time, 20 seconds
■ N�1 configurable
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AB Allen-Bradley

A
B

Industrial UPS
The double-conversion online Allen-Bradley 1609-P UPS is available in the
3 kVA to 10 kVA power range. Each model is available in various input and
output voltage combination and offers assorted output voltage and receptacle
or hard wired configurations. Its network management card allows users to
monitor and control capabilities via a standard Web browser or RSView.
Rockwell Automation

Figure 9.4 Double-conversion UPS, 3 to 10 kVA [9.5].

SL120 KG + (1) SLB120K160G2
• For data centers, facilities and high
 availabiltiy applications
• Output power capacity 120,000VA/
 120,000 watts
• Interface port DB-25 Rs-232, contact
 closure, parallel card, relay board, triple
 chassis for 3 SmartSlots
• Runtime at full/half load 8 min/22 min
• Standard warranty 1 year parts, labor, and
 travel with purchase of start-up. Optional
 on-site warranties available

Three-phase, on-line
power protection

Silcon® 120 kVA

Figure 9.5 Double-conversion UPS, 8 min run time, 120 kVA [9.6].
[Courtesy APC]
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Figure 9.7 Flywheel UPS, 130 kVA, 25 s [9.7].
[Courtesy Pentadyne Power Corporation]

Sy1000K1000G + SYMBP1000C1G12 +
(3)SYB400K1000GXR-2C
• 1000 kVA/kW 480 V UPS
• Scalable power capacity reduces UPS
 oversizing costs
• Configurable for N + 1 internal redundancy
 provides high availabilty
• Modular design for fast service and reduced
 maintenance requirements
• LCD display provides schematic overview of
 critical data
• Fully rated power kVA equals kW. This reduces
 cost by eliminating the need for an oversized
 UPS for Power Factor Corrected (PFC) loads

Symmetra∗ MW 1000 kVA

The world’s largest
modular UPS

Figure 9.6 Double-conversion UPS, 1000 kVA [9.6].
[Courtesy APC]

136 Chapter Nine

Flywheel power system
The VSS+ voltage support 
solution (VSS) flywheel power 
system provides ride-through 
protection for a safe system 
shutdown of most process 
operations or until a standby 
engine-generator can come 
online. It also handles short-
duration power disturbances so 
UPS batteries can be saved for 
longer events. A single VSS+ 
unit provides up to 25 sec. in a 
130 kVA UPS and 40 sec. in a 
80 kVA UPS. For large systems, 
multiple VSS+ system can be 
paralleled together without any 
additional communication links.
Pentadyne
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Fuel Cell System (FCS)
- Stand alone system utilizing a PEMFC
- Proprietary technology with proven life 
  and reliability
- Integrated controller

Power Conditioning System (PCS)
- Converts unregulated DC power from 
   the fuel-cell to 48 V DC regulated
- Standard industry hardware

Energy Storage System (ESS)
- 3 banks of ultra-capacitors, which provide
  a seamless power transition during fuel-cell
  start-up
- Standard industry hardware

Figure 9.8 Fuel-cell UPS, 48 V DC power, 4.5 kW [9.8].
[Courtesy UTC Power]

■ Rating, 4.5 kW, (Figure 9.8) [9.8]
■ Fuel cell–powered UPS
■ Ultra capacitors for fuel cell startup
■ Output, 28 V DC

Energy storage

The requirement for stored energy in an uninterruptible (standby) power
system is predicated on at least two parameters: (1) the time duration of
power delivery (term), and (2) the power level (energy). The requirements
further defined by the time duration can be categorized as follows [9.8]:

■ Short Term: Standby systems without available transfer means to
engine-generator sets or alternate utility feeders. These stand-alone
systems range from 100 W to 1000 kW and include 5 to 30 minutes of
stored energy capability, based on estimates of utility outage time.

■ Medium Term: Standby systems with available transfer means to
engine-generator sets, alternate utility feeders, or other sources. These
systems range up to 10,000 kW and include up to 5 minutes of stored
energy capability, based on the time to start engine-generator sets and
make the transfer.

■ Long Term: Standby systems that operate as part of a utility system,
which provide, in addition to standby function, other functions such

17



as peak shaving, voltage and frequency stabilization, and reactive
power supply. These systems can be rated up to 20 MW and can de-
liver energy for up to 8 hours. 

Requirements for uninterruptible power for specific loads can be met
by short- and medium-term systems described earlier.

Batteries

Batteries consist of one or more cells electrically interconnected to
achieve the required voltage, stored energy, and other characteristics.
Two types of operation are important: float and cycling. Float operation
describes batteries in telephone central offices where the batteries main-
tain a relatively constant voltage—for example, 48 V DC. Cycling oper-
ation describes batteries in standby systems—for example, UPS, where
the battery charge is drawn down to supply the inverter and the AC load
when the utility power fails. These batteries for UPS rated 100 kVA and
higher, are typically rated 460 V DC. The batteries are recharged when
utility power returns, or engine generators are started and run [9.8].

The specific energy and energy density of the batteries used for
standby service are shown in Figure 9.9 [9.9]. The application of these
batteries depends on additional factors besides those in the figure.
The batteries employed for standby service are described in the 
following [9.8]:

■ Flooded, lead acid batteries: These have been used for UPSs since
the 1960s [9.4], and as the backup for communications power supplies
before 1983 [9.10]. This type of battery requires periodic additions of
water to comply with its specific gravity measurements. It discharges
inflammable gas, and thus requires special facilities for safety. To fa-
cilitate venting, the gas space in flooded cells is open to outside air but

138 Chapter Nine

Li-ion

NiMH

VRLANiCd

140
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120
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0

0 50 100
Wh/I
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150 200 250

Flooded

LMP

Figure 9.9 Specific energy and energy density comparison of
batteries: Wh/kg and Wh/l [9.9].
[© 2004, IEEE, reprinted with permission]
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separated from it through a vent that incorporates a flash arresting
device. Note in Figure 9.9 that the flooded lead acid battery has the
lowest specific energy and lowest energy density compared to other
batteries.

■ Valve-regulated lead-acid (VRLA) batteries: These have seen
tremendous growth in standby usage in the last two decades [9.11].
Note their approximately two-to-one advantage over flooded batter-
ies in Figure 9.9 in specific energy and energy density. In the VRLA
cell, the vent for the gas space incorporates a pressure relief valve to
minimize the gas loss and prevent direct contact of the headspace
with the outside air.

Standard VRLA battery warranties range from 5 to 20 years depend-
ing upon their construction, manufacturer-based requirements con-
cerning proper charging and maintenance, and whether the battery is
kept in a 25�C (77�F) environment compared to a �40 to �65�C outdoor
environment. When placed in an outdoor environment, the batteries
must be heated to prevent freezing, or loss of capacity. At �6�C (20�F),
battery capacity is reduced by 30 percent. At �16�C (4�F), battery capac-
ity is reduced by 55 percent. [9.12]

Flywheels

Flywheels were the original means for energy storage in early designs
of “no-break” engine-generator sets. (See Figure 9.2a.) They are return-
ing to serve for short-time supply in standby systems as an alternative
to batteries, and in other applications.

The energy stored in a flywheel is given by the classical equation:

W � (1/2)I�
2

where W � energy, joules or watt seconds (m2
� kg/s2)

I � moment of inertia (N � m � s2)
� � rotational velocity (rad/s)

Note that the energy W stored in the flywheel is always known by the
speed �.

Sample ratings are given by Weissback [9.13] of low speed systems
(less than 10,000 rpm) capable of delivering power over 1 MVA, with
energy storage below 10 kWh. Reiner [9.14] describes a flywheel plant
concept that can supply power peaks of 50 MW for about 13 s, equiva-
lent to energy storage of 181 kWh.

For perspective, consider a UPS that requires 1000 kW at its DC bus
for 10 s to insure time for start up and transfer to back-up engine gen-
erators. The calculated energy is 2.78 kWh. Assume that the flywheel

Uninterruptible Power Supplies 139
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speed slows to 70 percent and that the flywheel generator and converter
efficiency is 0.90, the calculated flywheel stored energy must be 6.3 kWh
at full speed.

Applications. Applications of flywheels include the following:

■ No-break engine-generator set with flywheel and clutch [9.15]. The fly-
wheel provides energy to the generator when the utility source fails,
until the engine starts and reaches operating speed.

■ AC UPS, which delivers AC power to the load when the utility source
fails, as shown by Lawrence in Figure 9.10 [9.15].

■ Battery substitute in UPS, as shown by Takashi in Figure 9.11 [9.16].
■ Support medium voltage distribution network, as described by

Richard against voltage sags and interruptions [9.17].

Profactors primarily comparing flywheels to batteries include the
following:

■ Maintenance-free, bearings might need service in three to five years
[9.18]. Bearing-free flywheels utilizing magnetic levitation have
been built. 

■ Long life—for example, three times that of batteries [9.16].
■ Can provide typically 15 s of power for engine, or turbine-generator

start [9.18].
■ Short recharge time; depends on power available—for example, for

one-tenth the discharge power, approximately 20 times the discharge
time [9.19]. 

■ Smaller footprint than batteries [9.19].

140 Chapter Nine

Utility
supply

Static
switch

480 V AC Protected
load

Inverter

Low speed 
flywheel

Figure 9.10 Block diagram of flywheel UPS with static switch,
inverter [9.15].
[© 2003, IEEE, reprinted with permission]
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■ Minimum end-of-life disposal problem [9.16 and 9.19].
■ Ambient temperature (0 to 40°C) compared to batteries (20 to 25°C)

[9.19].
■ Measure available energy accurately by calculating speed and energy.
■ Can provide AC generator or DC converter output.

Con factors include the following:

■ Installed cost 1 to 1.4 times that of batteries [9.19]
■ Storage expansion not easy, requires adding units of comparable size

Other pro and con factors include availability and operator’s experi-
ence with flywheels.

Fuel cells

Fuel cells, using hydrogen as a fuel, have become a possibility to
replace lead-acid batteries in standby applications [9.20]. Figure 9.12
shows a comparison of the acquisition cost of lead-acid batteries and
fuel cells for a 10-year period in a standby power application. The
rising cost of batteries is based upon an assumption of replacement at
36- to 60-month intervals [9.21].
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Figure 9.11 Electrical diagram of double-conversion UPS with flywheel energy stor-
age, rating 5 kVA, 1 min [9.16].
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Table 9.1 shows the major types of fuel cells considered for standby
and alternative electric power use. For applications that require frequent
and rapid start-ups, and where hydrogen and air are the available reac-
tants, a polymer-electrolyte membrane fuel cell (PEMFC) is the obvious

142 Chapter Nine

TABLE 9.1 Major Types of Fuel Cells. (Advantages vs. Disadvantages) [9.22] 

Operating
Electrolyte temp. (�C) Advantages Disadvantages

Polymer- 60–100 ■ Highest power density ■ Relatively expensive 
electrolyte ■ Reduced corrosion catalysts required
membrane and electrolyte- ■ High sensitivity to fuel 
fuel cell management problems impurities
(PEMFC) ■ Rapid start-up time

Alkaline 90–100 ■ High power density ■ High sensitivity to fuel 
fuel cell ■ Demonstrated in impurities
(AFC) space applications ■ Intolerant to CO2

Phosphoric 175–200 ■ High quality waste ■ Relatively expensive
acid fuel heat (for cogeneration catalysts required
cell (PAFC) applications) ■ Relatively low power 

■ Demonstrated long life density

Molten 600–1000 ■ High quality waste heat ■ High temperature enhances
carbonate ■ Inexpensive catalysts corrosion and breakdown 
fuel cell ■ Tolerant to fuel of all cell components
(MCFC) impurities ■ Relatively low power density

Solid 600–1000 ■ High quality waste heat ■ High temperature
oxide fuel ■ Inexpensive catalysts enhances corrosion and
cell (SOFC) ■ Tolerant to fuel breakdown of all cell 

impurities components
■ Solid electrolyte ■ Sealing of stacks

[© 2004, IEEE, reprinted with permission]
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Figure 9.12 Battery cost versus capacity per kW power
output. Acquisitions cost comparison for fuel cells and lead-
acid batteries in standby power applications. Battery cost-
diagonal shading. Fuel cell cost [9.21]. 
[© 2004, IEEE, reprinted with permission]
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choice. PEMFC fuel cells also have the highest power density of all of
the types in Table 9.1 [9.22]. Fuel cells utilizing hydrogen as fuel can
operate for relatively long periods of time—for example, hours—or for
short periods, in standby service, in the nature of engine-generator sets
or batteries.

Applications. Specific applications include the following:

■ Space (used on Gemini, Apollo, and space shuttle missions)
■ As a UPS, which requires instant availability of power when utility

service fails. The fuel cell by itself requires heating to start up. UTC
Fuel Cells show a 5-kW UPS to supply 48 V dc for telecom applica-
tions, which uses ultracapacitors to supply the energy during the
start up of the fuel cell system.

■ The telecom industry is considering fuel cells as an alternative to VRLA
batteries for sites requiring 1 to 3 kW for up to eight hours [9.20–22].

■ Nakamoto, et al. show a 4.5-kW fuel cell system to produce 300 V ac
power, Figures 9-13 and 9-14 [9.23].

■ Utility industry applications include a study by Sedghisigarchi and
Feliachi of 1.5-MW fuel cell systems and gas-turbine generators oper-
ating on a common bus in a 9-MW system [9.24].
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Figure 9.13 Block diagram of 4.5-kW fuel cell UPS [9.23]. 
[© 2000, IEEE, reprinted with permission]
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NTWED

Figure 9.14 External appearance of 4.5-kW fuel cell UPS [9.23]. 
[© 2000, IEEE, reprinted with permission]

Ultracapacitors

Ultracapacitors can substitute for batteries in low-power UPS. Their fea-
tures include

■ Construction: These capacitors utilize electrodes of highly porous
carbon to achieve large values of capacitance per unit weight. Zorpetta
quotes surface area of 1500 m2/g; a typical electrode of 250 g would
have an area of 375,000 m2 [9.25]. 

■ Ratings: Maxwell Technologies offers ultracapacitors ranging from
5 to 10 F to cylindrical 2700 F, rated 2.5 V DC per cell [9.26]. Storage
amounts to 3 or 4 Wh/kg [9.25]. 

■ Applications: One manufacturer offers UPS modules rated 1.6 and
2.3 kW, replacing batteries, employing 2300 F of ultracapacitors [9.27].
M. L. Perry describes a 5-kW fuel cell standby power unit in which
three banks of ultracapacitors provide the energy while the fuel cells

144 Chapter Nine

24



are coming on line [9.22]. Usage of ultracapacitors to supply peak
power loads over average power is described by Maher [9.26]. 

■ Problems: Because of the low voltage rating of ultracapacitor cells—
for example, 2.5 V DC—the cells must be connected in series for a typ-
ical 48 V DC application, with the usual problems of cell current and
voltage division during charging [9.26]. Cost of $9500/kWh is five
times that of lead-acid batteries [9.26].

Summary

The uninterruptible power system is necessary to provide reliable power
to critical loads that cannot tolerate interruption. The most widely used
equipment is the battery inverter UPS module that is available in power
ratings from 100 W to 1000 kW (and higher) at all commercial input
and output voltage and phase configurations. Energy storage is usually
provided by flooded or VLRA-type batteries for full-load operating times
in the range of minutes. Recently developed energy-storage alterna-
tives include flywheels and fuel cells.
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Chapter

13
Standby Power Systems

The term standby power systems describes the equipment
interposed between the utility power source and the electrical
load to improve the reliability of the electric power supply to the
load. In previous chapters, we have described the deficiencies
in the electric power supply, such as voltage sags and
interruptions, and their effect on individual types of loads.
The loads that require standby power can range from a single
personal computer supplied by a battery-powered UPS to a
large data processing center. In this chapter, we will describe the
principal components used in standby power systems—namely,
UPSs, transfer switches, and engine-generator (E/G) sets.

Principles: Standby Power System Design

The design of a standby power system for a specific electric-power load
requires consideration of the following factors:

■ Reliability: The questions are
■ What is the power quality of the utility source?
■ What is the cost of a power-quality event?
■ Will the system be required to operate continuously (24/7)?
■ What reliability of the electric power supply is required in terms of

MTBF, minutes per year unavailability, Tiers, or other measures?
■ Maintenance: The questions are

■ Can the load be shut down to perform maintenance or equipment
replacement on the standby power system?

■ Can the standby power system be designed as online, or standby-
redundant, for reliability or maintenance?
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■ Expansion: The questions are
■ Is expansion or modification of the load planned with or without

shutdown?
■ Is expansion of the standby power system planned in terms of

increased UPS-kVA rating, energy-storage capacity (batteries) or
engine-generator kVA?

■ Personnel: The questions are
■ What type of monitoring system is planned? Onsite, contract-type,

alarm equipment?
■ What level of training will be given to personnel? Instruction regard-

ing the complexity of the system? Will the training be done by vendors?
■ Cost: The questions are

■ How much are measures worth for a standby power system over the
basic unprotected supply of power to the load?

Components to Assemble Standby 
Power Systems

Components have been described in the previous chapters to correct for
utility and internal-plant power deficiencies. These components can be
assembled into standby power systems for critical loads and systems.
They include the following [13.1]:

■ Transformers:
■ Constant-voltage (CV) transformers for voltage regulation
■ Phase-shifting transformers for harmonic cancellation
■ Power distribution unit (PDU) transformers to supply individual

loads
■ Dynamic Voltage Compensators:

■ Compensation for short-time voltage sag and interruption
■ Extended time operation
■ Single-phase, three-phase loads

■ Uninterruptible Power Supplies (UPSs):
■ Single-phase, battery support
■ Three-phase, battery support
■ Flywheel energy storage
■ Fuel-cell energy storage

■ Support Equipment:
■ Engine-generator set
■ Gas-turbine generator set
■ Transfer switch, E/G set
■ Transfer switch, utility feeders
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Sample Standby Power Systems

The design of practically every standby power system using the preced-
ing list of components is unique. Each design is based upon the total elec-
trical load (kVA), the reliability and number of utility feeders, the space
available, the reliability requirements for the load power, the selection
of the UPS modules, PDUs, transfer switches and E/G sets, the dollars
available, and other factors. Sample basic systems in order of cost and
complexity include the following:

1. Dynamic Voltage Compensator plus a PC: The simplest combi-
nation of a standby power system and a PC is shown in Figure 13.1.
The compensator only protects the PC from short-time utility volt-
age interruptions up to three cycles (50 ms) and sags to 50 percent
for up to 2 s.

2. UPS plus a PC: This configuration (as shown in Figure 13.2) of a single-
phase battery-powered UPS supplying a single personal computer,
is the most common arrangement for preventing voltage distortion,
sags, surges, and interruptions from affecting the PC. Typical UPSs
of 300-W rating, 5-min battery run time, and 120-V terminals in and
out are commercially available. The UPSs are line-interactive (Delta)
or double-conversion (online). The PC plus UPS can be used in an
office, home, factory, or as part of an industrial control or monitor-
ing system.

3. UPS plus a server and PCs: The battery-powered UPS can supply
multiple PCs from the load terminals of a three-phase UPS, as shown
in Figure 13.3, or a local area network (LAN), as shown in Figure 13.4.
The UPS would be rated in the 2-to 10-kVA range, typically 208/120-V
output, and 10-min battery run time. The UPS must have a sufficient
power rating to provide the start-up inrush current to the inputs of
the PCs, servers, and printers. The UPS will shut down for utility
power interruptions exceeding the battery ampere-hour run time. For
maintenance work on the UPS, such as battery replacement or repair,
either the UPS is shut down, or the load is transferred to the utility
source with a synchronized by-pass switch. Some UPSs utilize “hot
swappable batteries.”
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4. UPS plus a Transfer Switch and an E/G Set: An elementary
standby power system to withstand long utility power interruptions
and long UPS maintenance periods is shown in Figure 13.5. The
system operates in the following ways:
■ Normal-utility service. The UPS receives power from the UPS bus

and delivers power to the load. The battery has been charged by
utility power.

■ Utility service is interrupted. The UPS receives power from its
battery and continues to deliver power to the load. The E/G set
starts. The transfer switch operates to supply generator power
to the UPS. The UPS bus is transferred to the E/G set. The bat-
tery recharges. When utility service is restored, the process is
reversed.

■ UPS must be taken out of service. The E/G set is started. When it
is up to speed, voltage, and frequency, the transfer switch operates.
The UPS by-pass switch is closed to supply the load from the E/G
set. The UPS is taken out of service. When the UPS is to be returned
to service, the process is reversed.
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5. UPS plus Two Feeders and a Utility Transfer Switch: An ele-
mentary standby power system utilizing two utility feeders from two
substations is shown in Figure 13.6. In case of a feeder fault or fail-
ure, the utility transfer switch transfers the service to the alternate
feeder. The UPS operates from its battery during the transition.
Other loads, such as air conditioning, heating, and lighting, either
continue to operate or must be restarted.

Engine-Generator Sets

Engine-generator sets (E/G sets) are used in standby power systems to
extend the operation time of the UPS beyond the available discharge
time of the batteries. For large UPSs (for example, larger than 100 kVA),
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the battery time is usually only several minutes. The transfer from util-
ity line to E/G set, including starting and stabilizing the generator for
frequency and voltage, can be accomplished in about 10 s. Sometimes a
short time delay is introduced in starting to avoid too frequent E/G
starts for short-time voltage sags and interruptions that can be handled
by the batteries of the UPS.

Engine-generator sets are available from 50 to 2500 kVA. A 218-kVA
diesel-engine generator set is shown in Figure 13.7 [13.1]. For larger
loads, it is common to employ multiple E/G sets operating in parallel to
obtain reliability through redundancy and to have a set available for
maintenance. In addition, electric power is required for non-UPS load—
that is, air conditioning, lighting, and water pumps. Combustion tur-
bines are also employed to drive generators in standby applications.

Standards

The major problem for the installation of E/G sets is environmental. The
sets produce noise, exhaust, and vibration; they require coolant air or
water, fuel, and fuel systems; they are heavy and require adequate foun-
dations. A list of codes and standards governing E/G sets as an alter-
native to utility power includes the following:

■ ANSI/IEEE 446-1995, “Recommended Practice for Emergency 
and Standby Power Systems for Industrial and Commercial
Applications” [13.2] 
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Figure 13.7 Diesel engine-generator set. Rating: 175 kW, 0.8 PF,
480 Y / 277 V, 60Hz [13.1].
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■ NFPA 110-2002, “Standards for Emergency and Standby Power
Systems” [13.3]

■ NFPA 70-2005, “ National Electrical Code” specifically [13.4]
■ Art. 700, “Emergency Systems”
■ Art. 701, “Legally Required Standby Power Systems”
■ Art. 702, “Optional Standby Power Systems”

Component parts of an E/G set installation

The component parts or subsystems of an E/G set are shown in 
Figure 13.8. Detailed information is given in On-Site Power Generation:
A Reference Book, fourth edition [13.5]. The parts are described as follows:

■ Engine: Gasoline, diesel, internal combustion engine, or a combus-
tion gas turbine. Turbine requires minutes to start and acquire load,
compared to seconds for an internal combustion engine.

■ Generator: Three-phase salient-pole (1800 r/min or 3600 r/min)
exciter for field current and damper windings for parallel operation.

■ Fuel: Gasoline, diesel oil, natural gas, or another. Requires day tank
and offsite tank, pumps, piping, vents, and filters.

■ Coolant: Radiator and fan mounted on the engine, or external to the
engine, with ducts to the engine.

■ Exhaust: Muffler and exhaust piping to discharge gases and control
noise.

■ Starter: Electric motor, battery, and charger, or pneumatic means and
high-pressure air storage. Start initiated by signal from manual switch
or transfer switch.
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■ Control: Electronic isochronous governor for independent operation
and when synchronized to other generators and/or to the utility line.
Active power load division. 

■ Generator Protection: Relays to monitor load current, terminal
voltage, reverse power, frequency, over temperature, to operate alarms
and trip the circuit breaker. 

■ Voltage Regulator: Electronic regulator for the exciter or main field
current to regulate terminal voltage. Reactive power load division.

■ Synchronizer: Controls engine speed and circuit breaker closing
when the E/G set is to operate in synchronism with the utility line
and/or other E/G sets.

■ Circuit Breaker: Electrically operated. Rated for generator over-
load current and for maximum three-phase short-circuit current.

Operation. The E/G set is a universal, useful, piece of equipment at a
site whose output supplements utility service. Its operation includes the
following functions:

■ Loads: Include UPS, lighting, air conditioning, heating, fans, pumps,
electronic equipment, and appliances. To a degree, loads can draw
non-sinusoidal current (harmonics) and be unbalanced. The generator
must have low subtransient reactance (damper windings) and/or be
oversized for harmonic load current.

■ Emergency Operation: The controls of the transfer switch order the
E/G set to start when an interruption in utility voltage is detected (or
a manual test signal is entered). When the generator voltage has sta-
bilized at the correct amplitude and frequency, the transfer switch
transfers the load to the E/G set. Starting and transfer usually takes
about 10 s. When utility power is restored, the controls allow the E/G
set to run for about 30 min before the transfer switch transfers the
load back to the utility power. Multiple engine-generator sets start in
sequence.

■ Testing: E/G sets for emergency service should be tested about once
a week, and allowed to run at least 30 min. The generator can be
loaded with one of the following: (1) a dummy load, (2) a facility load,
or (3) it can be synchronized to the utility line. The test can be initi-
ated manually or automatically from a programmable controller.

■ Non-emergency Standby: The E/G can be used to provide power to
equipment or facilities when the normal power source is not avail-
able—for example, when they are under construction or maintenance
work is being done. The UPS can be placed on by-pass. Adequate fuel
must be available.
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■ Parallel Operation: Two or more E/G sets can be operated in par-
allel for redundancy, to secure more than one set’s power, and to
handle large motor starting. The governors and voltage regulators
must insure parallel operation at the required voltage and frequency,
as well as active and reactive power division.

Transfer switches

The purpose for a transfer switch is shown in Figure 13-5. The switch
connects the load, in this case a UPS, to either the utility source or
to an E/G set. The operation is usually conducted when power from
the utility line is interrupted and the output of the E/G set must
supplement the capacity of the batteries of the UPS. The transfer
switch has other functions, such as transferring between two feed-
ers or transformers, and transferring power to a motor from a failed
feeder to an alternate feeder. The subject is covered extensively in ref-
erence [13.5].

Standards. Pertinent standards on transfer switches include the
following:

■ NEMA, “AC Automatic Transfer Switches,” ICS 2-44 [13.6]

■ NFPA, “National Electrical Code,” NFPA 70-2005 [13.4]

■ UL, Standard for Automatic Transfer Switches, fourth edition, UL
1008 [13.7]

■ NFPA, “Emergency and Standby Power Systems,” NFPA 110-2005
[13.3]

Types of transfer switches. Several types of transfer switches are avail-
able and include the following:

■ Manual: The transfer switch can consist of a double-throw multi-
pole switch, or two mechanically interlocked circuit breakers or
contactors.

■ Automatic Electromechanical
■ Three-pole or four-pole to switch three phases with or without

neutral.
■ Open or closed transition, which usually requires utility permission

when switching E/G sets with respect to a utility line.
■ Controls, including voltage sensing, engine starting and shutdowns.

■ By-pass: Incorporates a by pass switch section that can connect the
preferred line to the load while the transfer switch is removed for
maintenance, as shown in Figure 13.9 [13.5].
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■ Solid State: Utilizes thyristor or GTO AC switches in each leg, as
shown in Figure 13-6. Transfer switches have been built for switch-
ing utility feeders rated up to 34 kV.

Applications. Applications for transfer switches include nearly every
area of electrical application, particularly those devoted to high relia-
bility and safety. These include the following:

■ Utility to E/G Set: A generic diagram is shown in Figure 13.10. The
shape of the movable contact is typical to obtain a short travel distance
and no ambiguity of contact positions.

■ UPS Supply: Transfer from a utility line to an E/G set to supplement
the UPS battery. Data centers employ up to 10,000 kVA of E/G sets
and suitable transfer switches.

■ Electric-Motor Transfers: For large induction motor–driven fans
and pumps, as in power plants, transfer switches are employed where
two alternate transformers or feeders are provided.

■ Lighting: Alternate and emergency lighting systems supplied by
transfer switches from batteries, inverters, and alternate feeders. 
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Figure 13.9 Automatic transfer
switch with optional bypass- iso-
lation switch [13.5].
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Summary

Standby power equipment provides the means to improve the reliabil-
ity of the utility electric power supply to critical load equipment.
Alternate feeders and E/G sets utilizing transfer switches are the prin-
cipal means of providing both power and standby power to UPSs, health
care facilities, and telecommunications systems. The design requires
consideration of all aspects of the existing utility supply and the desired
objectives of the high-reliability system.
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Figure 13.10 Normal/emergency sources. Automatic transfer switch [13.5].
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Chapter

14
Power Quality Measurements

In this chapter, we shall discuss practical issues related to
making power-quality measurements. Any measurement job
requires the proper tools to do that job. The monitoring of
power quality at the supply end, at distribution and
transmission, and at the load end has become of major interest
in recent years. In the following, we will discuss various types
of equipment used in power-quality measurements, and the
proper use and limitations of such equipment.

Multimeters

Multimeters are used to measure voltages, currents, and resistances.
Typical applications of multimeter measurements are line-voltage meas-
urements and imbalance measurements. In making voltage and current
measurements, generally we’re interested in measuring the rms value
of the waveforms. Some subtleties are associated with this measurement.

In one type of multimeter, the input waveform is rectified and aver-
aged, as shown in Figure 14.1a. This method works well for pure sine
waves (where the rms value is the peak value divided by the square root
of two), but for waveforms with harmonics, this method is prone to errors.
Error is especially high for waveforms with a high crest factor.

Several types of multimeters produce “true-rms” readings—that is,
they accurately report the rms value of waveforms with harmonic
distortion. One type of true-rms multimeter employs an rms-to-DC
converter (Figure 14.1b). Several IC manufacturers produce rms-to-
DC converter integrated circuits.1 Another method of producing true-rms
readings involves a thermal measurement method (Figure 14.1c) [14.1].
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True-rms multimeters are more accurate in the measurement of the
rms value of periodic waveforms.

Oscilloscopes

Today’s oscilloscopes have more than enough bandwidth to display the
harmonics present in all power-quality events. For instance, the 20th har-
monic of the line frequency in the U.S. is 1200 Hz, which is much lower
than the bandwidth of even an inexpensive oscilloscope. Impulsive tran-
sients (like that caused by lightning strikes or power switching) typically
last a few microseconds. It is well within the capability of oscilloscopes
to measure and display these waveforms with good accuracy.

Scopes are often used in conjunction with current probes2 to measure
AC line currents. Often, differential voltage probe3 modules are used to
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Figure 14.1 Multimeter types for making AC voltage measure-
ments. (a) Rectify and average. (b) Analog computation. (c) Thermal.

2 See, for example, the Tektronix P6042 current probe, which has a response from DC
to 50MHz.

3 The differential probe overcomes the practical problem of using a single-ended scope
probe, which has a signal input and a ground clip.
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measure the voltage difference between two points in a system. Many
manufacturers make high voltage differential probes that are compat-
ible with oscilloscope inputs. Typical specifications for differential
probes4 are

■ Bandwidth: 100 MHz
■ Differential voltage: 5000 V
■ Common-mode voltage: 2000 V

A typical system for making high voltage differential measurements
is shown in Figure 14.2. We see that the output of the differential probe
is a 50-� BNC cable5 that interfaces with an oscilloscope. The differen-
tial probe has a conversion ratio (millivolts per volt) that brings down
the signal levels to the oscilloscope to a manageable level.

Current Probes

Current probes come in several different types. Hall-effect current
probes (like that used in the Tektronix P6042) detect all the way down
to DC by utilizing the “Hall effect.” Hall devices are semiconductors
that generate an output voltage in response to a magnetic field created
by a current. Hall probes have the advantage that they provide output
at DC. Unfortunately, they are prone to drift and should be calibrated
prior to use.

Other types of current probes use current transformers (CTs). CT cur-
rent probes do not give an output at DC since they are based on trans-
former action. A typical test setup using a CT and an oscilloscope is shown
in Figure 14.3. CT current probes give a conversion ratio (volts per amp)
when terminated in the proper resistance—in most cases 50 �.
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Figure 14.2 Measurement system for making high voltage differential
measurements.

4 See, for example, the Tektronix P5200 high-voltage differential probe.
5 BNC cables are coaxial cables used in instrumentation and video. A BNC cable is char-

acterised by its transmission line characteristic impedance, which is typically 50 or 75 �
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Search Coils

The magnetic field produced by a current can be detected by a “search
coil” as shown in Figure 14.4. The voltage output of the search coil is
found using

where N is the number of turns in the search coil, A is the area of the
coil, and dB/dt is the time rate of change of the magnetic flux density per-
pendicular to the plane of the search coil. In the setup of Figure 14.4,
the magnetic field H and the magnetic flux density B are found using

where r is the mean radius from the current-carrying wire to the search
coil, and mo is the magnetic permeability of free space. Note that this
measurement can be affected by stray time-varying fields from sources
other than the current-carrying wire being measured.

B 5 moH

H 5
i

2pr

vo 5 NA dB
dt
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Power-Quality Meters and Analyzers

A number of manufacturers make “power-quality meters” and “power-
quality analyzers,” which are instruments similar to oscilloscopes,6 but that
have a number of functions particularly suited to making power-quality
measurements. In measuring power quality, we must be able to trigger on
events that are not continuous (such as a voltage sag) or transient (like that
caused by lightning strikes or utility faults). For instance, typical power-
quality meters/analyzers and analyzers have the following functionalities:

■ Datalogging—capturing waveforms in real-time for later display
■ The ability to trigger on power-quality events such as sags, swells, or

transients
■ Calculation of power-quality metrics such as total harmonic distortion

in real-time
■ Spectrum analysis
■ Inputs for high-voltage probes and high-current probes

Numerous factors [14.3] should be considered when selecting a power-
quality measurement meter/analyzer, including:

■ The number of channels (for instance, single-phase or three-phase)
■ The input voltage range
■ The current measurement range
■ Isolation
■ Communication capabilities (For example, can the instrument be net-

worked or tied to a stand-alone computer?)

The block diagram of a typical system with a power-quality analyzer
is shown in Figure 14.5. The power-quality analyzer A/D converts system
voltages and currents. Power indices such as THD, harmonic content,
and the like are calculated in real-time. In addition, the analyzer has
on-board memory so data may be saved for future analysis.

The output of a typical power-quality analyzer is shown in Figure 14.6,
where we see the time waveform of the line current in a copy machine (top
trace) and the harmonics (bottom trace).

Current Transformer Analysis in Detail

A typical setup for high-current sensing is shown in Figure 14.7. The pri-
mary side current we are trying to measure is Ip, and is supplied by a
bus bar. The CT steps the current down with the ratio 1:Ns. We resistively
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6 See, for example, Fluke and Dranetz BMI, among others.
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Figure 14.5 A block diagram of a power-quality analyzer
[14.4].
[© 1997, IEEE, reprinted with permission]
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Figure 14.6 Power-quality analyzer measurements on a Xerox machine [14.5]. (a) Line
current (b) Spectrum.
[© 2004, IEEE, reprinted with permission]
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load the secondary in order to convert the secondary current Is to a volt-
age that we measure.

In order to sense the primary-side current, the CT secondary is loaded
with a resistive load RB (called the “burden”), as shown in Figure 14.8.
This burden converts the secondary current IS to a voltage Vsense, which
is detected by electronics further downstream. The ideal input-output
transfer function between the input current Ip and the sensed voltage
Vsense, assuming no transformer parasitics, is

Of course, this transfer function assumes the transformer is ideal.
A more realistic model of a current transformer is shown in Figure 14.9a.
Elements of this model include

Vsense �
IpRB

Ns
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IP

IS

Turns

NS

IP

μ
∞

Figure 14.7 A typical current transformer for a high-current application.
The primary of the transformer has one turn (due to the bus bar) and
the secondary has Ns turns. The CT provides a current step-down.

Figure 14.8 The ideal CT loaded with the “burden” resistor RB.

Vline

IP Is

RB Vsense

+

–

I : Ns

Ideal transformer

45



■ Rc: The core loss resistance, which models power dissipation due to
eddy currents and hysteresis in the core

■ Lm: The magnetizing inductance. This is the inductance you would
measure if you connected up an impedance analyzer to the secondary
side of the transformer, with the primary open-circuited.

■ Rw: The copper winding resistance of the secondary winding.

In some cases, the core loss and secondary winding loss are negligi-
ble, and we can model the transformer as shown in Figure 14.9b.

A model7 of the secondary circuit is shown in Figure 14.10. In this cir-
cuit, we’ve referred the primary current to the secondary side of the
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I : Ns

Rc Lm

Rw

(a)

I : Ns

Is

IP

Lm

(b)

Figure 14.9 Models of a current transformer. (a) Includes parasitic ele-
ments such as core loss resistance Rc, magnetizing inductance Lm
(referred to the secondary), and secondary winding resistance Rw.
(b) Model resulting from the assumption that the core loss and sec-
ondary winding resistance have negligible effects.

7 Of course, this more realistic view still ignores many important parasitic effects, includ-
ing secondary winding resistance, core loss, and primary to secondary leakage inductance.
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transformer, and termed it Is. The value of Is is stepped-down from the
primary and is

We see that the sensed voltage Vsense depends not only on the value of
the burden resistor Rb, but also on the value of the “magnetizing induc-
tance”8 Lm as measured on the secondary side. The transfer function
relating the reflected primary current I�

p to the sensed voltage Vsense in
the Laplace domain is

The magnitude and phase9 of this transfer function are

Note that at very low frequencies (well below RB/Lm), the transfer
function magnitude approaches zero. This is as expected, because a
transformer does not pass currents at DC. At very high frequencies,
the magnetizing inductance Lm essentially becomes an open circuit and
all the current passes through the RB burden resistor. 

/
Vsensesvd

I rpsvd
5
p

2
2  tan 21avLm

RB
b

` Vsensesv2d

I rpsv2d
` 5 Lmv

Ä aLm

RB
vb2

1 1

Vsensessd
I rpssd

5
Lms

Lm

RB
s 1 1

I rp 5
Ip

Ns
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Is

Lm RB Vsense

+

–

Figure 14.10 A secondary circuit.
The current Is is the primary cur-
rent referred to the secondary
through the turns ratio Ns.

8 The magnetizing inductance is the inductance you would measure if you put the sec-
ondary winding on an impedance analyzer.

9 Note that the phase is expressed in radians. The conversion to degrees is degrees �
radians � (360/2	).

47



The magnitude and angle of this transfer function are shown in the
Bode plots of Figure 14.11. Note that the transfer function of the current
transformer approaches the ideal only for frequencies where �WRB/Lm.
Also note that there can be significant phase shift through the CT even
if the magnitude of the transfer function is very close to the ideal. Let’s
examine the transfer function gain and angle in the case of � W RB/Lm.

/
Vsensesvd

I r
psvd

5
p

2
2  tan 21avLm

RB
b < RB

vLm

` Vsensesvd
I r

pssd
`
vW 

RB

Lm

< RB
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Lm
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(b)

Figure 14.11 The transfer function relating sensed voltage Vsense to
input primary current Ip. Note that the ideal input-output transfer
function has a flat gain over all frequencies, and zero phase shift. 
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Note that the angle is expressed in radians. This result shows that
there can be significant phase shift through the transformer even if the
magnitude is very close to the ideal.10

Figure 14.12 shows three current probes for making real-time meas-
urements on a 600-V adjustable speed drive, used by one of the authors
in a factory measurement in 2005. Instrument transformers are dis-
cussed in much detail in references [14.6] and [14.7].

Example 14.1: Current transformer. A 60 Hz current transformer has a
primary current of 500 A and a turns ratio of 1000:1. The CT has a
burden resistor of 1 ohm and a magnetizing inductance of 100 milli-
henries. We’ll find the 60 Hz gain and phase error for a current trans-
former with magnetizing inductance Lm � 1 millihenry and burden
resistor RB � 1 �. We’ll also find the ideal output voltage level Vsense,
assuming a transformer turns ratio of 1000:1, and the power dissi-
pated in the burden resistor.

The ideal output voltage level is

Vsense 5
IpRsense

Ns
5
s500ds1d

1000
5 0.5 V
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10 This result is characteristic of first-order systems.

Figure 14.12 Current probe measurements on a adjustable-speed drive. 
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The magnitude of the sensed voltage is

Therefore, the magnitude error is only 0.04 percent. We find the
angle11 as follows:

Therefore, the sensed voltage has a �1.5� phase shift in relation to the
primary current. The power dissipated in the burden resistor is due to
the secondary current of 0.5A, and is

Example 14.2: CT error. A CT is utilized in a data acquisition system and
is used in the calculation of real power, reactive power, and the power
factor in a single-phase system with sinusoidal voltages and currents.
CT has an ideal magnitude response, but a positive phase shift of 5
degrees. Using data from this CT and other instrumentation, the data
acquisition system calculates values of:

■ Apparent power S � 10 kVA
■ Real power P � 9 kW
■ Reactive power Q � 4.36 kVAr
■ Power factor PF � 0.9 lagging

We shall determine the error in the four measurements due to the
phase shift through the CT.

The calculation of apparent power is correct, since calculation of S does
not depend on the phasing of the measured voltage and current. So, we
find

S � 10 kVA

Pdiss 5 I2
s RB 5 0.25 W.

/Vsense � 90� � tan�1avLm

RB
b � 90� � 88.5� � �1.5�

ZVsense Z � a IpRB

Ns
b 1

Ä aLmv

RB
b2

� 1

� s0.5 V ds0.999648d � 0.4998 V
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11 The �90� is due to the inductor at low frequencies. For a purely inductive circuit, the
voltage leads the current by 90 degrees.
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Next, we’ll look at the power factor. The data acquisition system cal-
culated a power factor of 0.9, which means the angle between voltage
and current is


 � cos�1(0.9) � �25.8�

However, we know that the actual angle is 5 degrees more (due to the
error in phase shift from the CT). Therefore, the actual power factor is

PF � cos(�30.8) � 0.86

We now find the real power:

P � (PF)(S) � (0.86)(10 kVA) � 8.6 kW

Next, we find the reactive power:

The result is that a relatively small phase shift can result in large cal-
culation errors.

Summary

In this chapter, we have discussed some of the subtleties of power-qual-
ity measurement, including selection of the proper measurement equip-
ment. A successful power-quality measurement involves choosing the
proper measurement tool, and using it correctly.
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Index

AC contactors and relays, 165–170
correction methods for, 169–170
operation of, 165–168
power quality events affecting, 

165–170
voltage disturbance and, 168–169

Accuracy, 5
Active harmonic filters, 95–97, 119
Adjustable speed drives (ASDs), 

177–188
applications of, 178–179
disturbances affecting, 180–181
harmonic filters for, 86
line current for, 73–74
protection of, 183–188
rectifier of, 178
voltage unbalance affecting, 

181–183
AFCs (alkaline fuel cells), 142
Airgap fields, reverse-rotating, 42
Alkaline fuel cells (AFCs), 142
Allen-Bradley 1609-P UPS, 134
American National Standards Institute

(ANSI) Standard C64, 17–18
Amplitude variation, in three-phase

rectifiers, 40
Analysis methods, 155–156
Analyzers, power-quality, 205, 206
ANSI Standard C64, 17–18
Arc furnaces, 39
Area power, 110
ASD (see Adjustable speed drives)
Automated voltage regulator (AVR), 134
Automatic data processing, 156
Automatic electromechanical transfer

switches, 198
Availability, “five nines” (99.999 percent),

113
AVR (automated voltage regulator), 

134

Batteries, 133, 138–139
in double-conversion UPS, 129
flooded, lead acid, 138, 139
hot swappable, 134, 191
VRLA batteries, 139

Battery chargers, 133
Battery-inverter UPS, 119, 120
B/H curves, 72
Boost converters, 101–104, 186
Bridge rectifiers, three-phase, 4
Bulk power, 110
“Burden” (resistive load), 207
By-pass circuits, 129, 130, 133
By-pass transfer switches, 198

Cables, fiberoptles, 10
California Energy Commission 

(see Switch mode power supplies)
Capacitor banks:

harmonics affecting, 44
switching, 34–35

CBEMA curves (see Computer Business
Equipment Manufacturers
Association)

Chargers, for batteries, 133
Circuit(s):

by-pass, 129, 130, 133
switching, 5, 95

Circuit breakers:
in E/G set, 197
harmonics affecting, 44

CISPR (see International Special
Committee on Radio Interference)

Clearing, fault, 1
Commercial dynamic voltage

compensators, 153–154
Commercially available UPSs, 133–137
Commutation:

current, 8
in rectifiers, 35
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Compensators, dynamic voltage (see
Dynamic voltage compensators)

Component parts (subsystem), of E/G
sets, 196–197

Computer Business Equipment
Manufacturers Association (CBEMA)
curves, 18–20, 151, 156

Computer shutdown, 1
Computers:

digital, 163
personal (see Personal computers)

Conducted EMI:
improving, 107
noise from, 100
testing for, 106–107

Conducted emissions, 21
Constant voltage transformers (see

Ferroresonant transformers)
Contactor(s):

AC (see AC contactors and relays)
DC, 170

Contactor ride-through devices, 10
Control:

detecting, 152–153
dynamic voltage compensators for,

152–153
for E/G set, 197

Controllers, 162–165
correction measures for, 164–165
data links for, 163
defined, 162
design of, 163, 164
disturbances to, 163, 164
inputs to, 163
power quality events affecting, 162–165

Converter-battery charger, 129
Converters:

boost, 101–104, 186
DC/DC, 104–106
flyback, 100, 101
full-bridge, 49
half-bridge, 49
power, 49
push-pull forward, 103
shunt, 149
twelve-pulse, 115

Coolant, for E/G set, 196
Correction methods, 109–126

for AC contactors and relays, 169–170
for contactors, AC, 169–170
for controllers, 164–165
CVTs as, 164, 170
dynamic voltage compensators, 119

Correction methods (Cont.):
electric power supply design, 

117–119
energy storage as, 170
load equipment design, 114–117
for personal computers, 162
for power quality events, 9
power-harmonic filters, 119
for relays, AC, 169–170
for reliability, 113
standby power systems, 122–126
transformers, 120–122
UPSs, 119–121, 164
voltage disturbances, 111–114

Costs:
of poor power quality, 2
of standby power system, 190

Coupling (see Point of common 
coupling)

Crest factor, 53–61
Current(s):

harmonic, 63–74
neutral, 55–56

Current commutation, 8
Current distortion, 17, 79
Current probes, 203–204
Current transformer analysis, 205,

207–213
Curves:

B/H, 72
CBEMA, 18–20
flicker, 39
ITIC, 18–20
SEMI F47 curve, 18, 20, 156

CV transformers (see Ferroresonant
transformers)

CVT (see Ferroresonant transformers)

Data links for controllers, 163
Data processing, automatic, 156
Data sets, UPSs and, 124, 125
DC contactors and relays, 170
DC current, 48, 49
DC waveforms, 50
DC/DC converters, 104–106

boost converters, 101–104
flyback converters, 100, 101
interharmonics and, 104–106
push-pull forward converters, 103
(See also Switch mode power supplies)

Delta battery-inverters, 134
Delta (line-interactive) UPSs, 130–131,

191
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Design:
of controllers, 163, 164
of electric power supply systems, 110,

117–119
of load equipment, 110, 114–117
of standby power systems, 189–190
for UPS equipment, 133

Device-under-test (D.U.T.), 107
Digital computers, 163
Digital semiconductor logic, 163
Diode rectifiers, voltage-doubler, 148
Diodes, zener, 7
Dips, voltage (see Sags)
Distortion:

total demand distortion, 78
total harmonic distortion, 53
voltage (see Voltage distortion)
waveform, 42

Distribution:
networks of, 110
of voltage sags, 112

Disturbances:
of AC contactors and relays, 

168–169
ASDs affected by, 180–181
of contactors, AC, 168–169
to controllers, 163, 164
correction methods vs., 111–114
detecting, 152–153
dynamic voltage compensators for,

152–153
mitigating voltage disturbances, 10
of relays, AC, 168–169

Double (oversize) neutrals, 157
Double-conversion (online) UPSs,

129–130, 133, 191
Downtime, 2
D.U.T. (device-under-test), 107
Dynamic voltage compensators, 110, 119,

147–154
commercial, 153–154
for detecting disturbance and control,

152–153
on ITIC curve, 151
operation of, 147
with PCs, 191
for standby power systems, 190

EC standards (see European Community
standards)

E/G sets (see Engine-generator sets)
Electric fields, 2
Electric motors, 5, 173

Electric power supply systems, 110,
117–119

Electrical engineering, 11
Electric-motor transfers, 199
Electromagnetic compatibility (EMC),

2, 99
Electromagnetic interference (EMI), 41

conducted, 100, 106–107
high-frequencies affecting, 6
medical electronics and, 6
standards for, 20–23
switching frequencies affecting, 99

Electromechanical transfer switches,
automatic, 198

Electronic devices:
harmonics affecting, 44
medical, 6

EMC (see Electromagnetic compatibility)
Emergency Off (EMO) Relay, 

165, 166
Emergency operation, of E/G 

set, 197
EMI (see Electromagnetic interference)
EMI standards, 20–23
Emissions, conducted, 21
EMO Relay (see Emergency Off Relay)
EN55022 standard, 23
Energy Star (EPA), 99
Energy storage:

as correction measure, 170
in flywheels, 139
long-term, 137–138
medium-term, 137
short-term, 137
in standby power systems, 137–138
in UPS equipment, 133
UPSs for, 137–138
(See also specific types, e.g.: Batteries)

Energy storage system (ESS), 137
Engine, of E/G set, 196
Engineering, electrical, 11
Engine-generator (E/G) sets, 110–111,

194–200
component parts of, 196–197
installation of, 196–197
operation of, 197–198
standards for, 195–196
in standby power systems, 194–200
subsystem of, 196–197
transfer switches in, 198–200
UPSs and, 110–111, 124, 193, 199

Environmental Protection Agency (EPA),
99
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Equipment:
information technology, 156
load, 110, 114–117
protection, 44
semi-conductor processing, 156
support, 190
utilization, 110

Error, CV, 212–213
ESS (Energy storage system), 137
European Community (EC) standards:

CISPR, 21, 23
EN55022 standard, 23

Events (see Power quality events)
Exhaust, for E/G set, 196
Expansion, of standby power system, 190

Failure, 165–166
Fault clearing, 1
FCC (see Federal Communications

Commission)
FCS (Fuel cell system), 137
Federal Communications Commission

(FCC):
on conducted emissions, 21
on harmonic current limits, 107

Feeders, UPSs with, 194
Ferroresonant transformers (constant

voltage transformers, CVT), 120, 122
application of, 10
as correction measure, 164, 170
cost of, 10
error in, 212–213

Fiberoptes cables, 10
Filters, 75–98

active harmonic, 95–97, 119
harmonic, 10, 86–97
hybrid harmonic, 95–97
IEEE Standard 519-1992 for, 78–79
line reactor, 79–81
multisection filters, 87–95
noise, 10
passive, 95–97
passive filters, 95–97
power-harmonic, 110, 119
series resonant, 85–87
series-tuned, 88–90
shunt passive filters, 81–87
for typical power systems, 76–78

“Five nines” (99.999 percent) availability,
113

Flexibility, of active filters, 97
Flicker, 9, 39–40, 42
Flicker curves, 39

Float operation, 138
Flooded, lead acid batteries, 138, 139
Fluctuations, in voltage (see Voltage

fluctuations)
Flyback converters, 100, 101
Flywheels, 133, 135, 139–141

applications of, 140–141
energy storage in, 139
typical run time of, 133

Fourier, Joseph, 43
Fourier series (see Infinite Fourier series;

specific types, e.g. infinite Fourier
series)

Frequency variations, 42
Fuel, for E/G set, 196
Fuel cell system (FCS), 137
Fuel cells, 133, 141–143

applications of, 143
types of, 142
typical run time of, 133

Full-bridge power converters, 49

Generators:
for E/G set, 196
protection of, 197

GFCIs (see Ground fault circuit
interrupters)

Ground fault circuit interrupters (GFCIs):
false triggering of, 5
harmonic currents affecting, 5
harmonic voltages affecting, 5

Grounding transformers, 122
Gupta, C. P., 155

Half-bridge power converters, 49
Hall devices, 203
“Hall effect,” 203
Harmonic(s), 43–61

accuracy affected by, 5
canceling, 121
crest factor, 53–61
line-current, 64, 66–69
periodic waveforms and, 43–52
piecewise calculation, 52–53
THD, 53
triplen, 4

Harmonic currents, 63–74
in electric motors, 5
GFCIs and, 5
limits on, 78
with single-phase rectifiers, 

64–72
with transformers, 72–74
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Harmonic filters:
active, 95–97, 119
for adjustable speed drives, 86
application of, 10
hybrid, 95–97
multisection, 87–95
peak and valley of, 86–87
power, 119
telephone systems affected by, 87

Harmonic pollution, 2 (See also
Conducted EMI)

Harmonic voltages, 5
Heat, effects of, 2
High frequency switching power supply, 99
High-frequency fluorescent ballasts, 71–72
Hot swappable batteries, 134, 191
Hybrid harmonic filters, 95–97
Hysteresis loss, 5

Ideal voltage waveforms, 2–3
IEC (see International Electrotechnical

Commission)
“IEEE Recommended Practice for

Monitoring Electric Power Quality”
(see IEEE Standard 1159)

“IEEE Recommended Practices and
Requirements for Harmonic Control
in Electrical Power Systems”
(see IEEE Standard 519)

IEEE Standard(s), 15–17
IEEE Standard 519 (IEEE Std 519-1992),

15–17
for filters, 78–79
goal of, 76
harmonic currents produced by, 76
history of, 5
on TDD, 78

IEEE Standard 1159 (IEEE Std. 
1159-1995), 5, 6, 15, 17

IEEE Std 1346-1998, 18
IEEE Std C57.12.00-1987, 5
IGBTs (see Insulated gate bipolar

transistors)
Impulsive transients, 7, 8, 30–33, 41
Incandescent lamps, 44
Induction machines, 42
Induction motors, 173–177

hazards of, 174–175
operation of, 174
phenomena of, 175–176
protection of, 176–177
starting, 25, 26
three-phase, 69

Infinite Fourier series:
for square waves, 43
for trapezoidal waveforms, 46
for triangle waves, 44

Information technology equipment, 156
Information Technology Industry Council

(ITIC) curves, 18–20
CBEMA curves and, 151
dynamic voltage compensators on, 

151
Equipment Sensitivity curve, 112
UPSs on, 151

Inputs, to controllers, 163
Installation, of E/G sets, 196–197
Institute of Electrical and Electronics

Engineers (IEEE):
Authoritative Dictionary of IEEE

Standard Terms, 6
on distortion factor standard for

transformers, 5
on filters, 76, 78–79
on harmonics in electrical systems, 5
on measuring power quality, 5
on power quality, 6
on power quality events, 1
on sag, 18
standard terms of, 6
standards of, 15–17 (See also under

IEEE Standard[s])
on transformers, 5

Insulated gate bipolar transistors
(IGBTs):

in rectifier, 187
SCRs for, 132
switching with, 95

Insulators, optical, 10
Interharmonics, 5, 43

on AC lines, 20, 21
DC/DC converters and, 104–106
defining, 5
EMI and, 6
fluorescent ballasts, 71–72
harmonic pollution (see Conducted

EMI)
harmonics vs., 5
IEC definition of, 5
switching circuits, 5
switching power supply, 99
(See also Harmonic[s])

International Electrotechnical
Commission (IEC):

on EMI, 21
on interharmonics, 5
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International Special Committee on
Radio Interference (CISPR), 21, 23

on EMI, 21, 23
on harmonic current limits, 107

Interruptions, 7, 8
defined, 7, 35
PCs affected by, 160–161

Inverters, 133
Delta battery, 134
in double-conversion UPS, 129
PWM, 99, 115, 132, 149

ITIC curves (see Information Technology
Industry Council curves)

K-factor transformers, 10

Lamps, incandescent, 44
LANs (Local area networks), 191
Lighting, 199
Lightning strikes, 30–33
Line current:

for ASDs, 73–74
harmonics, 64, 66–69

Line impedance stabilizing network
(LISN), 106–107

Line reactor(s), 79–81
application of, 10
THD with, 81

Line reactor filters, 79–81
Linear loads, 2, 3
Line-interactive UPSs (see Delta UPSs)
Line-voltage sine waves, distortion to (see

Voltage distortion)
Load(s):

of E/G set, 197
linear, 2, 3
nonlinear, 3–6, 56–58, 76
resistive, 207

Load current harmonics:
load voltage affected by, 58–61
THD affected by, 58–61

Load equipment design, 110, 114–117
Load voltage, 58–61
Local area networks (LANs), 191
Logic, 163
Long-term energy storage, 137–138
Loops, phase-locked, 164

Magnetic fields, 2
Main Contactor Coil, 165, 166
Maintenance, of standby power system,

189
Maintenance by-pass, 133

Malfunction, modes of, 160
Manual inputs, 163
Manual transfer switches, 198
Maxwell Technologies, 144
MCFCs (molton carbonate fuel cells), 142
Mean-time to failure (MTBF), 113
Measuring devices, 201–213

with current probes, 203–204
for current transformer analysis, 205,

207–213
harmonics affecting, 44
with multimeters, 201–202
with oscilloscopes, 202–203
with power-quality analyzers, 205, 206
with power-quality meters, 205
with search coils, 204

Medical electronics, 6
Medium-term energy storage, 137
Metal-oxide semiconductor field-effect

transistors (MOSFET), 21, 95
Metal-oxide varistors (MOVs), 7
Metering, 2
Meters, power-quality, 205
Method for correction (see Correction

methods)
MG sets (see Motor-generator sets)
Mitigating devices, 10
Mitigating voltage disturbances, 10
Modes of malfunction, 160
Modular UPSs, 136
Molton carbonate fuel cells (MCFCs), 142
Monitoring power quality (see IEEE

Standard 1159)
MOSFET (see Metal-oxide semiconductor

field-effect transistors)
Motor(s):

electric, 5, 173
harmonics affecting, 44
induction, 173–177

Motor-generator (MG) sets, 10
MOVs (metal-oxide varistors), 7
MTBF (mean-time to failure), 113
Multimeters, 201–202
Multisection filters, 87–95

Networks, for distribution, 110
Neutral currents, 55–56
99.999 percent (“five nines”) availability,

113
Noise, 8

from conducted EMI, 100
filters, 10

Non-emergency standby, of E/G set, 197
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Nonlinear loads, 3–6
distribution systems powering, 76
rectifiers, 3–6 (See also Rectifiers)
three-phase rectifiers with, 56–58

Notching, 8, 35–38, 42
causes of, 8
in single-phase full-wave rectifier, 36–37
single-phase rectifiers and, 35
three-phase rectifiers and, 35

Offline power supplies, 99
Offline switch mode power supplies,

100–103
120-V service:

ANSI on, 17–18
power rating of, 134

Online UPSs (see Double-conversion UPSs)
Optical isolators, 10
Oscillatory transients, 7, 8, 33–35
Oscilloscopes, 202–203
Outage, 42
Output ratings, for UPS equipment, 133
Oversize (double) neutrals, 157

PAFCs (Phosphoric acid fuel cells), 142
Parallel operation, of E/G set, 198
Passive filters, 95–97

active harmonic filters, 95–97
design of, 95
harmonic peaking in, 96
hybrid harmonic filters, 95–97
protection in, 95
shunt, 81–87
switching circuits in, 95
tuning in, 95
using, 95

PC (see Personal computers)
PCC (see Point of common coupling)
PCS (power conditioning system), 137
Peaking:

in harmonic filters, 86–87
in passive filters, 96

Peak-peak ripples, of DC waveforms, 50
Periodic waveforms, 43–52

DC current, 48, 49
DC waveform + ripple, 50
harmonics and, 43–52
pulsating waveforms, 51–52
pure sine wave, 49
root-mean square, 47–48
square wave, 49
triangular ripple, 50–51
triangular waveforms, 52

Perry, M. L., 144
Personal computers (PCs):

correction measures for, 162
dynamic voltage compensators with,

191
interruptions affecting, 160–161
modes of malfunction, 160
power quality events affecting, 

156–162
power quality of, 1
power-quality characteristics of,

157–160
sensitivity of, 160–161
UPSs with, 191
voltage for, 156
voltage sag affecting, 160–161

Personnel, for standby power systems,
190

Phase-locked loops, 164
Phosphoric acid fuel cells (PAFCs), 

142
Piecewise calculation, 52–53
Point of common coupling (PCC), 

16, 25, 76, 78
Pollution, harmonic (see Harmonic

pollution)
Polymer-electrolyte membrane fuel cells

(PEMFCs), 142–143
Polyphase rectifiers, 75
Power:

area and bulk, 110
converters, 49
utility, 132, 199

Power conditioning system (PCS), 137
Power quality, 1–2

defining, 1, 6–7
poor, examples of, 7–9

Power quality events, 1–2, 155–170
AC contactors and relays affected by,

165–170
analysis methods for, 155–156
controllers affected by, 162–165
correction of, 9
defining, 1
PCs affected by, 156–162

Power supplies, electric, 117–119
Power-harmonic filters, 110, 119
Power-line harmonics, 56
Power-quality analyzers, 205, 206
Power-quality meters, 205
Principles of Interver Circuits (Bedford

and Hoft), 131
Probes, current, 203–204
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Protection:
of ASDs, 183–188
equipment for, 44
of induction motors, 176–177
in passive filters, 95

Protective relays, 2
Pulsating waveforms, 51–52
Pulse-width modulated (PWM) inverters:

SCRs for, 132
series converter as, 149
for six-pulse rectifiers, 115
switch mode power supplies, 99

Pure sine wave, 45, 49
Push-pull forward converters, 103
PWM inverters (see Pulse-width

modulated inverters)

Quality (see Power quality)

Rating, in passive filters, 95
Reactors:

harmonics affecting, 44
line, 10, 79–81

Reboot, computer, 1
Rectifiers, 3–6

of ASDs, 178
bridge, 4
full-wave, 36–37
IGBTs in, 187
polyphase, 75
silicon-controlled rectifier,131–132
single-phase, 35, 36–37, 64–72
six-pulse, 4, 69–70, 115
three-phase, 4, 35, 40, 55–58
twelve-pulse, 70–71, 121, 178
voltage-doubler diode, 148

Reduced voltage starters, 10
Redundancy, 110
Regulators:

AVR, 134
voltage, 197

Relay(s):
AC (see AC contactors and relays)
DC, 170
failure of, 165–166
protective, 2

Relay logic, 163
Relay transformers, 5
Reliability:

correction methods for, 113
of standby power system, 189

Resistive load (“burden”), 207
Restart, 184

Reverse-rotating airgap fields, 42
Ripples:

DC waveform with, 50
peak-peak, 50
pulsating waveforms with, 52
triangular, 50–51

Rms (see Root-mean square)
Root-mean square (rms), 47–48

of DC waveforms, 50
piecewise calculation for, 52, 53
of pulsating waveforms, 51, 52
of pure sine wave, 49
of square waveforms, 49, 50
of THD, 53
of triangle waveforms, 52
of triangular ripples, 50

Run time, 133

S3K2U series, 134
Sags (voltage sag, voltage dips), 7, 8,

25–29, 41
analysis of, 27, 29–30
defined, 7
distribution of, 112
PCs affected by, 160–161
sensitivity to, 117
sources of, 7

SAIDI (System Average Interruption
Duration Index), 107

Saturation, 73
SCR (short-circuit ratio), 78
SCR (silicon-controlled rectifier),

131–132
Search coils, 204
SEMI F47 curve, 18, 20, 156
Semiconductor logic, 163
Semi-conductor processing equipment,

156
Sensitivity:

of PCs, 160–161
to sags, 117

Sensors, 163
Series converter, 149
Series resonant filters, 85–87
Series-tuned filters, 88–90
Servers, UPSs with, 191
Shielded isolation transformers, 10
Short-circuit ratio (SCR), 78
Short-term energy storage, 137
Shunt converters, 149
Shunt passive filters, 81–87
Shutdown, computer, 1
Silicon® 120 kVA, 135
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Silicon-controlled rectifier (SCR), 131–132
Sine waveforms:

pure, 49
THD of, 53

Single-phase rectifiers, 64–72
commutation in, 35
full-wave, 36–37
harmonic currents with, 64–72
high-frequency fluorescent ballasts,

71–72
in line-current harmonics, 64, 66–69
notching and, 35
notching in, 36–37
six-pulse rectifier, 69–70
twelve-pulse rectifier, 70–71

Single-phase waveforms, 2, 3
Six-pulse rectifiers, 4, 69–70, 115
Skin-effect phenomena, 5
SOFCs (Solid oxide fuel cells), 142
Solid oxide fuel cells (SOFCs), 142
Solid state transfer switches, 10, 199
SPD (surge protection device), 10
Square waveforms, 43, 49

infinite Fourier series for, 43
pure sine wave vs., 45
rms of, 49, 50
THD of, 53
triangle wave vs., 45
truncated Fourier series for, 53

SSD (superconducting storage device), 10
Standard(s), 15–23

ANSI Standard C64, 17–18
CBEMA curves, 18–20
for E/G sets, 195–196
for EMI, 20–23
EMI standards, 20–23
IEEE Standards, 15–17 (See also under

IEEE Standard[s])
ITIC curves, 18–20

Standard C64 (ANSI), 17–18
Standard Handbook of Electrical

Engineers (14th edition), 7
Standby generator, 10
Standby power systems, 122–126,

189–200
assembly of, 190
design of, 189–190
dynamic voltage compensators for, 190
E/G sets in, 194–200
energy storage in, 137–138
sample systems, 191–194
UPSs for, 190

Starters, for E/G set, 196

Stator voltage, 175
Storage (see Energy storage)
Stored energy (see specific types, e.g.:

Batteries)
Subsystem (component parts), of E/G

sets, 196–197
Superconducting storage device 

(SSD), 10
Support equipment, for standby power

systems, 190
Surge protection device (SPD), 10
Swells (voltage swells), 7, 8, 30, 41
Switch mode power supplies, 99–108

on AC line, 20, 21
conducted EMI, 106–107
DC/DC converters, 104–106
offline, 100–103

Switches:
automatic electromechanical transfer,

198
by-pass transfer, 198
manual transfer, 198
solid state transfer, 10, 199
transfer, 193, 198–200
utility transfer, 194

Switching:
with MOSFETs, 21, 95
utility, 1

Switching circuits:
high-frequency, 5
in passive filters, 95

Symmetra MW 1000 kVA, 136
Synchronizers, in E/G set, 197
System Average Interruption Duration

Index (SAIDI), 107

TDD (total demand distortion), 78
Tektronix P5200, 203
Tektronix P6042, 202, 203
Telephone systems:

harmonic filters affecting, 87
harmonics affecting, 44

Temperature effects, 2
Testing:

for conducted EMI, 106–107
D.U.T., 107
of E/G set, 197

THD (see Total harmonic distortion)
Theoretical analysis methods, 

155–156
Thermal measurement method, 

201–202
Three-phase induction motors, 69
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Three-phase rectifiers, 4, 35
amplitude variation in, 40
commutation in, 35
neutral current in, 55–56
with nonlinear loads, 56–58
notching and, 35

Total demand distortion (TDD), 78
Total harmonic distortion (THD), 2, 53

example, 58
with line reactors, 81
load current harmonics affecting, 58–61
rms value of, 53
of sine waveforms, 53
of square waveforms, 53

Transfer function, 207
Transfer switches, 198–200

applications of, 199–200
automatic electromechanical, 198
by-pass, 198
in E/G sets, 198–200
solid state, 199
types of, 198–199
UPSs with, 193
utility, 194

Transformers, 120–122
constant voltage, 120
distortion factor standard for, 5
grounding, 122
harmonic currents with, 72–74
harmonics affecting, 44
relay, 5
shielded isolation, 10
standards for, 5
for standby power systems, 190
substation, 120
in twelve-pulse rectifiers, 121
utility substation, 120

Transients, 7, 8, 41
Trapezoidal waveforms, 46
Triangle waveforms, 44, 52

harmonics of, 45
infinite Fourier series for, 44
rms value of, 52
square waveforms vs., 45

Triangular ripples, 50–51
Triplen (triple-n) harmonics, 4
“True rms” multimeters, 201–202
Truncated Fourier series, 53
Tuning, in passive filters, 95
Twelve-pulse converters, 115
Twelve-pulse rectifiers, 70–71

for large ASDs, 178
transformers in, 121

230-V single-phase, 134
Typical run time, 133

Ultimate availability, 113
Ultracapacitators, 144–145
Unavailability, 113
Unbalance (see Voltage unbalance)
Uninterruptible power supplies (UPSs),

119–121, 129–145
application of, 10
batteries, 138–139
battery-inverter UPS, 119, 120
commercially available, 133–137
concept of, 129–131
as correction measure, 164
cost of, 10
data sets and, 124, 125
double-conversion, 129–130
E/G sets and, 110–111, 124, 

193, 199
for energy storage, 137–138
energy storage in, 133
with feeders, 194
flywheels, 139–141
fuel cells, 141–143
history of, 131–133
on ITIC curves, 151
line-interactive, 130–131, 191
modular, 136
online, 133, 191
with PCs, 191
with servers and PCs, 191
for standby power systems, 190
with transfer switches, 193
types of, 133–145
ultracapacitators, 144–145
with utility transfer switch, 194

UPSs (see Uninterruptible power
supplies)

Utility power, 132, 199
Utility substation transformers, 120
Utility switching, 1
Utility transfer switch, UPSs with, 194
Utilization equipment, 110

Valve-regulated lead-acid (VRLA)
batteries, 139

Variable-speed drives, 211
Varistors, metal-oxide, 7
Vh, 78
Voltage:

load, 58–61
mitigating disturbances, 10

224 Index

62



Voltage compensators, dynamic 
(see Dynamic voltage compensators)

Voltage dip (see Sags)
Voltage distortion, 25–42

flicker, 39–40
impulsive transients, 30–33
interruptions, 35
limits of, 16
notching, 35–38
oscillatory transients, 33–35

Voltage disturbances (see Disturbances)
Voltage fluctuations, 8–9, 37, 39–40
Voltage imbalance, 9, 40–42
Voltage regulators, 197
Voltage sags (see Sags)
Voltage support system (VSS), 136
Voltage swells (see Swells)
Voltage unbalance, 181–183
Voltage waveforms, ideal, 2–3
Voltage-doubler diode rectifiers, 148

VRLA (Valve-regulated lead-acid)
batteries, 139

VSS (Voltage support system), 136

Waveform(s):
DC, 50
ideal voltage, 2–3
periodic, 43–52
pulsating, 51–52
pulsating, with ripples, 52
pure sine wave, 45, 49
sine wave, 49
single-phase, 2, 3
square, 43, 45, 49, 50, 53
trapezoidal, 46
triangle, 44, 45, 52

Waveform distortion, 42
Wye-delta secondary windings, 121

Zener diodes, 7
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