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CHAPTER 1

INTRODUCTION

1-1. Purpose

The purpose of this publication is to provide guidance for facilities engineersin selecting,
installing, and maintaining an uninterruptible power supply (UPS) system after the decision has
been madeto install it. Thistechnical manual (TM) TM 5-693 has been prepared to provide
generic guidance to agencies responsible for the selection, installation, and maintenance of UPS
systems at Command, Control, Communications, Computer, Intelligence, Surveillance, and
Reconnaissance (C4ISR) facilities. Although it iswritten mainly for C4ISR facilities, which
require a higher level of reliability, it could also be utilized as areference in similar applications.

1-2. Scope

The process for identifying the need for an UPS system, selecting, installing, and maintaining the
UPS system are covered. Covered are: theory and principles of static and rotary UPS systems,
design and selection of UPS, installation and testing of UPS, maintenance and operation of UPS
systems, principles of static and rotary UPS, UPS system rating and sizing selection,
operations/maintenance, batteries, troubleshooting, harmonic distortions, grounding, checklists,
and acceptance testing.

1-3. References

A complete list of referencesis contained in appendix A. The design, installation, and
maintenance of UPS systems should follow the latest industry and commercial codes and
standards as detailed in the references.

1-4. Principlesand configurations

An UPS systemis an alternate or backup source of power with the electric utility company being
the primary source. The UPS provides protection of load against line frequency variations,
elimination of power line noise and voltage transients, voltage regulation, and uninterruptible
power for critical loads during failures of normal utility source. An UPS can be considered a
source of standby power or emergency power depending on the nature of the critical loads. The
amount of power that the UPS must supply also depends on these specific needs. These needs
can include emergency lighting for evacuation, emergency perimeter lighting for security, orderly
shut down of manufacturing or computer operations, continued operation of life support or
critical medical equipment, safe operation of equipment during sags and brownouts, and a
combination of the preceding needs.

a. Satic UPS. A dtatic UPSis a solid-state system relying solely on battery power as an
emergency source. A static UPS consists of arectifier, inverter, and an energy storage device,
i.e., one or more batteries. Theinverter in the static UPS also includes components for power
conditioning. Modern static UPS systems are constructed with ratings ranging from about 220
VA toover 1 MVA. Static UPSs ranging from 220 VA to 1 MVA are constructed without
paralleling internal components. UPS with output higher than 1 MV A are built with some
parallel internal components, which result in decreasing reliability. Figure 1-1 showsasimple
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static UPS. Design, installation, and maintenance requirements should follow the latest version
of applicable codes and standards from recognized industry and commercial groups.
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Figure 1-1. Smple version of a static UPS

b. Rotary UPS. A rotary UPSisasystem that uses a motor-generator (M-G) set in its design.
Figure 1-2 illustrates a simple rotary UPS. Unlike static units, the basic parts may vary between
manufacturers for rotary units. Rotary units are mainly designed for large applications, 125 kVA
or higher. Some reasons for selecting arotary UPS over a static UPS are to provide higher
efficiency, superior fault clearing capability, capability of supplying currentsfor high inrush
loads, and isolation from harmonic distortion generated by non-linear loadsin theline. Rotary
UPS bearings must be replaced periodically. Although this might make reliability between the
two types debatable, bearing failure is highly predictable with stringent routine testing. Rotary
units produce more heat than do static units due to their M-G sets. They are more costly for small
capacities but become competitive with static units around 300 kVA. Rotary units provide
complete electrical isolation where the static UPS is limited by the static switch. Extremely high
voltages or rapidly rising voltages can pass through the static switch and damage critical |oads.
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Figure 1-2. Rotary UPS (shown with primary power on)
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1-5. Design criteria and selection

The UPS selection process involves several steps as discussed briefly here. These steps are
discussed in further detail in chapter 3.

a. Determineneed. Prior to selecting the UPS it is necessary to determine the need. The
types of loads may determine whether local, state, or federal 1aws mandate the incorporation of an
UPS. An UPS may be needed for avariety of purposes such as lighting, startup power,
transportation, mechanical utility systems, heating, refrigeration, production, fire protection,
space conditioning, data processing, communication, life support, or signal circuits. Some
facilities need an UPS for more than one purpose. It isimportant to determine the acceptable
delay between loss of primary power and availability of UPS power, the length of time that
emergency or backup power is required, and the criticality of the load that the UPS must bear.

All of these factors play into the sizing of the UPS and the selection of the type of the UPS.

b. Determine safety. It must be determined if the safety of the selected UPS is acceptable.
The UPS may have safety issues such as hydrogen accumulation from batteries, or noise pollution
from solid-state equipment or rotating equipment. These issues may be addressed through proper
precautions or may require a selection of a different UPS.

c. Determine availability. The availability of the selected UPS must be acceptable. The
criticality of the loads will determine the necessary availability of the UPS. The availability of an
UPS may be improved by using different configurations to provide redundancy. It should be
noted that the C41SR facilities require areliability level of 99.9999 percent.

d. Determine maintainability. The selected UPS must be maintainable. Maintenance of the
unit isimportant in assuring the unit’ s availability. If the unit is not properly cared for, the unit
will be more likely to fail. Therefore, it is necessary that the maintenance be performed as
required. If the skills and resources required for the maintenance of the unit are not available, it
may be necessary to select a unit requiring less maintenance.

e. Determineif affordable. The selected UPS must be affordable. While thisisthe most
limiting factor in the selection process, cost cannot be identified without knowing the other
parameters. The pricing of the unit consists of the equipment cost as well as the operating and
maintenance costs. Disposal costs of the unit should also be considered for when the unit reaches
theend of itslife.

f. Re-evaluate steps. If these criteriaare not met, another UPS system must be selected and
these steps re-evaluated.

1-6. Installation and testing

Theinstallation and testing of the UPSis critical to its proper operation. Theseitems are
discussed in greater detail in chapter 4.

a. Features. The UPSshal beinstalled with all necessary features. Features such asalarms,
indicators, control devices, and protective devices are installed to assist in the safe operation of
the unit. Power and control components such as meters, indicating lights, control switches, push
buttons, and potentiometers are typically located in a nearby cabinet. Batteries aretypically
installed on battery racks. The design of the racks varies based on the avail able space and
number of batteries.
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b. Location. The UPS shall beinstalled on alevel surface with sufficient clearance to allow
for ventilation and access to maintenance panels. Static UPSs require environments with a
controlled atmosphere where the temperature, humidity, and dust levels are carefully maintained.
The batteries of the UPS require ventilation of the room to prevent hydrogen buildup. Rotary
UPSs are suitable for placement in industrial environments.

c. Protection. The UPS power distribution system shall be designed to provide short circuit
protection, isolate branch faults, and isolate critical loads from sources of harmonics, surges, and
spikes. Thisisachieved using panelboards, circuit breakers, and fuses. The UPS systemis
grounded to ensure the safety of the operating personnel. Shielding of the control cables shall be
achieved by running power cables in bonded metal enclosures separately from the control cable's
enclosures.

d. Testing and startup. Testing and startup shall be performed to ensure the component’s
operation once energized. Acceptance testing should be performed on al equipment. Testing
records on test forms should be kept for comparison to later routine maintenance tests. The
possible failures of the equipment drawn out from the test results should be discussed and
corrective action implemented. Test equipment used should be in accordance with the
manufacturer’ s recommendation.

1-7. Maintenance

Maintenance of the UPS consists of preventive and corrective maintenance. Preventive
maintenance consists of a scheduled list of activities. Performing these activities keeps the UPS
in good working order and helps to prevent failures. Corrective maintenance is performed as a
result of afailure. Corrective maintenance fixes the problem and gets the unit working again.
Maintenance is covered in chapter 5.
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CHAPTER 2

PRINCIPLESAND CONFIGURATIONS OF UNINTERRUPTIBLE
POWER SUPPLY (UPS) SYSTEMS

2-1. Principlesof static UPS systems

The basic static UPS system consists of arectifier-charger, inverter, static switch, and battery as
shown in figure 2-1. Therectifier receives the normal alternating current (ac) power supply,
provides direct current (dc) power to the inverter, and charges the battery. The inverter converts
the dc power to ac power to supply the intended loads. The dc power will normally be provided
from the rectifier, and from the battery upon failure of the primary ac power source or the
rectifier. Theinverter will supply the loads under normal conditions. In the event of the failure
of theinverter, the static switch transfers the load to an alternate ac source.

UPS UNIT
| \
| \
NORMAL MANUAL
pAA RECTIFIER . INVERTER } SS\;\I—//I-\'ITCI(I:-I BYPASS | ———o0 LOAD
SOURCE \ | SWITCH
\ i
L \ l
BATTERY )
ALTERNATE
AC SOURCE ¢

Figure 2-1. Basic static UPS system

a. Normal operation. During normal operation, the rectifier converts the ac input power to dc
power with regulated voltage. The rectifier output is normally set at the battery float voltage to
charge the battery while supplying dc power to the inverter. The rectifier output voltageis
periodically set at the battery equalize voltage to maintain the battery capacity. The dc filter
(inductor) is provided for smoothing out the rectifier output current to reduce the current ripple
content. The battery acts as a capacitor and in conjunction with the filter, smoothes out the output
voltage and reduces the dc voltage ripple content. The inverter converts the dc power to ac power
with regulated voltage and frequency. An internal oscillator maintains the inverter frequency by
controlling the timing of the silicon controlled rectifier (SCR) firing signals and matches the ac
input frequency. Thefilters at the output transformer secondary are provided to filter out the
harmonicsin the inverter output. Tuned L-C filters are used - when required - to filter out the 5"
and 7" harmonics while a capacitor is adequate for filtering out the higher order harmonics.

(1) Lossof normal power. Upon loss of ac power supply or upon failure of the rectifier,
the battery maintains the dc supply to the inverter. The battery can maintain the dc supply to the
inverter until the ac supply isrestored or to the end of the battery duty cycle. Under this
condition, the inverter continues to supply the connected loads without interruption. This mode
of operation continues until the system is shut down if the battery reaches the discharged state
before the charger output isrestored. A system shutdown may be initiated manually or
automatically by a dc undervoltage sensing device.
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(2) Restoration of power. Upon restoration of the ac supply after extended outage while
the battery has been discharged, the rectifier output voltage is set at the equalizing voltage to
recharge the battery. This can be done manually or automatically. The charger will also supply
the inverter while recharging the battery. At the end of the battery recharging time, the battery
charger returns to the floating mode and the system returns to normal operation.

(3) Momentary loss of power. During momentary ac power interruptions or when the ac
supply voltage sags below acceptable limits, the battery maintains the dc supply to the inverter.
Under this condition, the inverter continues to supply the connected loads with regulated power
without interruption.

b. Bypassmode. The static UPS systems may have three bypass switching arrangements. the
UPS static switch (SS), the UPS static switch circuit breaker (SS-CB), and the maintenance
circuit breaker.

(1) UPSstatic switch. When an UPS equipment problem occurs, the load is automatically
transferred by the static switch bypass to an alternate power source to prevent power interruption
to theloads. The static switch isaso useful in clearing load faults downstream of the UPS. The
static switch will transfer to the alternate power source on a setting of 110 to 125 percent of rated
load. Without this feature, the inverter would be driven to current limit on afault. Theinverter
would not supply sufficient current to trip the breaker and would continue to feed the fault
causing a potential hazard. The transfer of the fault to the alternate power source by the static
switch allows full short circuit current to pass through, thus tripping the circuit breaker. The
static switch will then transfer back to the UPS for normal operation. Because the circuit cannot
differentiate between an inrush and afault current, it is common for the initial energization of a
load to cause atemporary transfer to the alternate source power. When the inverter logic drops
below a predetermined value, the bypass SCRs are gated-on by the static switch logic board and
the UPS bypass line will supply the load. Retransfer to the UPS module can occur automatically
when the logic senses that the UPS output problem has been eliminated. The logic system
circuitry maintains the inverter output in synchronization with the UPS bypass power. The
configuration of figure 2-2 does not provide the isolation capahility of the figure 2-3 system.
Reverse parallel SCRs can also be used as UPS power interrupters, that is, as an on-off switch to
isolate afailed inverter occurring in aredundant UPS configuration.

(2) UPSstatic switch with circuit breaker (SS-CB). A hybrid UPS system uses an
electromechanical switch in the inverter output with the reverse parallel SCRs provided only in
the UPS bypass line. With an UPS output malfunction, the UPS bypass static switch will be
turned on before the inverter output circuit breaker automatically opens. This type of hybrid
switching will need only a short-term static switch current carrying (heat) rating and provides a
normally reliable configuration if there are no problems with the circuit breaker closing in the
static switch's 300 milliseconds (ms) rating. Figure 2-4 shows a SS-CB configuration where
circuit breaker SS-CB closes after the UPS bypass static switch closes. The circuit breaker SS-
CB provides abypass for the static switch and therefore allows for the use of a short-term static
switch current carrying (heat) rating. To prevent any damage to the static switch the circuit
breaker must be able to close within the static switch's short time rating. There have been
problems even though manufacturers quote a 450,000-hour mean-time-before-failure, so this
system cannot be considered asreliable as afully rated UPS bypass static switch. Hybrid
switching is used as a method of combining the merits of both a static switch and acircuit
breaker, that is, both speed and economy.



T™M 5-693

AL
o ] CRITICAL
AC LIME I — ¥ L OAD
LESs BYPASS QUTPUT SCEa
' ¢ coe =] l .
| SCRY
JI E [ 5 4 *Y
L
b
1
o q--[ ConTROL |—
! b-4  FIRING
| SCR1 ‘
§ 1
RECTIFER INVERTER - 11
+—— CHARGER - 4 -
| ] ~ RS QUTFUT
DC
BATTERY
MFE-CE
.-l'_'t._ ]
MANTENAMCE BYPASS
P SCROPERATING LEGEND
[4 scrOFF-LNE _ _ e
WEF - MAMTENANCE BYPASS SWTCH
CE - CIRCUIT BREAKER

Figure 2-2. SCR static switching transfer

(3) Maintenance bypass circuit breaker. A bypass circuit breaker is provided to bypass the
complete UPS system when maintenance of the UPS system is required. The UPS bypass line
provides power continuity during UPS module malfunction periods. If the malfunction is such as
to require UPS maintenance, then the load must be shifted to a maintenance bypass line, as shown
on figure 2-5. An explanation as to why such atransfer is needed and the how such atransfer is
configured is basic to comprehending UPS maintenance procedures.

(a) Purpose of maintenance bypass switch. It isunsafe to work on an energized UPS
system. The complete system must be isolated from ac inputs, ac outputs, and the dc link
whenever maintenance requires that the cabinet doors be opened and/or protective panels be
removed. There are lethal voltages present in UPS cabinetry, resulting from the ac power applied
to the converter or the dc power available from the battery. When energized, these circuits
provide high voltage. Any portions of the system providing a redundant path, such as more than
one UPS module or the static bypass, are tied together by the system logic so partia system
shutdown for maintenance is not acceptable. Shutting off the battery for maintenance and
running the UPS portion as a power conditioner should not be attempted since this also impacts
on the system logic. After shutdown, all UPS systems should be load tested off-line.
Approximately 85 percent of system failures occur after maintenance shutdowns which were not

2-3
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Figure 2-3. SCR switching transfer with UPSisolation

off-line load tested to assure proper operation. In order to shut down the complete UPS system,
the load must be transferred to aline which isisolated e ectrically from the power and logic
circuitry of the entire UPS installation.

(b) Operation of maintenance bypass switch. Close the UPS static bypass, which
automatically opens the UPS module output circuit breaker (UPS-CB), alowing closing of the
maintenance bypass circuit breaker (MBP-CB) before opening the UPS output circuit breaker
(OUTPUT-CB). A closed transition has been made to an alternate supply for input to the critical
load with no interruption. Now the UPS system as a whole can be de-energized for maintenance
and off-line load testing. Thisisthe basisfor the interlocking requirements shown on figure 2-5.

c. Test mode. Off-lineload testing of UPS systems after installation and scheduled
maintenance is always necessary. A permanent load test tap or a circuit breaker and interlocking
circuitry may be provided as part of the installation. Otherwise atemporary connection must be
provided.

d. Characteristics and limitations. To avoid drawing heavy inrush currents from the power

source upon initia energization, the battery charger is designed to assume the load gradualy.
Normally, the start-up current is limited to a maximum of 25 percent of the full load current. The

2-4
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Figure 2-4. Satic switching transfer with circuit breaker

current is then automatically increased gradually to the full load valuein 15 to 30 seconds; this
timeistermed the "walk-in" time. For thisreason all loads cannot be switched simultaneously if
the battery has been fully discharged. Upon sudden application or removal of aload, the
inverter's output voltage will drop or rise beyond the steady-state level. The voltage then returns
to the steady-state condition after some short time which depends on the inverter's voltage control
circuit design. These voltage variations are termed "transient voltage response” and the time
required to return to steady-state conditions is termed the "recovery time.” Generally, dueto the
absence of feedback regulating circuits in inverters with aferroresonant transformer, the transient
response is slower than that of inverters with pulse width or pulse width modulation (PWM)
control techniques. SCRs have alimited overload capability. Also, heavy load currents may
cause commutation failures. Therefore, the rectifier and inverter are designed to be self protected
from overloads. The self protection circuit reduces the output voltage at currents exceeding the
full load current. Normally, the inverter is designed to reduce the output voltage to zero at
overloads of 115 to 135 percent rated load. The value of overcurrent at which the voltageis
reduced to zero is termed "current limit.” The inverter may reach the current limit condition
when energizing aload with a high inrush current or during aload branch circuit fault.

e. Basic static UPS system without a dedicated battery. The basic system discussed above

utilizes a dedicated battery as a backup source. The UPS system is provided with a controlled
rectifier to supply the inverter and float/equalize charge the battery. In other applications, alarge

2-5
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battery bank may be available for supplying the UPS system as well as other loads. In such
applications, a separate battery charger is provided to supply the connected load and
float/equalize the battery. In thiscase, the UPS system is provided with arectifier that only
supplies the inverter and isisolated from the battery and other loads by a blocking diode. The
blocking diode allows current to flow from the battery to the inverter while blocking the flow of
current from the rectifier to the battery. Upon failure of the ac input power, the battery supplies
the inverter as discussed above.

[
i 5FT = TR MTR LEGERD

WANTERANCE BYP&

Figure 2-5. UPS maintenance bypass switching

f. Principles of rectifiers and inverters. UPS systems use power semiconductorsin the
construction of the rectifiers, inverters, and static switches. These solid-state devices control the
direction of power flow and switch on and off very rapidly allowing for the conversion of power
from ac to dc and dc to ac.

(1) Power semiconductor characteristics. A power semiconductor is an electronic device
consisting of two layers of silicon wafer with different impurities forming a junction made by
diffusion. Thejoining of these two wafers provides control of the current flow. Referring to
figure 2-6, the power semiconductor permits the current to flow in one direction from the anode
A to the cathode K, whenever the anode voltage is positive relative to the cathode. When the
anode voltage is negative relative to the cathode, the power diode blocks the flow of current from
the cathode to the anode. The power semiconductors may be either SCR or transistors. The types
of transistors are bipolar transistors, field effect transistors (FET), and insulated gate bipolar
transistors (IGBT). The devices most commonly used are the SCRs and the IGBTs. The IGBTs
arerelatively new and have been gaining in popularity. The IGBTs are significantly more
efficient and easier to control than the other power semiconductors. The use of IGBTs has
allowed for static UPS as large as 750 kV A without paralleling units.

(2) Sngle-phase SCR characteristics. An SCR allows for forward flow of current through
the device similar to adiode. The SCR differs from adiode in that the SCR will not conduct until
acurrent pulse isreceived at the gate. Once the SCR is conducting, it will only turn off with the
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Figure 2-6. Half-wave diode rectifier with resistive load

current falling to zero or through areverse current being applied. Referring to figure 2-7, the
anode voltage is positive rel ative to the cathode between wt = 0 and wt = a; the SCR begins
conducting when afiring pulseis applied at wt = a. Here, a iscaled thefiring angle. Also, the
SCR blocks at wt > Ttwhen the anode voltage becomes negative relative to the cathode. The SCR
does not conduct again until afiring pulseisreapplied at wt = 211+ a. While turning on the SCR
isvery efficient, the SCRs require a commutation circuit to turn it off. It isnecessary to be able
to turn off the device for use in the inverter to generate the ac wave. The turn-off timeisslow in
comparison to the transistors which are not latching devices. The other drawbacks to the
commutation circuit are that it adds more equipment to the circuit, adds audible noise to the unit,

and consumes power.
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Figure 2-7. Half-wave SCRrectifier with resistive load

(3) Bipolar transistors. Bipolar transistors permit current to flow through the circuit when
current is applied to the base. The flow of the power through the device is proportional to the
current applied to the base. Unlike SCRs, transistors are not latching. Upon removing the current
from the base, the circuit will be turned off. Thisallows for much quicker switching time than
the SCRs. However, bipolar transistors experience high saturation losses during power
conduction which requires drive circuits to minimize switching losses.

(4) FET. FETsareturned on and off by applying voltage to the gate. Thisis more

efficient than applying current to the base as done with the bipolar transistors. The FETs
experience saturation losses and require drive circuits to minimize the switching losses.
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Moreover, the high resistance characteristics of the power conducting portion make this device
inefficient and undesirable for large applications.

(5) IGBT. ThelGBT combines the desirable characteristics of the bipolar transistor and
the FET. Voltageis applied to the base to turn the device on and off and the collector/emitter has
low resistance. |GBTs have agreater tolerance to temperature fluctuations than the FETs. The
IGBTSs have the drawback of saturation losses and switching losses like all of the other
transistors. These must be taken into consideration in the designing of the UPS. Overal, the
IGBT is more efficient and easier to control than the other power semiconductors.

g. Rectification. Rectification isthe conversion of ac power to dc power. Rectificationis
accomplished by using unidirectional devices such as SCRsor IGBTs. Rectifiers can be built to
convert single-phase or three-phase ac power to controlled or uncontrolled dc power. Ina
controlled rectifier, the output dc voltage can be continuously maintained at any desired level
whereas in an uncontrolled rectifier the output dc voltage (at no load) is afixed ratio of the input
ac voltage. Moreover, the output dc voltage of an uncontrolled rectifier varies with the load level
due to voltage dropsin the various circuit elements. Generally, single-phase rectifiers may be
used in ratings up to 5 kilowatt (kW) whereas three-phase rectifiers are used in higher ratings.
When controlled dc voltage is required, SCRs are normally used.

(1) Single-phase uncontrolled rectifiers. The two most common configurations of single-
phase uncontrolled rectifiers are the center-tap full wave rectifier shown in figure 2-8 and the
single-phase bridge rectifier shown in figure 2-9. In the center-tap configuration, each diode
conducts every half cycle when the anode voltage is positive relative to the cathode. 1n the bridge
configuration a pair of diodes conducts every half cycle when their anode voltage is positive
relative to the cathode. Comparison of the output voltage (Eg) and current wave shapes of the
two configurations indicates that they are identical. However, amajor difference between the two
configurationsis that for the same kW output, the center-tap configuration requires a transformer
with ahigher kV A than the bridge configuration and is more costly. For this and other reasons,
the center-tap configuration is used mainly in ratings of less than one kW. Examining the output
voltage wave shape for the two configurations indicates that it contains two pulses every cycle.
This causes the output voltage, which is the average of these two pulses, to have ahigh ripple
content. Also, comparison of the output current (1) wave shape for resistive and inductive loads
indicates that with an inductive load, the output current is essentially constant throughout the
cycle. Therefore, connecting alarge inductor in series with the rectifier output smoothes the
output current and minimizes the current ripples.

(2) Three-phase uncontrolled rectifiers. There are numerous possible configurations of
three-phase rectifiers. However, the basic building blocks of these configurations are the three-
phase single-way and the three-phase bridge rectifier configurations shown in figures 2-10 and 2-
11 respectively. Comparison of the output voltage and output current wave shapes indicates that
the bridge rectifier output wave shape contains six pulses while the wave shape for the single-way
rectifier contains three pulses. This makes the ripple content of the bridge rectifier output less
than that of the single-way rectifier. Another important difference is that the required transformer
kVA in the single-way configuration is approximately 1.5 times that in the bridge configuration
for the same kW output due to the low power factor of the single-way configuration. Normally
three-phase rectifiers are used in ratings higher than 5 kW dthough it may aso be used in lower ratings.
The bridge rectifier configuration is commonly used in high power applications while the single-way
configuration is mogtly used in lower ratings. Generaly, the selection of one configuration or ancther is
up to the equipment designer and is based on cost considerations.
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Figure 2-8. Center-tap full-wave uncontrolled rectifier

(3) Controlled rectifiers. In applications where a continuously adjustable dc voltageis
desired, controlled rectifiers are used. Controlled rectifiers like the uncontrolled rectifiers can be
single-phase or three-phase. The controlled rectifier configurations are identical to the
uncontrolled rectifiers, however, in order to control the output dc voltage, SCRs are used in place
of the power diodes. The output dc voltage can be controlled at any desired level by changing the
firing angle a as discussed in paragraph 2-1f(2). Control by changing the firing angle a is termed
“phase control." The voltage is controlled by a feedback loop which senses the output voltage
and adjusts the SCRs firing angles to maintain the output at the desired level. The configurations
of single-phase and three-phase controlled bridge rectifiers and their wave forms are shown in
figures 2-12 and 2-13 respectively. The output dc voltage of rectifiers with resistive-inductive or
non-linear loads and the effect of the firing angle a can be determined by circuit analysis
techniques for each specific load. The effect of the firing angle a on the magnitude of the output
dc voltage isasfollows.

(a) Single-phase bridge rectifier with aresistive load. The following equation models
the voltage output of the single-phase bridge rectifier with aresistive load.

(1+ cosa)

Edo (O') = Edo 2
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Figure 2-9. Full-wave bridge uncontrolled rectifier

(b) Single-phase bridge rectifier with an inductive load. The following egquation
model s the voltage output of the single-phase bridge rectifier with an inductive load.

E, (a)=E, cosa
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Figure 2-10. Three-phase uncontrolled single-way rectifier

(c) Three-phase bridge rectifier with aresistive load. The following equation models
the voltage output of the three-phase bridge rectifier with aresistive load.

E, (a)=E, 1—s‘n(a—%)
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Figure2-11. Three-phase uncontrolled bridge rectifier

(d) Three-phase bridge rectifier with an inductive load. The following equation
models the voltage output of the three-phase bridge rectifier with an inductive load.

E, (a)=E,, cosa
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where: Ego = average dc voltage at no load without phase control (neglecting the
voltage drop in the circuit elements)
Eq(0) = average dc voltage at no load with phase control at firing angle a
(neglecting the voltage drop in the circuit elements).

L kTIm %Tloz
1 3 ! [ :
P 3ES ol
?Tloz 1109
ES
1, Ip,
“2'102
(\ Eg Iy
\
o T T 27

Figure 2-12. Sngle-phase controlled bridge rectifier
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Figure 2-13. Three-phase controlled bridge rectifier

h. Inversion. Inversion isthe conversion of dc power to ac power. Inversion can be
accomplished using SCRs or IGBTs. In high power applications, IGBTs have been used.
Inverters for static UPS systems can be single-phase or three-phase. Single-phase inverters are
used in ratings up to approximately 75 kVA; at higher ratings three-phase inverters are used.

(1) Inverter principles. The basic elements of a single-phase inverter are shown in figure
2-14. When SCRs 1 and 4 are turned on while SCRs 2 and 3 are off, a dc voltage appears across
the load with the polarity shown in figure 2-14a. After sometimeinterval, if SCRs 1 and 4 are
turned off and SCRs 2 and 3 are turned on, a dc voltage appears across the load with opposite
polarity as shown in figure 2-14b. If SCRs 2 and 3 are allowed to conduct for the same time
interval as SCRs 1 and 4 and then turned off while SCRs 1 and 4 are turned on and the processis
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Figure 2-14. Smple single-phase inverter

repeated, an aternating voltage will appear acrossthe load. The wave form of this alternating
voltage is as shown in figure 2-14c. Two points must be taken into consideration to make the
simple circuit in figure 2-14 of practical importance. As discussed before, once a SCR isturned
on it remains conducting until the current dropsto nearly zero. In the circuit shown in figure 2-
14, once the SCR isturned on, load current flows with magnitude larger than zero. Therefore,
some external means are required to cause the current to drop to near zero in order to turn off the
SCR. Such meansis called acommutating circuit. Generally, all inverters with SCRs require
commutation means and normally charged capacitors are used to effect the commutation process.
However, when gate turn off (GTO) SCRs or power transistors are used, no commutation circuits
arerequired. GTO SCRs and power transistors can be turned off by gate pulses supplied by low
power gating circuits. Commutation circuits are relatively complex and their principles of
operation are beyond the scope of thismanual. The second point isthat in the circuit shown, the
load is directly connected to the dc source through the SCRs. This subjects the load to transients
generated within the dc system. For this reason, the load is normally isolated from the dc source
through the use of an output transformer. Also, the inverter output wave shape is a square wave.
Thiswave shape is not suitable for supplying power sensitive equipment. Therefore, some means
are required to condition the inverter output to a sinusoidal waveform.

(2) Inverter voltage control. The common methods of inverter output voltage control are
pulse width control, PWM, and use of aferroresonant transformer. Any of these methods may be
used for output voltage control. In some designs a combination of pulse width control and
modulation is used. However, aferroresonant transformer is never used in combination with
either of the other two methods. The pulse width control technique has become less common
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than the PWM technique and the use of ferroresonant transformers. Also, some manufacturers
advocate the use of PWM while others favor the use of ferroresonant transformers. Although
each method may have some advantages over the others, the voltage control method is normally
not specified when specifying UPS systems. Either type may be used provided it meets the
performance requirements.

(a) Pulsewidth control. Toillustrate this technique, the circuit in figure 2-14 is
redrawn in figure 2-15. Referring to this figure, when each of the two SCR pairs (1, 4 and 2, 3) is
gated for atime interval equal to a half cycle without the two pairs conducting simultaneously,
the output voltage waveform isasin figure 2-15b. If the gating of SCR pair 2, 3 isretarded by a
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Figure 2-15. Voltage control using pulse width control

guarter of a cycle, the output voltage waveformisasin figure 2-15c. Therefore, the inverter
output voltage can be continuously adjusted by retarding the firing signal of one pair of SCRs
with respect to the other. The magnitude of the fundamental component of the output voltage
depends on the pulse width and is higher for awider pulse. The maximum output voltageis
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obtained with no retard; zero voltage is obtained when the firing signal is retarded by a half cycle.
The voltage control is accomplished by afeedback control loop which senses the output voltage
and adjusts the SCRs ' firing anglesto increase or reduce the output voltage level. With the pulse
width control technique, the output voltage harmonic content is high and a harmonic filtering
means is required.

(b) PWM. In thistechnique, the inverter SCR pairs are switched on and off many
times every half cycle to provide atrain of pulses of constant amplitude and different widths. The
output voltage is synthesized from this train of pulses as shown in figure 2-16. The output
voltage level can be controlled by varying the width of the pulses. By this technique the output
voltage wave shape can be made to closely approximate asine wave. Also, itisfeasibleto
eliminate all harmonics by the use of thistechnique. This eliminates the use of output filters.
Inverters using this technique have lower impedance and faster transient response. The control is
accomplished by feedback control asin the pulse width control technique.

Figure 2-16. Pulse width modulation (PWM)

(c) Useof aferroresonant transformer. A ferroresonant transformer connected across
the inverter's output can be used to regulate the output voltage and reduce its harmonic content.
The ferroresonant transformer is basically atwo-winding transformer with an additional small
secondary compensating winding and a series low pass filter connected across part of the main
secondary winding as shown in figure 2-17. The filter presents alow impedance to the lower
order harmonics and reduces their amplitude in the output to alow acceptable value. The
compensating winding voltage is added to the secondary output voltage 180° out-of-phase thus
maintaining the output voltage within a narrow regulation band. However, with the use of a
ferroresonant transformer, the output voltage is not continuously adjustable asin the previous
techniques.

(3) Three-phaseinverters. Three-phase inverters are commonly made up of three single-
phase inverters connected to the same dc supply, as shown in figure 2-18. The secondaries of the
three single-phase inverter output transformers are connected in wye configuration. To generate a
three-phase output, the firing signals for phase B inverter SCRs are delayed 120° from those of
phase A inverter. Similarly the firing signals for phase C inverter SCRs are delayed 120° from
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Figure 2 -17. Ferroresonant transformer

those of phase B inverter. The resulting phase-to-neutral voltages for 180° pulses and the line-to-
line secondary voltages are shown in figure 2-18, where:

Eas =Ean-Esn
Esc = Esn- Ecn
Eca = Ecn - Ean

In this case as with the single-phase inverter, the output wave shape is a square wave and means
for conditioning the output to a sinusoidal waveform is required. The three-phaseinverter output
voltage control can be accomplished by the same techniques used for single-phase inverters. However,
the use of ferroresonant transformersis not feasible in many three-phase applications. Thisisdueto the
fact that adight load current unbaance can cause substantia phase shiftsin the ferroresonant
transformers output voltages. With substantial voltage phase shift, the threeline to neutral voltages may
have the same magnitude but the line-to-line voltages may be extremely unbalanced. However, PAVM
technique can dso be used asin the case of single-phase inverters.

i. Satictransfer switch. A static transfer switch, like an electromechanical transfer switch, is
used to transfer loads from one power source to another, manually or automatically. However,
unlike an electromechanical transfer switch, the static transfer switch total transfer timeisin the
order of one fourth of a cycle which will provide power to the loads without interruption.

(1) Design. Asshownin figure 2-19, a single-phase static transfer switch consists of two
pairs of SCRs. Each pair is connected in antiparallel arrangement, i.e., the anode of one SCR is
connected to the cathode of the other. By this arrangement, each SCR in the pair can be made to
conduct every other half cycle. One pair of SCRsis connected between the load and each of the
two sources. Thelogic circuit appliesfiring signalsto either pair of SCRs.

(a) Operation. Applying afiring signal to source No. 1 SCRs causes them to conduct
and power flows from source No. 1 through the SCRs to the load. To transfer the load to source
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Figure 2-18. Three-phase inverter

No. 2, thefiring signals are transferred from source No. 1 SCRs to source No. 2 SCRs. This
causes source No. 2 SCRs to conduct and source No. 1 SCRs to block when the SCR anode
voltage reaches zero. By causing source No. 2 SCRsto conduct and source No. 1 SCRsto block,
power flows from source No. 2 through the SCRs to the load during the transfer, the two sources
are paralleled momentarily until source No. 1 SCRs reach the blocking state and the transfer isin
a"make-before-break” mode.

(b) Initiation. The transfer process can be initiated manually or automatically through
the sensing and logic circuit. This circuit senses the voltage and frequency of both sources and
checks their synchronism. When the connected source voltage and/or frequency deviate from the
required level, the sensing and logic circuit initiates transfer to the other source provided its
voltage and frequency are within allowable tolerances. The transfer is normally initiated after a
short time delay to avoid unnecessary transfers during transients.
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Figure 2-19. Single-phase static transfer switch

(c) Three-phase static switch. A three-phase static transfer switch consists of three
single-phase switches. However, only one common sensing and logic circuit is used to monitor
the frequency and voltages of the three phases. A voltage deviation in any phase initiates the
transfer. Otherwise, operation is the same as the single-phase switch operation.

(2) Static transfer switches with short time rating. The static transfer switch discussed in
paragraph 2-1i. above is capable of transferring and carrying the full load current continuously.
In some designs, particularly larger ratings, a static transfer switch with short time rating is used
in conjunction with acircuit breaker connected in parallel at the bypass source. In this
arrangement the static transfer switch is not rated to carry the load current continuously; it can
carry the full load current for a duration of less than one second. The static switch is used to affect
fast transfer and to carry the load current for the duration required to close the motor operated
circuit breaker which isin the order of several cycles. Once the circuit breaker closes, it carries
the load current and relieves the static transfer switch. This configuration is comparable to the
fully rated static transfer switch. However, it has alower reliability due to the higher failure rate
of motor operated circuit breakers. It isused mainly for economic reasonsin lower cost systems.

j. Batteries. A battery isused in astatic UPS system to provide reliable emergency dc power
instantaneously to the inverter when the normal power fails or degrades. Of the many available
battery types, the following two basic types are generally used in static UPS systems, namely, the
lead-acid and the nickel-cadmium (ni-cad) batteries.

(1) Lead-acid batteries. A lead-acid battery cell consists basically of a sponge lead
negative electrode, alead dioxide positive electrode, and a sulfuric acid solution as an electrolyte.
Asthe cell discharges, the active materials of both positive and negative electrodes are converted
to lead sulphate and the electrolyte produces water. On charge, the reverse action takes place. At
the end of the charging process, water electrolysis occurs producing hydrogen at the negative
electrode and oxygen at the positive el ectrode.
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() Lead-acid design. The most common design of lead-acid batteriesis the lead-
calcium cell construction where the active material for each electrode is prepared as a paste
spread onto alead-calcium alloy grid. The grid provides the electrical conductivity and structure
to hold the active materials. The resultant plates are soldered to connecting straps to form
positive and negative groups which are interleaved. Separators are placed between the plates and
the assembly is placed in a container or jar. These batteries can survive more short duration,
shallow cycles than long duration, deep discharge cycles.

(b) Voltage. The nominal voltage of alead-acid cell is 2 volts while the open circuit
voltage is approximately 2.05 volts. A commonly used end or discharged voltageis 1.75 volts.
However, lower end voltages are also possible. The electrolyte specific gravity with the cell fully
charged can range from anominal 1.210 to 1.300 at a temperature of 25°C (77°F).

(c) Ratedesign. The batteries may be of the high rate, medium rate, or low rate
design. The high rate batteries are designed to deliver alarge amount of current over a short
amount of time of approximately 15 minutes. Thisisachieved by designing the batteries with
thin plates. Thisdesignis most common for UPS applications. The medium rate batteries are
designed for general use. They deliver a medium amount of current over a medium amount of
time of approximately 1 to 3 hours. The design consists of medium width plates. Thisdesignis
most common with switchgear and control applications. The low rate batteries are designed for
delivery of power over along amount of time of approximately 8 hours. The battery design
consists of thicker plates. This design is most common for applications such as emergency
lighting and telecommunications.

(d) Vented (flooded) lead-acid battery. Vented (flooded) lead-acid cells are
constructed with the liquid electrolyte completely covering the closely spaced plates. The
electrolyte maintains uniform contact with the plates. These batteries require regular
maintenance of checking the specific gravity of the electrolyte and adding water. These batteries
are well suited for industrial applications due to the long lifetime (20 years) and high reliability
with the proper maintenance. Without the proper maintenance, the lifetime of the battery could
be greatly reduced. These batteries are approximately half the cost of ni-cad batteries. These are
the most commonly used batteries for industrial application UPSs.

(e) Valveregulated lead-acid (VRLA) batteries. The VRLA batteries are sealed with a
valve alowing venting on excessive internal pressure. These cells provide ameans for
recombination of the internally generated oxygen and suppression of hydrogen gas evolution to
reduce the need for adding water. This design does not require the maintenance of checking the
specific gravity and adding el ectrolyte as does the flooded lead-acid batteries. These batteries
have alifetime of approximately 5to 6 years. Thisis substantially shorter than the 20 year
lifetime of the flooded lead-acid and the ni-cad designs. These batteries would need to replaced 3
to 4 times to provide the same service of the flooded lead-acid and ni-cad designs. These units
sometimes experience failures called “ sudden death failures’” where deposits form on the plates
causing ashort. Thistype of failureis difficult to detect and makes this battery less reliable than
the flooded |ead-acid design and the ni-cad design. The VRLA batteries cost approximately half
of the price of the flooded lead-acid batteries and one fourth of the price of the ni-cad batteries.
These units are well suited for UPS systems providing back up to computer systems because of
their low maintenance, low cost, and low emissions. For industrial applications requiring greater
reliability and longer life the flooded lead-acid and ni-cad designs are preferred.

(2) Ni-cad batteries. Stationary ni-cad batteries designed for emergency power
applications are being used in static UPS systems. These batteries have along lifetime of 25
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years. However, because of their initial cost their use is hot as common as the flooded lead-acid
type.

(a) Ni-cad design. The ni-cad battery cell consists basically of anickel hydroxide
positive electrode, a cadmium hydroxide negative electrode, and a potassium hydroxide solution
as an electrolyte. Asthe cell discharges, the nickel oxide of the negative electrode is changed to a
different form of oxide and the nickel of the positive electrodeis oxidized. On charge the reverse
action takes place. Also, hydrogen and oxygen are evolved by the positive and negative
electrodes, respectively, asthe cell reaches full charge. However thereislittle or no changein the
electrolyte's specific gravity.

(b) Ni-cad voltage. The nominal voltage of ani-cad cell is 1.2 volts while the open
circuit voltage is 1.4 volts. The electrolyte specific gravity is approximately 1.180 at a
temperature of 25°C (77°F).

(c) Ni-cad rate design. Ni-cad batteries are also available in one of three designs of
high, medium, or low rate power delivery. The high rate batteries are the most commonly used in
the application of UPS systems.

(d) Advantages. These batteries are resistant to mechanical and electrical abuse. They
operate well over awide temperature range of —20°C to 50°C. Also, they can tolerate a complete
discharge with little damage to the capacity of the battery.

(3) Lead-acid vs. ni-cad batteries. Lead-acid batteries are about 50 percent less expensive
than an equivalent ni-cad battery; the ni-cad batteries exhibit alonger life and a more rugged
construction. Also the ni-cad battery requires |ess maintenance than alead-calcium battery.
However, ani-cad battery requires approximately 53 percent more cells than alead-acid battery
at the same voltage. Lead-acid batteries are more susceptible to high temperature than ni-cad
batteries. The life of alead-acid battery is reduced by 50 percent for every 15°F increase in
electrolyte temperature while a ni-cad battery loses approximately 15 percent of itslife. It should
also be noted that |ead-acid batteries release more hydrogen during recharging than ni-cad
batteries.

k. Battery charging. During initial operation, the battery requires charging. During normal
operation, local chemical reactions within the cell plates cause losses that reduce the battery
capacity if not replenished. Also, these local chemical reactions within the different cells occur at
varying rates. Inlead-acid batteries these local reactions over long periods of time cause unequal
state-of-charge at the different cells. In addition, it is required to recharge the battery following a
discharge. Therefore, the battery charger should provide theinitial charge, replenish the local
losses to maintain the battery capacity, equalize the individual (lead-acid) cells state-of-charge,
and recharge the battery following discharge. In stationary applications such as static UPS
systems, the battery is continually connected to the charger and the load and the battery is float
charged. During float charging the battery charger maintains a constant dc voltage that feeds
enough current through the battery cells (while supplying the continuous load) to replenish local
losses and to replace discharge losses taken by load pulses exceeding the charger's current rating.
Periodically the charger voltageis set a alevel 10 percent higher than the floating voltage to
restore equal state-of-charge at the individual (lead-acid) cells. This mode of charging is called
“equalizing charge” and the charger voltage level during this mode is the equalizing voltage.
Following the battery discharge, the charger is set at the equalizing voltage to recharge the
battery. The charger is set at this higher voltage to drive a higher charging current to recharge the
battery in areasonably short time and to restore it to the fully charged state. Although a periodic
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equalizing charge is not required for equalizing ni-cad cells, a charger with float/equalize mode is
required. At the floating voltage level, the ni-cad cell cannot be charged over 85 percent of its
full capacity. Therefore, the equalizing voltage level isrequired to fully recharge the cell after
successive discharges.

I.  Servicelifeinfluences. Service life asreported by battery manufacturersis greatly
influenced by temperature considerations. Battery manufacturers are finding that the type and
number of discharge cycles can reduce life expectancy when installed for the high-current, short
period, full discharges of UPS applications. Characteristics of expected life and full discharge
capabilities of various types of UPS batteries are given in table 2-1. An explanation of the
relationship of battery life to battery capacity, of the basis for battery sizing, and of the effects of
battery cycling is considered necessary to impress on maintenance personnel why continual
maintenance, data reporting is so important in fulfilling warranty policy requirements. Operating
characteristics of the overall system such as charging/discharging considerations, ripple current
contribution, and memory effect also can lead to a diminishment in expected battery performance.

Table 2-1. Characteristics of UPS battery types

Approximate

Typical Typical Number of
Warranty Expected Full

Battery Type Period Life Discharges
Lead-acid antimony, flooded €electrolyte 15 years 15 years 1,000-12,000
Lead-acid calcium, flooded el ectrolyte 20 years 20 years 100
Lead-acid/calcium gelled electrolyte, valve-regulated 2 years 5years 100
L ead-acid/cal cium suspended electrolyte, valve-regulated 1-10years 5-12years 100-200
Lead-acid specia aloy suspended electrolyte, valve-regulated 14 years 14 years 200-300
Lead-acid/pure starved electrolyte, valve-regulated 1lyear 5-20years 150
Ni-cad, flooded electrolyte 20-25years 25years 1,000-1,200

(1) Voltagetapping. Sometimes the UPS system will require one dc voltage level while
electrical operation of circuit breakers will require another dc voltage level. Tapping off of the
higher-voltage battery is not permitted. Unequal loads on the battery will reduce the battery's life
since it causes one portion of the battery to be undercharged while the other portion is
overcharged. Battery and UPS manufacturers both often indicate that such practices invalidate
their warranties.

(2) Cycling effects. A cycle serviceis defined as a battery discharge followed by a
complete recharge. A deep or full cycle discharge/recharge consists of the removal and
replacement of 80 percent or more of the cell's design capacity. Cycling itself isthe repeated
charge/discharge actions of the battery. A momentary loss of power can transfer the UPS to the
battery system and impose a discharge on the battery for the time period needed by the UPS to
determine whether the ac power input has returned to acceptability. Aswe see anincreasein
non-linear loads, we may expect to see more frequent cycling. Asindicated intable 2-1, the
ability of flooded lead-acid batteries utilizing alead-antimony alloy to provide the greatest
number of full discharges. Ni-cad batteries have agood cycle life, but their increased cost does
not encourage their use in large installations. Valve-regulated batteries have low-cycle
capabilities because each recharge means a possibility of some gassing, resulting in the ultimate
failure of the cell when it eventually dries out.

2-23



TM 5-693

(3) Charging/discharging considerations. A battery cannot function without a charger to
provide its original and replacement energy. A well designed charger will act to charge a
discharged battery by maintaining the correct balance between overcharging and undercharging
S0 as not to damage the battery. Additionally, the charger must assure that battery discharging is
limited to the point where the cells approach exhaustion or where the voltage falls below a useful
level (usually about 80 percent of the battery's rated capacity). Overcharging resultsin increased
water use, and over discharging tends to raise the temperature, which may cause permanent
damage if done frequently.

() Current flow. Batteries are connected to the charger so that the two voltages
oppose each other, positive of battery to positive of charger and negative to negative. Battery
current flow isthe result of the difference between the battery and the charger voltages and the
battery's extremely low opposing resistance. The voltage of the battery rises during charging,
further opposing current flow. Chargers are designed to limit starting charging currents to values
that keep equipment within a reasonable size and cost. They must also maintain a sufficiently
high current throughout charging so that at least 95 percent of the complete storage capacity is
replaced within an acceptable time period. Thisrecharge time may range from 5 to 24 times the
reserve period (for a 15 minute reserve period with a 10 times recharge capability the recharge
period would be 2.5 hours).

(b) Voltage action. Providing the precise amount of charge on each and every cell for
each and every recharge isimpracticable for a continuously floating battery operation. The float-
voltage point should just overcome the battery's self-discharge rate and cause the least amount of
corrosion and gassing. Ambient temperature differences will affect the charging ability of the
selected float-voltage level. Overcharge, undercharge, and float voltage levels differ, depending
upon the type of cell used.

(c) Lead-acid cells. The usual recommended float voltage for UPS applicationsis 2.20
to 2.30 volts per cell depending upon the electrolyte's specific gravity. The excess energy of
higher float voltages resultsin loss of water, cell gassing, accelerated corrosion, and shorter cell
life. To eliminate such actions, the charge is stopped dightly short of afully-charged condition
on daily or frequent discharges. However, permissible cell manufacturing tolerances and ambient
temperature effects will cause individual cell-charge variations. Sulphation will take place and
not be reconverted upon recharge, since the charge isinsufficient to draw al the acid from the
plates. The sulphate may start to crystallize and be shed from the plate. To prevent this, an
"equalizing" chargeis given for a selected time period to provide a complete recharge on al cells.
However, excessive equalizing charges will have an adverse effect on battery life. Automatic
equalizing after a discharge may require less maintenance time but may affect battery life.
Equalizing charges on a periodic basis are not recommended but should follow the manufacturer's
guidelines. Equalizing charging should be considered a corrective action rather than routine
maintenance. Periodic equalizing charges can be considered as treating a possible problem before
determining that there is a problem.

(d) Ni-cad cells. The usual recommended float voltage for UPS applicationsis 1.38 to
1.47 volts per cell depending upon the manufacturer's recommendation. Overcharge, as such,
may cause no harm to the battery although there will be water loss. The current rate used for
charging, though, could produce a damaging heating effect during any appreciable overcharge.
Equalizing is not as important for this type of battery, but may be recommended to assist in
electrolyte mixing after addition of water.
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(4) Ripplecurrents. UPS applications can place unusual load conditions on a battery, and
one condition that increases the rate of battery breakdown is ripple current. Ripple current is
caused by the ripple voltage of the battery charger output and by the pulsating current
requirements of the inverter. The UPS battery design strives for excellent short-term, high-rate,
current characteristics and this demands the lowest possible internal cell resistance. Thislow
resistance can serve as a better short circuit path for the ripple voltages coming out of the rectifier
stage of the UPS than can the filter capacitors in the output rectifier. Also, the inverter stage of
the UPS demands large instantaneous dc currents as it builds ac power from the parallel
rectifier/battery combination. If the UPSislocated some distance from the commercial ac power
source, the short-term instantaneous currents must then come from the battery. These factors can
result in arelatively high ac component in the UPS battery. The relative detrimental effects of
ripple current on the battery are mainly afunction of the design of the UPS, the comparative size
of the battery as compared to the UPS rating, and the battery type. Ripple current tends to heat
the batteries and is equivalent to constantly discharging and recharging the battery atiny amount.
Ni-cad cells can be adversely affected by ripple currents although they provide a very good
filtering capability. Lead, being much softer than nickel, requires different plate construction
techniques which make lead-acid batteries even more susceptible to harmful effects from ripple
currents. Usually ripple currents of less than 5 percent over the allowable continuous input range
of the battery will not be harmful to lead-acid batteries. A lead-acid battery operated on a high-
ripple current input at an elevated temperature can have its operating life reduced to one quarter
of what would normally be expected.

(5) Memory effect. Ni-cad cells charged at very low rates are subject to a condition known
asa"memory effect.” Shallow cycling repeated to approximately the same depth of discharge
leads to continual low-rate charging. The result is a battery action which has reduced the
effective reserve time of the UPS system. An affected cell can have the memory effect erased by
providing a complete discharge followed by afull charge with constant current which breaks up
the crystalline growth on the plates.

m. Effects of loads on static UPS systems. Linear |oads present a constant |oad impedance to
the power source. Thistype of load results in a constant voltage drop. However, non-linear loads
draw non-sinusoidal current resulting in a non-sinusoidal voltage drop. Non-linear loads and
loads with high inrush current demand could adversely affect the static UPS system performance.

(1) Non-linear loads. Non-linear loads are |oads whose current is not proportional to the
supply voltage such as |loads with ferroresonant transformers or regulating transformers and solid-
state power supplies. Non-linear loads distort the inverter output voltage wave shape and cause
the output voltage to contain high harmonic content. This effect can be more pronounced in
inverters with high impedance such asinverters with pulse width control technique and inverters
with aferroresonant output transformer.

(2) Loadswith highinrush current. Loads such as motors, transformers, incandescent
lamps, etc., draw a high initial current when energized. The high initial current for such loads
could be as high as 10 times the normal full load current. Therefore, loads with high inrush
current requirements should not be energized simultaneously otherwise the inverter may reach the
current limit point.

n. Effect of static UPS system on power supply system. The battery charger within the static
UPS isacontrolled rectifier which draws non-sinusoidal currents from the power source. The ac
line current drawn is basically a square wave or a stepped wave depending on the charger design.
This square or stepped wave can be analyzed into an equivalent sinusoidal wave of the power
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frequency (i.e., the fundamental component) plus other sinusoidal waves of higher frequencies or
harmonics. These harmonic currents cause harmonic voltage drops in the power source
impedance. Thisresultsin power source voltage distortion and the flow of harmonic currentsin
the power system components and loads. The degree of power source voltage distortion increases
with the static UPS system capacity as well as the power source equivalent impedance. The flow
of harmonic currentsin the power system can cause resonance and additional losses and heating
in the power source's components and loads. Normally, a static UPS system does not have
detrimental effects on the power supply system. However, when the static UPS system capacity
is close to 20 percent of the supply system capacity, the harmonic effects should be analyzed.

The effect of the UPS generated harmonics on the power source and other supplied equipment
can be minimized when necessary. The use of a 12- (or more) pulse rectifier reduces the
harmonic currents generated. The harmonic currents present in input current to atypical rectifier
in per-unit of the fundamental current are as shown in table 2-2. However, the rectifier number of
pulses is an equipment specific design parameter that is not normally specified by the user.
Should the UPS generated harmonics become a problem and affect other oads supplied from the
same bus as the UPS, harmonic filters at the UPS input may be used. Harmonic filters filter out
the harmonic currents and minimize the voltage distortion and its effects on harmonic susceptible
equipment.

Table 2-2. Harmonic currents present in input current to a typical rectifier in per-unit of the fundamental
current

Converter Harmonic Order

Pulses 5 7 11 13 17 19 23 25
6 0.175 0.11 0.045 0.029 0.015 0.010 0.009 0.008
12 0.026 0.016 0.045 0.029 0.002 0.001 0.009 0.008
18 0.026 0.016 0.007 0.004 0.015 0.010 0.001 0.001
24 0.026 0.016 0.007 0.004 0.002 0.001 0.009 0.008

From |EEE Std 519-1981. Copyright © 1981 IEEE. All rights reserved.

(1) Magnitude of harmonic effects. Systems with low impedances such as a large power
system will be less sensitive to the harmonic distortion from the non-linear UPS load than an
engine-generator source whose rating is close to that of the UPS. Sources with a high impedance
in relation to the load are known as "soft" power sources when they are unable to absorb the
generated distortion of their critical load; that is, the source voltage waveform can be grestly
deformed by the critical load waveform. It isdifficult for the UPS to attenuate load produced
noise. A very noisy or extremely non-linear load may reflect current distortions viathe UPS
input onto the source. Any interposed soft source may interact with this load to increase rather
than reduce critical load power disturbances. So non-linear |oads on the UPS can actually distort
the "clean" power the UPS is designed to provide by their load-induced current harmonics. Most
UPSs provide an input current distortion which meets or is less than the Information Technology
Industry Council (ITIC) [formerly called Computer Business Equipment Manufacturers
Association (CBEMA)] recommendations. To maintain required power quality to other loads
served by the UPS source, I TIC advocates an input having atotal reflected current harmonic
distortion (THD) of 5 percent or less of line-to-line distortion with a maximum of 3 percent for
any one harmonic order. Total distortion is the vector sum of individual harmonic frequency
distortions. UPS manufacturers typically guarantee that this distortion holds when the UPS
supplieslinear loads. A UPS sized for the addition of future loads may be in trouble if the future
loads have high harmonic contents. All manufacturers of electronic equipment install line filters
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to meet the Federal Communications Commission's (FCC) requirements for radio frequency
limits. They do not necessarily provide them for reducing power-line harmonics since this adds
to equipment costs. Electronic load-induced distortion beyond the UPS limitations can be
deduced if adverse effects occur under maximum loads but not under lesser loads. Asthe UPS
impedance increases in relation to the lower loads, this may reduce the distortion to limits which
can be handled by the UPS. Experience has shown that while distortion in excess of the UPS
manufacturer's specified limits may not operate protective circuitry, such excess distortion will
probably result in increased heating and possible reduction in equipment life.

(2) Problems from harmonics. Harmonic voltages and currents resulting from non-linear
loads have caused operating problems, equipment failures, and fires. Harmonics cause increased
heating, lower the power factor, change crest factors, increase zero crossing points, provide noise
feedback, and influence inductive and capacitive reactance. An understanding of harmonic
behavior helps to recognize actions which adversely influence the overall electrical systems.

(3) Neutral harmonic behavior. Harmonics are integral multiples of the fundamental
power [60 hertz (Hz)] frequency. Odd-order harmonics are additive in the common neutral of a
three-phase system. For pulsed |oads, even-order harmonics may be additive if the pulses occur
in each phase at a different time so that they do not cancel in the neutral. Thisresultsin
overloaded neutrals and becomes afire safety concern. 1TIC recommends providing double-
capacity neutrals. Section 310-4 of the National Electrical Code (NEC) suggests installing
parallel conductors to alleviate overheating of the neutral in existing installations where there is
high harmonic content. Balanced neutral current buildup due to harmonics can be as high as 1.73
times the phase current. Under unbalanced conditions, neutral current can be as much as three
times the phase current for worst case, pulsed loads. Oversized (that is per normal linear-load
applications) neutrals should be a requirement wherever solid-state equipment isinstalled.

(4) Harmonics and equipment ratings. Transformers, motors, and generators are rated on
the heating effects of an undistorted 60-Hz sine wave. At higher frequencies, hysteresis and eddy
current losses are increased, and the conductor's skin effect decreases its ampacity. Substantial
harmonic currents therefore will result in substantial heating effects, which means that the
equipment loads must be decreased to prevent overheating. Equipment loaded to less than 70
percent of its nameplate rating has been shut down because of harmonic overheating.
Unfortunately, there is only one standard on how to derate equipment. American National
Standards Institute (ANSI) C57.110 covers transformers, but a measured harmonic distribution of
the load current is probably not available to most users. Equipment capability must be checked
then by observation based on the temperature rise of the affected equipment.

(5) Lower power factor. Many non-linear loads have an uncorrected low power factor
because expensive power factor and harmonic line distortion correction has not been provided.
Any decrease in system power factor may indicate aload change has been made, which has
increased harmonic distortion.

(6) Crest value changes. Measurements for currents and voltages are based on average or
peak values, which are calibrated to read root-mean-square () or effective values. For asine
wave, the crest factor or ratio of the peak to the root mean square (RMS) valueis 1.414. Crest
values of non-sinusoidal waveforms can be greater than this value, so that normal measuring
instruments do not provide correct readings. It isthe effective value which is a measure of the
true amount of heat from aresistance. Inaccurate measurements (low for average-sensing and
high for peak-sensing instruments) can lead to protective device actions such as premature
tripping or failureto trip. Induction-disc watt-hour meters, when used for billing, may result in
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bills which are usually too high rather than too low. True RMS sensing is practical but requires
microprocessor based technology. The use of other than true RM S sensing meters, relays, and
circuit breaker trip units may contribute to system operating problems,

(7) Zerocrossing increases. Controls such as generator voltage regulators which use the
zero crossing point of avoltage or current wave can start hunting where harmonic contents result
in more zero crossings than there are naturally in a 60-Hz system. Instability in speed and
frequency can result, causing generator paralleling problems. An inaccurate measurement of
RMS values can prevent proper |oad sharing of paralleled units. These are important
considerations when generating-capacity regquirements are changed. Generator manufacturers
should be contacted when existing units are used to supply non-linear loads in order to ensure
compatible interfacing.

(8) Noise feedback. Power-line harmonics at audio and even radio frequencies can be
interposed on telephone, communication, and data systems by inductive or capacitive coupling
and by radiation. FCC has set maximum power line conduction and radiation standards for many
types of electric equipment. Unfortunately, not all harmonic-generating non-linear |oads come
under FCC standards, and improperly shielded and filtered equipment can conduct or radiate
noise, which may cause problems even many miles from their source.

(9) Inductive and capacitive influences. High harmonic content can cause resonant circuits
at one or more of the harmonic frequencies, resulting in voltages and currents that are higher than
equipment ratings. Insulation breakdown, overheated equipment, and eventually equipment
failure will result. Additionally, capacitors added for surge suppression or power factor
correction may have such alow reactance at higher harmonic frequencies as to cause a short
circuit and failure of the capacitor.

(210) Harmonic correction techniques. The measurements of harmonic currents and
voltages require specia techniques. The inductive and capacitive impedance is variable because
of harmonic variations; therefore, its effects are usually unpredictable. More and more the power
system is becoming susceptible to the operation of the sensitive electronic equipment, as much as
or more than the sensitive electronic device is susceptible to the power source. If harmonic
problems have been identified as causing problems, certain procedures are recommended. The
following are some of the procedures. Provide oversized neutral conductors. Derate
transformers, generators, motors, and UPS if necessary. Insure all controls, especially those
involving generator speed and paralleling, are properly shielded and filtered and are designed to
respond as quickly asis necessary. Use of unfiltered voltage regulators and non-electronic
governors will probably cause problems, especialy for generators supplying more than a 25-
percent non-linear load. Provide line filters to suppress the harmonics emanating from the power
source. Increase power source capacities so asto lower output impedance and minimize voltage
distortion. Use UPS outputs which have no neutrals. Where neutral voltages are required,
provide isolation transformers as close to their loads as possible to shorten oversized neutral
installations. Use true RMS sensing for circuit breaker trip units, relays, meters, and instruments.

0. Advantages and disadvantages of static UPS systems. Static UPS systems have severad
advantages. They provide disturbance free uninterrupted power, operate at low sound levels, have
high reliability and short repair times, require minimal maintenance, simple installation, and lend
themselves to future expansion and reconfiguration. However, they aso have some
disadvantages. Some of the disadvantages are that they introduce harmonics into the power
supply system, have ahigh initial cost to purchase, require large space, require regulated
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environment, require skilled technicians for trouble shooting and repairs, and have a somewhat
low efficiency.

2-2. Principles of rotary UPS systems

The most basic UPS system is the inertia-driven ride-through system. This system consists of a
synchronous motor driving a synchronous generator with alarge flywheel as shown in figure 2-
20. During normal operation the motor drives the flywheel and the synchronous generator at
constant speed proportional to the power supply frequency. The generator output voltageis
regulated by the voltage regulator and the frequency is constant and proportional to the motor
power supply frequency. When input power is momentarily lost or degrades, the flywheel
suppliesits stored energy to the generator and the frequency is maintained within the required
tolerance for a duration depending on the flywheel inertia. The time interval for which the
frequency can be maintained within tolerance is proportional to the ratio of flywheel inertiato the
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Figure 2-20. Inertia-driven ride-through system

load for a given speed. To keep the system weight low, high speed isrequired. However, to keep
the noise level low, low speed isdesirable. Therefore, the system is commonly operated at a
speed of 1800 revolutions per minute (rpm) as atrade-off. In this system, a synchronous motor is
used to maintain a constant speed independent of the load level. However, an induction motor
with very low dlip may aso be used as discussed in paragraph 2-2a(1). In newer designs an
asynchronous motor is coupled with a synchronous generator. This technology uses induction
coupling rather than aflywheel for the ride-through inertia. Other designs use a battery. The
battery-supported inertia rotary UPS system consists of a synchronous motor driving a
synchronous generator, with arectifier, inverter, and storage battery added. The system
configuration is shown in figure 2-21. During normal operation, the synchronous motor drives
the synchronous generator and provides filtered power. Upon loss of the ac input power to the
motor, the battery supplies power to the motor through the inverter which drives the generator.
The batteries provide energy to the system during the transition from normal to emergency
operation. This system may also use akinetic battery in place of the standard lead-acid and ni-
cad batteries [see paragraph 2-2b(6)].
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Figure 2-21. Battery supported motor-generator (M-G) set

a. Motor types and characteristics. In arotary UPS system an ac motor is used to convert
electrical energy to mechanical energy for driving an ac generator and a flywheel. Both
synchronous and induction motor types may be used. DC motors are also used in rotary systems
with a storage battery for back-up power. In the following paragraphs, only the motor
characteristics relevant to rotary UPS applications are addressed.

(1) Induction motors. Induction motors are of the squirrel cage or the wound rotor type. It
is the three-phase cage motor type that is used in rotary UPS applications. The relevant
characteristics of a cage motor are asfollows. The motor speed is essentially proportional to the
power supply frequency. The motor speed is dependent on the load level. For amotor with 5
percent dlip, the speed may increase by up to 5 percent of the rated speed from rated load to no
load. The speed variations are lower for low slip motors. When energized, the motor draws a
starting current as high as 6.5 times the rated current for a duration of 2 to 10 seconds or longer
depending on the load inertia. The induction motor power factor is approximately 0.8 lagging.

(2) Synchronous motors. The relevant characteristics of a three-phase synchronous motor
are asfollows. The motor speed is independent of the load and is directly proportional to the
power supply frequency. The starting current and starting duration of a synchronous motor are
dlightly less than those of a comparable induction motor. A synchronous motor can be either self-
excited or externally excited (see paragraph 2-2b(3) for exciter types). The synchronous motor
power factor can be changed from lagging to unity to leading by adjusting the field or exciting
current.

(3) DC motors. DC motors are classified according to the method of excitation used as
shunt excited, series excited, and compound excited. The shunt excited dc motor is the most
suitable in rotary UPS applications and has the following characteristics. The motor speed is
dependent on the load level. The speed may decrease by up to 5 percent of the rated speed from
no load to rated load. The motor speed can be easily adjusted by varying the shunt field current
through the use of arheostat. The motor can be operated as a generator by applying mechanical
input to the shaft.

b. Generator types and characteristics. In arotary UPS system a synchronous generator is
used to convert the motor mechanical energy or the mechanical energy stored in aflywheel to ac
electrical energy with regulated voltage. In rotary systems with a storage battery a dc motor or
inverter is provided for driving the generator during aloss of ac power. When ac power is
available, the dc motor is operated as a dc generator to charge the battery. Newer rotary system
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designs may also utilize a back-up inverter and a dc battery to supply the driving motor upon loss
of the normal ac power. In the following paragraphs, only the generator characteristics relevant
to rotary UPS applications will be discussed.

(1) Synchronous generators. The relevant characteristics of a three-phase synchronous
generator are as follows. The generator frequency is directly proportional to the prime mover
speed. Controlling the output frequency is accomplished by controlling the prime mover speed.
The output voltage can be regulated by varying the field current, i.e., excitation level. The
generator rated power factor isnormally 0.8 lagging. The generator has alimited load unbalance
capability; severe unbalance can result in overheating. The generator can supply a maximum
current of 6 to 7 times rated RM S current for afew cycles and 3 to 4 times rated RM S current for
afew seconds. The output voltage harmonic content is typically lessthan 5 percent.

(2) DC generators. Similar to dc motors, dc generators are classified as shunt excited,
series excited, and compound excited. The relevant characteristics of dc generators are as
follows. The generator output is essentially ripple free power. The output voltage can be
precisely held at any desired value from zero to rated by controlling the excitation level. The
generator can be operated as a motor by applying dc power to its armature.

(3) Exciters. Exciters are used to create the magnetic field on the generator. They can be
broadly classified as static and rotary. In astatic exciter all components are stationary and are
mounted outside of the machine frame. The synchronous machine field coils are connected to
commutator rings, and brushes are used to connect the field coils to the excitation power source.
In arotary exciter, some of the components are rotating and are mounted either on the
synchronous machine shaft or externally. Also, in arotary exciter acommutator ring and brushes
may be required or the system may be brushless. Brushless type exciters are more commonly
used now due to their lower maintenance requirements. However, selection of the exciter typeis
largely up to the manufacturer to meet the performance requirements.

(4) Flywheel. A flywheel isused in arotary UPS system as an energy storage device. The
flywheel is coupled to the M-G shaft and supplies stored energy to drive the generator upon
momentary |oss of the motor output. In addition, it acts to stabilize the generator frequency by
maintaining the rotational speed following transient frequency variations at the motor power
supply or sudden load changes. The flywheel may be considered an analog to a storage battery
(with avery short protection time) in static UPS systems.

(5) Induction coupling. Induction coupling occurs when using an asynchronous motor and
a synchronous generator. The induction coupling provides kinetic energy lasting approximately 2
seconds after loss of normal ac power to allow transfer to backup power. During thistime a
backup diesel generator may be brought on-line to provide power. Thiskinetic energy is supplied
from the rotor. Energy storage is achieved when the rotor of athree-phase, two-pole
asynchronous machine is accelerated to 3600 rpm. The stator of the same machineis
mechanically connected with the rotor of the synchronous machine, running at 1800 rpm. The
squirrel cage rotor of the asynchronous machine will run at 5400 rpm (1800 plus 3600 rpm). To
retrieve energy from the squirrel cage, at the moment of power interruption, a controlled dc field
is provided through an additional dc stator winding in the asynchronous machine. The magnetic
field created in this way brakes the speed of the free running inner rotor, so that energy is
released. Thisenergy is used to keep the rotor running at 1800 rpm, while the generator comes
online.
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(6) Kinetic battery. The kinetic battery may be used in place of regular flooded lead-acid
or ni-cad batteries in the battery backed M-G configuration as shown in figure 2-21. The energy
for the kinetic battery comes from a flywheel coupled with aM-G set. The energy from the
flywheel is driven by asmall pony motor using normal ac power. Upon loss of normal power, the
flywheel continuesto put out energy through the generator which provides input ac power to the
rectifier. Therectifier and inverter filters the ac power and provides ac power to the primary M-G
set. The ac power must be filtered to prevent the load from seeing the degradation of the
frequency as received from the flywheel-generator source. This system allows for approximately
15 to 30 seconds of ride-through while waiting for the diesel generator to start.

c. Affect of loads on rotary UPS systems. Various types of loads may affect the UPSs ability
to perform. Some of these load types are non-linear loads, loads with high inrush current, and
unbalanced loads.

(1) Non-linear loads. Non-linear loads as discussed in paragraph 2-1m(1) will distort the
synchronous generator output voltage wave shape and cause the output voltage to contain high
harmonic content. The harmonic currents generated can also cause additional losses and heating
in the generator. This may require derating the generator if the harmonic content of the load
current isexcessive. The generator manufacturer should provide the derating recommendations
which are based on the nature as well asthe level of the non-linear loads.

(2) Loadswith highinrush current. Unlike a static UPS system, arotary UPS system is
capable of supplying high inrush currents at reduced voltages. The level of voltage reduction is
more gradual than for the static inverter and depends on the generator transient reactance.

(3) Unbalanced loads. The unbalanced load capability of arotary system isless than that
of acomparable static UPS system. A synchronous generator has avery limited negative
sequence current capability. Highly unbalanced loads produce high negative sequence currents
which cause severe overheating.

d. Affect of the rotary UPS system on the power supply system. Due to the high starting
current required by ac motors, arotary UPS system may cause the reduction of the power supply
system voltage during startup. The duration of the voltage reduction is dependent on the motor
type and the system inertia. 1t could be aslong as 10 or 15 seconds. The power factor of a
system with a synchronous motor can be made |eading by adjusting the motor excitation level.
This means that the motor can be made to supply reactive power to the power supply system and
improve its overall power factor. Improving the overall power factor can improve the supply
system voltage regulation. On the other hand, systems with an induction motor have a power
factor of approximately 0.8 lagging. Such a system requires reactive kVA from the power supply
system which may cause a voltage reduction on the supply system. AC motors contribute
currents during system faults. A large rotary UPS system may appreciably increase the system
short circuit capability.

e. Advantages and disadvantages of rotary UPS systems. The rotary UPS system has both
advantages and disadvantages that should be considered at the time of selection.

(1) Rotary advantages. There are many advantagesto arotary UPS system. Therotary
system low output impedance makes it able to supply higher fault currents to operate a circuit
breaker during fault conditions. They provide total isolation of sensitive loads from power supply
system transients. They provide disturbance free uninterrupted power. Systems without storage
batteries have alow initial cost. Efficiency is higher than comparable static UPS systems. The
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rotary UPS systems have higher tolerance to adverse environments. Some require small space,
especialy systems without a storage battery. They do not cause power supply system voltage
distortion. High ratings, e.g., above 1000 kVA can be built in the rotary UPS design. A rotary
system has alower number of components than a comparable static system and hence has alower
failurerate. It hasalow output impedance which makes its output voltage less susceptible to
harmonic distortion as may be caused by non-linear loads.

(2) Disadvantages. While there are several advantages to the rotary UPS, it does have
some short comings. Some of them are that they operate at high sound levels unless equipped
with special silencing enclosures. They require more maintenance and long repair times. Also,
they require special foundations. Their installation is more complex. They do not easily lend
themselves to future expansion, paralleling, or reconfiguration. Their performance requirements
and configurations are not commonly standardized. Fewer manufacturers produce rotary UPS
systems as compared to static UPS systems. The rotary UPS has a short backup time and requires
either a battery or backup diesel generator for longer backup power.

2-3. Common static UPS system configurations

The building blocks of a static UPS system are rectifier/charger, inverter, battery, and static switch.
These building blocks can be assembled in many configurations as required to meet reiability and/or
economic consderations. However, some specific configurations have been in common use and are
dandardized in Ingtitute of Electrical and Electronic Engineers (IEEE) 446. The most common of these
configurationsin ascending order of rdiability are a non-redundant system, a system with dtatic bypass
switch, aredundant system, a cold standby redundant system, and adua redundant system with static
transfer switches.

a. Non-redundant system. The non-redundant static UPS system shown in figure 2-22 is the
basic system described in paragraph 2-1. One mgjor limitation in this configuration is that failure
of theinverter leads to the loss of power to the supplied loads. This limitation makes this
configuration undesirable except for supplying redundant loads where the loss of one load group
does not impact operation. Another limitation isthat due to the limited overload capability of the
inverter elements, it is not suitable for supplying loads with high inrush current requirements.

AC | BATTERY - .
——] INVERTER — o LOAD
SOURCE | CHARGER  LOA

Bal TERY

Figure 2-22. Non-redundant static UPS system

b. Systemwith static bypass switch. The static UPS system with a static transfer switch is
shown in figure 2-23. It is made up of the basic system with the addition of a static transfer
switch to transfer to an alternate ac source. Normal operation of this system is basically the same
asthe basic system as described in paragraph 2-1. In addition, the static transfer switch sensing
and logic circuit continuously monitors the inverter output voltage and initiates aload transfer to
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Figure 2-23. Satic UPS systemwith static transfer switch

the alternate source during aloss of inverter output or a deviation of the inverter output voltage
beyond the allowable tolerance due to malfunctions, high inrush demand, or aload branch circuit
fault. In order to minimize disturbances to the connected loads during transfers, the inverter is
synchronized to the alternate ac source. During normal operation the inverter frequency is
controlled by the alternate source's frequency. In this mode, the inverter'sinternal oscillator
provided for controlling the inverter frequency is bypassed. However, should the alternate source
frequency deviate beyond the allowable tolerance, the inverter automatically revertsto itsinternal
oscillator for frequency control and maintains the frequency within tolerance. The static transfer
switch is commonly designed to automatically retransfer the loads back to the inverter when its
output voltage recovers to within tolerance. However, the automatic retransfer feature can be
inhibited if desired to allow for manual retransfer only. The addition of the static transfer switch
to the basic system configuration increases the system reliability by connecting the loadsto an
aternate source upon loss of the inverter output. In addition, this configuration facilitates
supplying loads with high inrush demands. One common improvement to this systemisthe
addition of aregulating transformer as shown in figure 2-24. A regulating transformer isa
specialy designed transformer which can maintain its output voltage with limited deviationsin
input voltage. In addition, it can attenuate voltage surges and spikes originating in the power
supply source.
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Figure 2-24. Satic UPS system with static transfer switch and an alternate source regulating transformer
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c. Redundant system. The redundant static UPS system configuration is shown in figure 2-25.
This configuration is made up of two or more normally energized basic systems connected in
parallel and synchronized with one another. The static interrupters used in this configuration are
solid-state devices which serveto isolate afaulty inverter from the connected loads and to prevent
the other inverters from supplying high fault currentsto the faulted inverter. Inthis
configuration, although the rectifier/inverter combinations are duplicated for higher reliability,
only one common battery is used. Thisisdue to the extremely high reliability of batteries. The
rating of each of the parallel basic systems should be such that if one system fails, the remaining
systems are capable of supplying the connected load. Therefore, for atwo-parallel system, each
system should be rated for 100 percent capacity and for athree-parallel system, each system
should be rated for 50 percent capacity, etc. Inthisconfiguration, al the parallel systems are
normally energized and share the load equally. It is aso used where very high reliability is
required. Should one system fail, the remaining systems supply the load without interruption.
installations (400 kVA and larger) where the |oad exceeds the rating of available systems. This
configuration is also commonly used in very large configuration is more costly than other
configurations to purchase and install. In addition, it has alower overall efficiency since all the
paralel systems have to be operated continuously at part load where the efficiency is lower than
at full load. However, this configuration is desirable where very high reliability is essential and
the reliability of the ac power supply is questionable. It should be noted that C4I SR facilities
require a system reliability level of 99.9999 percent.

Figure 2-25. Redundant static UPS system

d. Cold standby redundant system. The cold standby redundant static UPS system
configuration is shown in figure 2-26. It is made up of two basic systems with one common
battery. Each of the two basic systemsis rated at 100 percent capacity. During normal operation
one system is de-energized and the other system is energized to supply the load through a
manually operated circuit breaker. Upon loss of the inverter output, the static switch
automatically connects the load to the alternate source without interruption. The second system's
static switch is then closed manually, also connecting the load to the alternate source. To transfer
the load to the second system, the static switch of the failed system is manually opened. Next the
second system's breaker is manually closed, its static switch is opened, and the load is supplied
from the system's inverter. During the transfer operations, the load is continuously supplied from
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the aternate source without interruption until it is switched to the second system. In this
configuration the two inverters are not intended for operation in parallel and their output circuit
breakers are interlocked to prevent this condition. One disadvantage of this configuration, when
compared to the redundant system, is that the load is supplied from the unregulated alternate
source for a short duration before the transfer is completed. Also, the transfer from one system to
the other is manually accomplished and requires an operator's action. This makes the use of this
configuration undesirable in locations where the alternate power source has alow reliability.
However, this configuration has a higher efficiency than a comparable two-parallel redundant
configuration. The higher efficiency is due to operating the energized system at 100 percent
capacity as compared to operating each of the systems of atwo-parallel redundant configuration
at 50 percent capacity. Another advantage of this configuration over the redundant system is that
the two basic systems are not susceptible to asingle failure.

Figure 2-26. Cold standby redundant static UPS system

e. Dual redundant system with static transfer switches. The configuration of the dual
redundant static UPS system with static transfer switches is shown in figure 2-27. Likethe
redundant system configuration, it is made up of two normally energized 100 percent capacity
basic systems connected in parallel with one common battery. Each of the two basic systemsis
synchronized to the alternate source. The static switch provided at the output of each system
serves the functions of a static interrupter as in the redundant system configuration, and a switch.
Operation of this configuration is similar to the redundant system. In addition, upon loss of both
systems or deviation of the output voltage beyond acceptable limits, the static switches disconnect
the load from the inverters and connect it to the alternate source in a make-before-break transfer.
The addition of the alternate source increases the reliability of this configuration over the
comparable redundant system. In addition, the static switches make this configuration capable of
supplying high in-rush currents by transferring to the alternate source. Aswith all systemswith a
static transfer switch to an alternate ac source, a regulating transformer connected to the alternate
ac source is commonly used.

2-4. Rotary UPS system configurations
The main building blocks of rotary UPS systems are the synchronous motor, ac generator, and
flywheel. In addition to the main building blocks, induction motors, eddy current clutches,

batteries, dc M-Gs, and static rectifier/inverters are also used in rotary UPS systems. The
building blocks can be assembled in numerous configurations to meet reliability and/or economic
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considerations. The most common rotary UPS configurations are the inertia-driven ride-through
system with a synchronous motor, the inertia-driven ride- through system with an induction
motor, inertia-driven ride-through system with an induction motor and an eddy current clutch,
battery supported inertia system with a dc motor, and battery supported inertia system with a
backup inverter.

ALTERTATE TATE
= . J
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ATE

Figure 2-27. Dual redundant static UPS system with static transfer switches

a. Inertia-driven ride-through system with a synchronous motor. The inertia-driven ride-
through system with a synchronous motor shown in figure 2-28 is the basic inertia-driven ride-
through system described in paragraph 2-2. The main limitation in this configuration is that the
ride-through time is normally limited to 0.5 seconds. This makes this configuration suitable only
at locations where the power supply has a high reliability and long term interruptions are unlikely
asin large metropolitan areas. This configuration is also widely used in frequency changer
applications to convert the power supply frequency to another frequency such as 420 Hz. In this
application the synchronous motor drives the generator at a constant speed proportional to the
power supply frequency. The ratio of the generator number of polesto the motor number of poles
should be the same as the ratio of the desired frequency to the power supply frequency. This
configuration is becoming less common and it is not available from many manufacturers.
However, newer technologies provide an induction coupling system for the inertia ride-through
rather than the flywheel as discussed in paragraph 2-2b(5). This system is used with an
asynchronous motor and a synchronous diesel generator. The induction coupling allows for
approximately 2 seconds of ride-through while the diesel generator comes on line.

b. Inertia-driven ride-through system with an induction motor. Theinertia-driven ride-
through system with an induction motor is the same as shown in figure 2-28 except for replacing
the synchronous motor with an induction motor. In this configuration, the induction motor must
be with low-dlip characteristics - typically lessthan 0.5 percent dip. With 0.5 percent slip
characteristic, the generator output frequency (for a 60 Hz system) can vary from 59.7 Hz at rated
load to near 60 Hz at no load. This configuration has the same limitation as the configuration
with a synchronous motor. In addition, it is mostly suitable for supplying loads with higher
tolerance to frequency variations. However, due to the lower cost of an induction motor as
compared to a comparable synchronous motor, this configuration is less costly.
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Figure 2-28. Inertia-driven ride-through system with a synchronous motor

c. Inertia-driven ride-through systemwith an induction motor and an eddy current clutch.
This configuration shown in figure 2-29 consists of an induction motor which drives a flywheel
and an eddy current clutch at a speed essentialy proportional to the supply frequency. The
generator rotates at a constant speed lower than the motor speed by controlling the slip of the
eddy current clutch. The generator output frequency can be maintained at 60 hertz +0.25 hertz.
On loss of the ac input power, the generator receives energy stored in the flywheel. Asthe
flywheel slows down, the slip of the eddy current clutch is reduced so as to maintain the generator
frequency at 60 Hz. The generator frequency can be maintained above 59.5 Hz for up to 15
seconds after loss of ac input power. This configuration is most suitable where a backup power
source such as adiesel generator or gas turbine is available. The rotary system can supply the
loads until the backup source is started and operated to supply the motor. However, the use of
this configuration is becoming less common and it is not available from many manufacturers.
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Figure 2-29. Inertia-driven ride-through system with an induction motor and an eddy current clutch

d. Battery supported inertia systemwith a dc motor. The battery supported inertia system
with adc motor is shown in figure 2-30. The ac motor may be a synchronous or alow dlip
induction motor. The frequency regulation of systems using an induction motor is the same as

the inertia-driven ride-through system described in paragraph 2-2. This configuration is required

at installations where the power supply is of low reliability and long term interruptions are
common. Thistypeisno longer manufactured, however, there may be some still in use.
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Figure 2-30. Battery supported inertia system

e. Battery supported M-G set. The battery supported M-G system with a backup inverter is
shown in figure 2-31. It is made up of a synchronous M-G set with the addition of a
rectifier/inverter, batteries, and a static switch. During normal operation, the static switchis
conducting and 95 percent of the required power is supplied to the motor from the ac source. The
remaining 5 percent power is supplied through the rectifier/inverter while the battery is float
charged. Theinverter is kept operational at thislow power level to ensure that it remains
operational and can supply full power in the event of degradation or loss of the ac source. Upon
loss of the ac source or deviation of its frequency and/or voltage from acceptable limits required
to maintain the generator output, the static switch is automatically blocked and power is supplied
from the battery to the motor through the inverter. Upon restoration of the ac source, the static
switch automatically conducts and the system reverts to normal operation. This configuration
provides conditioned, isolated, and uninterrupted power. In addition, it has ahigher reliability
and requires less maintenance than a comparable rotary system with adc motor. DC machinesin
general require more frequent maintenance due to wear in brushes and wear and pitting in the
commutator ring.
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Figure 2-31. Battery supported M-G set

f. Rotary systemswith a transfer switch to a bypass source. Like static UPS systems, rotary
systems can be provided with atransfer switch to transfer the load to an alternate source upon
loss of the generator output. However, unlike the static UPS inverter, it is not practical or
economical to synchronize the generator to the alternate source. Therefore, the transfer may
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occur in "out-of-synch" mode and may subject the connected |oads to undesirabl e transient
overvoltages. Therefore, although the addition of atransfer switch can increase the availability of
power supply, live transfer is not recommended in rotary systems. Also, less costly
electromechanical switches may be adequate for this purpose.

g. Paralleling of redundant rotary systems. Redundant rotary systems may be connected in
paralel to provide higher capacity and/or to increase the reliability as was discussed in paragraph
2-3c for static UPS systems. However, due to the difficulty of synchronizing the generatorsto
one another, switching the individual generators for parallel operation should be performed
without the loads being connected to avoid subjecting sensitive equipment to high voltage
transients during switching.
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CHAPTER 3

DESIGN AND SELECTION OF UNINTERRUPTIBLE
POWER SUPPLY (UPS)

3-1. Selecting an UPS

The process for selecting an UPS consists of eight steps. These steps are: determining the need
for an UPS, determining the purpose(s) of the UPS, determining the power requirements,
selecting the type of UPS, determining if the safety of the selected UPS is acceptable,
determining if the avail ability of the selected UPS is acceptable, determining if the selected UPS
is maintainable, and determining if the selected UPS is affordable. The last four steps may
require repeating if the UPS does not meet all of the requirements. This process does not and
cannot provide a“cookbook solution.” Each facility has unique requirements for emergency and
standby power. These requirements include the reliability of the prime power source, the nature
of the work done, local and state regul ations governing emergency power, etc. The process does
not give asingle solution that is applicable to all cases. It is hoped, however, that it provides the
framework for selecting an UPS for any facility. Figure 3-1 illustrates this process. To help
illustrate how the selection procedure can be used, an example is provided in appendix B. This
example is completely fictitious and should not be considered as “the” model for how the
selection process would be used in every case. It does, however, illustrate the many factors that
go into the decision process and the need for a good staff to assist the facility manager in making

the UPS selection.
Detetmine Purpose for Determine Power

.
UES [ Requirements » Select Type of UPS

Determine Need for UPS

Y

I Availability of
Selected UPE Acceptable
7

I Belected TIP3
IMaintainable
9

I Belected TP3

Is Bafety of Selected Affordable
7

TUPE Acoeptable
?

Figure 3-1. Determine the general need for an UPS

a. Determinethe general need for an UPS. The assessment process for determining the need
for afacility UPSis shownin figure 3-2. Determining the need for an UPS is mainly a matter of
evaluating the way in which afacility is used, as well as knowing whether local, state, or federal
laws mandate the incorporation of an UPS. The number of regulations mandating an alternate
power source to ensure safety of personnel and to prevent pollution of the environment continues
toincrease. Consequently, enforcement agencies should be consulted to determine if an UPSis
mandated. They should also be consulted during design and installation to make sure that the
UPS is designed and installed in accordance with current applicable regulations.
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Figure 3-2. Determine the facility need for an UPS

b. Determine the purpose of the UPS. An UPS may be needed for a variety of purposes.
These include emergency lighting for evacuation, emergency perimeter lighting for security, shut
down or continued operation of manufacturing equipment or computer operations, continued
operation of life support or critical medical equipment, continued operation of communications,
and safe operation of equipment during sags and brownouts. Some facilities need an UPS for
more than one purpose. In any case, the purpose(s) must be known before proceeding because it
determines many factors that will drive the amount of power required and the type of UPS that
will be needed. These factors are the acceptable delay between loss of primary power and
availability of UPS power, the length of time that emergency or backup power isrequired, and the
criticality of the load that the UPS must bear. Applications such as hospital life support and
safety, aircraft tracking and landing, and certain production pracess controls and data processing
cannot tolerate any loss of power, no matter how short the period of time, without loss of life or
revenue. Other applications like refrigeration, heating, and cooling may tolerate loss of power for
several minutes (or longer) without any adverse effects. For data processing equipment, it may
be necessary to maintain power until the equipment can be shut down in an orderly manner. This
process may take only afew minutes. Alternatively, life support, safety, communications and
security equipment, and other applications may require continuous power until primary power is
restored. Restoration of primary power could take hours or even days. A survey of commercial
power outages may be necessary to determine thisinformation. If commercial power outages are
historically infrequent and last only afew minutes or hours, it may not make economical sense to
install an UPS capable of supplying power for several days. Table 3-1 lists some general criteria
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Power Needed Maximum Tolerable Power Recommended Minimum Type of Auxiliary Power
For Purpose Failure Duration Auxiliary Supply Time Emergency Standby Justification for UPS
Lighting Evacuate Personnel Up to 10s, preferably not 2h X Prevent panic, injury, loss of life. Comply with building codes and local, state, and
more than 3s federal laws. Lower insurance rates. Prevent property damage. Lessen losses due to
legal suits.
Illuminate 10s 10-12 h during al dark X X Lower losses from theft and property damage. Lower insurance rates. Prevent injury.
perimeter & for hours
security
Provide warning From 10 supto 2 or 3 min Until prime power restored X Prevent or reduce property loss. Comply with building codes and locd, state, and
federal laws. Prevent injury and loss of life.
Restore normal 1 sto indefinite depending on Until repairs completed X X Reduce risk of extended power and light outage due to alonger repair time.
power system available light and power restored
Provide general Indefinite; depends on Indefinite; depends on X Prevent |oss of sales. Reduce production losses Lower risk of theft. Lower insurance
lighting analysis and evaluation analysis and evaluation rates.

Provide power to Up to 10s (NFPA 99-1996, Until prime power restored X X Facilitate continuous patient care by surgeons, medical doctors, nurses, and aids.
hospitals and ANSI/NFPA 101-1994); Comply with all codes, standards, and laws. Prevent injury or loss of life. Lessen losses
medical areas allow 10s for alternate power dueto legal suits.

source to start and transfer
power.

Facilitate orderly Olstolh 10 min to severa hours X Prevent injury, loss of life, and property loss by a more orderly and rapid shutdown of

shut-down critical systems. Lower risk of theft. Lower insurance rates.
Startup Power Startup power for 3s Until prime power restored X X Restore production. Prevent property damage due to freezing. Provide required electric
boilers power .
Startup Power Startup power for 1min Until prime power restored X Restore production. Power instrumentation.
(continued) air
COMpressors
Transportation ~ Power for elevators 15sto 1 min 1 h (Until prime power X Safeguard personnel. Evacuate building. Continue normal activity.
restored)
Power for material 15sto 1 min 1 h (Until prime power X Complete production run. Permit orderly shutdown. Continue normal activity.
handling restored)
Power for escalators 15s to no requirement for Zero to until prime power X Evacuate building. Continue normal activity.
power restored
Signal Power for alarms and 1-10s Until prime power restored X X Prevent loss from theft, arson, or riot. Maintain security systems. Comply with codes,
Circuits annunciators standards, and laws. Lower insurance rates. Alert operators to critical out-of-tolerance
temperature, pressure, water level, and other hazardous or dangerous conditions.
Land-based aircraft, 1sto1min Until prime power restored X X Comply with local, state, and federal codes, standards, and laws. Prevent personnel
railroad, and ship injury. Prevent property and economic |oss.
warning systems
Mechanical Water (cooling and 15s ¥zh (Until prime power X Continue production. Prevent damage to equipment. Provide fire protection.
Utility general use) restored)
Systems
Provide water 1 min to no requirement Indefinite until evaluated X Provide customer service. Maintain personnel performance.
(drinking & sanitary)
Provide boiler 0.1s 1 h (Until prime power X X Prevent loss of electric generation and steam. Maintain production. Prevent damage to
power restored) equipment.
Power pumps for 10s to no requirement Indefinite until evaluated X Prevent flooding. Maintain cooling facilities. Provide sanitation.. Continue production.

water, sanitation,
and production
fluids

Maintain boiler operation.
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Power Needed
For Purpose

Maximum Tolerable Power
Failure Duration

Recommended Minimum
Auxiliary Supply Time

Type of Auxiliary Power

Justification for UPS

Mechanical  Power fans & blowers
Utility for ventilation &
Systems heating
(continued)
Heating Prepare food
Sustain process

Refrigeration Power special
equipment or
devices having
critical warm-up
(cryogenics)
Power critical
depositories (e.g.,
blood bank)
Power non-critical
depositories (e.g.,
meat, produce)
Production Power critical
process

Process control
power
Space Control critical
Conditioning temperatures
Control critical
pressures
Control critical
humidity
Control static
charge
Control building
heating and
cooling
Ventilate for toxic
fumes
Ventilate for
explosive atmosphere

General ventilation
Ventilation for special
equipment

0.1sto until prime power
restored

5min
5min

5min

5 min (10s per NFPA 99-
1996)

2h

1min

Uptolmin
10s
1min
1min
10sor less

30 min

15s

10s

1min
15s

Indefinite until evaluated

Until prime power restored
Indefinite until evaluated,
normally for time for
orderly shutdown, or until
prime power restored
Until prime power restored

Until prime power restored

Indefinite until evaluated

Until prime power restored
or until orderly shutdown

Until prime power restored

1 min or until prime power
restored

1 min or until prime power
restored

Until prime power restored

Until prime power restored

Until prime power restored

Until prime power restored
or orderly shut-down
Until prime power restored
or orderly shutdown

Until prime power restored
Until prime power restored
or orderly shutdown

Maintain boiler operation. Provide venting and purging of gas-fired units. . Maintain
cooling and heating functions for buildings and production.

Prevent loss of sales and profit. Prevent spoilage of in-process preparation.
Prevent in-process production damage. Prevent property damage. Continue production.
Prevent payment to workers during no production. Lower insurance rates

Prevent equipment or product damage.

Prevent loss of stored material.

Prevent loss of stored material . Lower insurance rates.

Prevent product and equipment damage. Continue normal production. Reduce payment
to workers on guaranteed wages during nonproductive period. Lower insurance rates.
Prevent prolonged shutdown due to non-orderly shutdown

Prevent loss of machine and process computer control program. Maintain production.
Prevent safety hazards from developing. Prevent out-of-tolerance products.

Prevent personnel hazards, product or property damage. Lower insurance rates.
Continue normal activities. Prevent loss of computer function.

Prevent personnel hazards, product or property damage. Continue normal activities.
Lower insurance rates. Comply with local, state, and federal codes, standards, and laws.
Prevent loss of computer functions. Maintain normal operations and tests. Prevent
hazards.

Prevent static electric charge and associated hazards. Continue normal production.

Prevent loss due to freezing Maintenance  of personnel efficiency. Continue normal
activities.

Reduce health hazards. Comply with local, state, and federal codes, standards, and
laws. Reduce pollution

Reduce explosion hazard. Prevent property damage. Lower insurance rates. Comply
with local, state, and federal codes, standards, and laws. Lower hazard of fire. Reduce
hazards to personnel

Maintain personnel efficiency. Provide make-up air in building.

Provide purging operation to allow safe shutdown or startup. Reduce hazards to
personnel and property. Meet requirements of insurance company. Comply with local,
state, and federal codes, standards, and laws.
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Power Needed Maximum Tolerable Power Recommended Minimum Type of Auxiliary Power
For Purpose Failure Duration Auxiliary Supply Time Emergency Standby Justification for UPS
Space Non-critical 1min Optional X Maintain comfort. Prevent loss of tests
Conditioning ventilation
(continued)
Control air 1min Indefinite until evaluated; X X Continue normal operation. Comply with local, state, and federal codes, standards and
pollution compliance or shutdowns laws
are options
Data Power CPU memory Y, cycle Until prime power restored X Maintain conditions to prevent malfunctions in data processing system. Prevent damage
Processing tape/disk storage, or orderly shutdown to equipment and storage media. Continue normal activity.
peripherals
Control humidity and 5-15 min (1 min for water- Until prime power restored X Prevent malfunctions in data processing system and damage to equipment Continue
temperature cooled equipment or orderly shutdown normal activity.
Fire Annunciator 1s Until prime power restored X Comply with local, state, and federal codes, standards, and laws. Lower insurance rates.
Protection alarms Minimize damage to life and property.
Fire Pumps 10s Until prime power restored X Comply local, state, and federal codes, standards, and laws. Lower insurance rates.
Minimize damage to life and property.
Auxiliary lighting 10s 5 min or until prime power X X Service fire pump engine should it fail to start. Provide visual guidance for fire-fighting
restored personnel.
Life Support X-ray Milliseconds to several hours From no requirement to X X Maintain exposure quality. Ensure availability — in emergencies.
and life until prime power restored,
safety as evaluated
systems
(Medical Light Milliseconds to several hours Until prime power restored X X Comply with local, state, and federal codes, standards, and laws. Prevent interruption to
offices, operation and operating needs
Hospitals, Critical-to-life Y cycleto 10s Until prime power restored X X Maintain life. Prevent interruption of treatment or surgery. Continue normal activity.
clinics, etc.) machines and services Comply with local, state, and federal codes, standards, and laws.
Refrigeration 5min Until prime power restored X Maintain blood, plasma, and related stored material at recommended temperature and in
prime condition.
Communication Teletypewriter 5min Until prime power restored X Maintain customer services. Maintain production control and warehousing. Continue
Systems normal communication to prevent economic loss
Inner building 10s Until prime power restored X Continue normal activity and control
Television (CCTV & 10s Until prime power restored X Continue sales. Meet contractual obligations.. Maintain security. Continue production.
commercial)
Radio systems 10s Until prime power restored X X Continue sales. Meet contractual obligations.. Maintain security. Continue production.
Intercom systems 10s Until prime power restored X X Provide evacuation instructions. Direct activities during emergency. Continue normal
activities. Maintain security.
Paging systems 10s 1/2h X X L ocate responsible persons concerned with power  outage. Provide evacuation

instructions. Prevent panic.
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to assist in determining the purposes of a backup power system, diesel generator, UPS, or
combination of diesel may vary. Notethat the terms emergency power and standby power are used in
thetable. Anemergency power system can be defined as an independent reserve source of eectric
energy that, upon failure of the primary source, automatically provides reliable eectric power within a
specified timeto critical devices and equipment which, if they fail to operate satisfactorily, would
jeopardize the hedlth and safety of personnd, result in property damage, or cause loss of revenue. A
standby power system is an independent reserve source of dectric energy that, upon failure or outage of
the prime source, provides dectric power of acceptable quality so that the user’ sfacility(ies) may
continue operation in a satisfactory manner.

c. Determinethe power requirements. After determining the specific purpose(s) for an UPS,
the next step is to determine the facility power requirements. Thistask is often laborious but is
essential because it sets the stage for the remainder of the selection process. Undefined power
requirements, or oversight of any initial conditions, could result in the selection of a system that is
not capable of meeting the needs of the facility, costly budget overruns, and delays in completing
the project. In addition, thereis usually significant growth in the number of UPS loads as a
manufacturing plant is developed. This must be accounted for in the sizing of the UPS. Figure 3-
3 outlines the process of determining the required power capacity. The first question to answer is
how much power is needed. Power requirements can be divided into two categories, critical and
non-critical. Critical power can be thought of as power for items such as emergency lighting for
evacuation of personnel, security systems, central computing systems, signaling systems, medical
equipment, and other functions that could cause loss of productivity, or result ininjury or alife
threatening situation. Non-critical power isused for functions such as general lighting,
escalators, coffee makers, etc. Once the power requirements are defined, the next step isto
determine how much (if any) to oversize the unit. Oversizing serves two purposes. Firgt, it
provides the capahility to efficiently and effectively handle surgesin power requirements dueto
peak demands caused by starting machinery, switching power supplies, etc. Secondly, it provides
for growth. Over time, power demands may rise due to the addition of equipment or personnel,
increases in productivity, and other reasons. Oversizing the UPS ensures it will have the capacity
to handle the increased load without the expense of retrofitting the system, which is more costly
in thelong run. A general rule of thumb in oversizing is to increase the initial power requirement
by 30 percent. If oversizing cannot be justified, the UPS should be selected and the installation
designed such that future expansion can be accommodated at the least possible cost.

d. Sdect the Type of UPS. Sdlecting a particular type and configuration of an UPS depends
on many factors that must be considered and weighted according to a facility’s particular
requirements. These factors include the purpose of the UPS, the required power, cost, safety,
environmental, availability, and maintenance. Note that the selection process (seefigure 3-1) is
iterative. Thetype and configuration of the UPSinitially selected is based on the purpose and
power required. If the selected UPS is not acceptable based on one or more of the remaining
factors, another type or configuration must be selected and the eval uation repeated.

e. Determineif the safety of the selected UPSis acceptable. Safety is an overriding concern
of any UPS design and installation. Safety is basically governed by the electrical codes and
standards as adopted by government and commercial agencies, and good judgment on the part of
the design and installation team. In cases where more than one performance or safety design
alternative exists, preference should be given to those that have been approved by the
governmental authority having jurisdiction. Batteries pose special safety concernsfor the facility
manager. Safety problems associated with lead-acid batteriesinclude spills of sulfuric acid,
potential explosions from the generation of hydrogen and oxygen, and the generation of toxic
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gasses such as arsine (AsHs) and stibine (SbHs). All of these problems can be satisfactorily
handled with the proper safety precautions. National Fire Protection Association (NFPA) 70,
National Electrical Code (NEC), provides guidance on battery room ventilation. Wearing face
shields and plastic/rubber aprons and gloves when handling acid is recommended to avoid
chemical burns from sulfuric acid. Precautions must be routinely practiced to prevent explosions
from ignition of the flammable gas mixture of hydrogen and oxygen formed during overcharge of
lead-acid cells. The gas mixture is explosive when hydrogen in air exceeds 4 percent by volume.
A standard practice isto set warning devicesto alarm at 20 to 25 percent of this lower explosive
level. Hydrogen accumulation is usually not a problem if good air circulation around a battery is
present. If relatively large batteries are confined in asmall room, an exhaust fan(s) should be
used to constantly vent the room or should start automatically when hydrogen accumulation
exceeds 20 percent of the lower explosive limit. Finally, the materials used in the battery
container should be fire retardant.

Identify electrically- Diatermine type [3-phase A, Dietermine total amoumnt off
powered equipment  L—gge] DT, ete.) and amount of |ggp | pomer raquired
requiring axiliary power ponarer required for each
Ponarer
Mumber [Voltsfamps| Phases | Time Fequred oe [T BAC

A0Hz] 400H= Othel &O0HE 400H= Cihs

For each type of Physical | From spec| From spec] From Table 1
lighting or equiprment count dargs, ete. | dwgs, ete. and analysis

STBTOTALS*

*#To calmilate the total power required, other factors nost be
considered. These inchde:

sDverroltages and Spikes
sTransients
sFutare Expansion (oversizing)

Figure 3-3. Determine the required power is a key step in the UPS selection process

f. Determineif the availability of the selected UPSis acceptable. In managing afacility, the
availability of equipment and systemsis of the utmost concern. Simply stated, availability isthe
amount of time a piece of equipment is available to perform its function divided by the total time
the equipment is needed. It isalso defined as “uptime” divided by “total time.” Thus, if an air
conditioner isrequired 12 hours each day, the availability would be 90 percent if it is out of
commission an average of 1.2 hours each day. Normally, the required availability for UPSis 98
percent. Availability isafunction of reliability and maintainability. Theinherent or designed-in
availability isusudly expressed asfollows.

~ MTBF
' MTBF+ MTTR
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where: A isinherent availability
MTBF is mean time between failure (a measure of reliability)
MTTR is mean time to repair (a measure of maintainability)

Reliability isthe probability that the item will perform as intended for a specified period of time,
under a stated set of conditions. It can be expressed in terms of the number of failuresin agiven
time (the failure rate), or as the time between failures (for repairable items), or time to failure (for
“one-shot” or non-repairable items. Maintainability is defined as the relative ease and economy
of time and resources with which an item can be retained in, or restored to, a specific condition.
This assumes maintenance is performed by personnel having the specified skill levels, using
prescribed procedures and resources, at each prescribed level of maintenance and repair. It can
be expressed as the probability that an item can be restored to operational condition in a stated
time, the number of repairs that can be made in a specific time (repair rate), or the MTTR. From
the equation for A;, it is obvious that availability can be increased by increasing MTBF or
reducing MTTR. For example, assume the MTBF and the MTTR of asingle UPS unit are 500
hours and 20 hours, respectively. The inherent availability of asingle unit configuration would
be:

A —ﬂ—ogez
' 500 +20

Theinherent availability of a two-unit configuration where only one unit is required would be:
A=A+ A, —(A; X A,)=0.999
The inherent availability of atwo-unit configuration where both units are required would be:
A=A xA,=0.925

The availability could be increased by increasing the reliability or reducing the MTTR. Therdiability
could be increased by sdlecting a more reliable unit, derating the unit (i.e., use aunit capable of providing
more power than needed - when used, it will be operating below its capacity thereby reducing stresses),
or use redundancy (see 3-1f). MTTR could be decreased by sdlecting an inherently more maintainable
system or perhaps by improving diagnogtics, training, or procedures.

(1) UPSreliability. Reiability isafunction of the design of the UPS, the configuration
selected, and the parts used. The environment that the UPSisinstalled in also plays arolein the
reliability of the UPS. Environmental factors such as excessive heat, cold, humidity, and/or dust
can al have a significant effect on the UPS reliability. Another significant factor in UPSrdiability
isthe configuration. The different UPS configurations were discussed in paragraphs 2-3 and 2-4.
Redundancy reducesthe overal failure rate of the UPS because one failure does not cause the UPS to
fail. Theexampleinfigure 3-4illustrateswhy this so.

As discussed in paragraph 2-3c, two units may be placed in paralel where each is capable of
supplying 100 percent of the load or three units may be placed in parallel where each is capable
of carrying 50 percent of the load. The earlier case where one of two unitsis required is the most
reliable. Thisis shown through the following equations. The rdiability where two of three units
are required to supply 100 percent of the needed power, is given by the following equation.
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1 O

npiit tput

Relewbility (MTBEF) is 500 hoars. For an
expomential distribution of failures, this is
equivalent to a fwbure rate, &, of (002 filures
every hour. The system reliahility i given by
e Fori= |, Reliability = 29800193

Input Ctput

For the system to fail {l.e., mo outpat), both units
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given by (=27 {1} Fort= |, the
prabability of system Felure s 000003992, The
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Figure 3-4. Redundancy improves system reliability

Reliability = R(t) = 3e?-2e™

where: A isthefailure rate of each unit and the unitsfail exponentialy

t isthe time over which the system must operate
The reliability where one of two unitsis needed to supply 100 percent of the power, the rdiability is

given by the following equation.

Reliability = R(t) = 2e™M-e?

Table 3-2 shows the reliability for various values of t and A.

Where f/hisfailures per hour and his hours.

Table 3-2. Comparison of reliability of parallel redundant and parallel configurations

A t CONFIGURATION
(flhy | (h) Parallel Redundant Parallel

(1of 2 (20f 3)
.01 1 0.999901 0.999705
.02 1 0.999608 0.998839
.03 1 0.999127 0.997431
.01 2 0.999608 0.998839
.02 2 0.998463 0.995508
.03 2 0.996609 0.990221
.01 3 0.999127 0.997431
.02 3 0.996609 0.990221
.03 3 0.992592 0.979052
.01 4 0.998463 0.995508
.02 4 0.994089 0.983176
.03 4 0.987213 0.964531
.01 5 0.997621 0.993096
.02 5 0.990944 0.974556
.03 5 0.980598 0.947198

3-9
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Redundancy is the duplication of elementsin a system or installation for the purpose of
enhancing the reliability of the system or installation. The two most common redundant designs
aretheisolated parallel and parallel redundant systems. Seefigure 3-5.

UPSSnitch - Output ac Output
o—— UPS#1 O0—0O— O o——] UPS#1 O
o— ups: oo o— uPs#l
) UPS Snitch o
o [ ]
o o
UPS Shitch
o— ups# oo o UPS#1
|solated Paralld Redundant System Pardlel Redundant System

Figure 3-5. Basic redundant UPS designs

Isolated and parallel redundant systems involve paralleling multiple power-conversion modules.
The designs are termed redundant because they contain at |east one more unit than is required to
support theload. The basisfor this arrangement is that if one of the power—conversion modules
fails or must be taken off line for service, the remaining unit(s) is able to support the load. This
approach can provide significant improvement to the systems reliability, but must be designed
and installed properly in order to achieveitsfull potential. Parallel redundant systems can
actually be lessreliableif the power conversion units are not tolerant of disturbances and
overloads on their outputs. Although redundancy improves the system-level reliability, it actually
increases the total number of failures that will occur. The reason the number of failures increases
isthat the number of operating modules, subsystems, or components has increased and nothing
has been done to reduce their basic failure rate. The reliability of the UPSis certainly affected by
the battery selected. In choosing an UPS, criteriathat the buyer might use in evaluating the
batteries are shown in table 3-3. Reliability and availability data on UPS components can be
obtained by contacting the manufacturer or, if the information is not available, by referencing the
Institute of Electrical and Electronics Engineers (IEEE) 500. Due to the nature of their critical
loads, C41SR systems are desired to maintain ardiability level of 99.9999 (commonly known as
the six-ninerule). This should be taken into account as one attempts to design or select an UPS
system. The selected UPS system, in combination with the overall system, should maintain
reliability level of 99.9999 or higher. Therefore, it might be necessary to design and select a
system with greater redundancy, in order to achieve the "six-nine" goal.

(2) Maintainability. Asaready shown by the availability equation, reducing the time to
restore a system after it hasfailed is another way to increase availability. Mgjor factors
determining the ease and economy with which maintenance can be performed are means for
identifying the component(s) that caused the system to fail (i.e., diagnostics), accessibility of
components, and skills and resources needed to repair the system (through in-place repair of the
failed component(s) or by removing and replacing them).

3-10
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Table 3-3. Criteria for evaluating UPS battery

CRITERION FOR RELIABLE PERFORMANCE & LONGER LIFE
The thickness of the positive plate Thicker is better for durability.
The material used for the battery posts Copper inserted posts operate more efficiently and cooler,
and require less frequent retorquing than do lead posts
How the batteries are tested at the plant Cells should be tested together
Capacity at which the batteries are shipped | Anything less than 100% makes it debatable whether 100%
from the factory can ever be achieved
Tolerance to temperatures above 77°F The higher, the better
Frequency at which a boost charge is | Lessfrequent is better
needed
Frequency at which testing is required Less often for short timesis better

(a) Diagnostics. Identifying what has caused a system failure requires a diagnostics
capability. This capability can consist of built-in test, manual troubleshooting procedures, or
troubleshooting using external test equipment.

(b) Accessihility. Once the component(s) that caused the system to fail are identified
through the diagnostic capability available for the system, maintenance personnel must gain
access to those components. (Access may also be an issue in performing the troubl eshooting of
the system failure.) To some extent, the accessibility is determined by the installation as well as
the system design. Accessto certain areas of an UPS installed in avery limited space may make
repair very difficult even though the UPS design is very maintainable.

(c) Skillsand resources. Even a system that has the most reliable and thorough
diagnostics and is designed for total accessibility will not be economical to maintain if highly
skilled personnel and extensive and expensive equipment are required. When highly skilled
personnel are required, the cost of maintenance increases, obvioudy. However, the consequences
go beyond the cost of actua repairs. Training costs also increase. Ideally, personnel will need
only low to moderate skills and a minimum of training (initial and recurring). Special
gualifications for UPS maintenance personnel can include fundamentals of electrical and
electronic design of UPSs, UPS testing and maintenance practices, specific maintenance training
on identical or similar equipment, UPS safety precautions, and facility-specific procedures for
operation, surveillance, and maintenance. Economical support is also difficult to achieve if many
different pieces of expensive test equipment and tools are needed to support the UPS. Ideally, the
only tools required will be common hand tools normally found in afacility maintenance shop and
the number and cost of test equipment will be minimal.

g. Determineif the selected UPSis maintainable. Maintenance determines much of the
operating cost of an UPS. Done correctly, maintenance can ensure that the UPS stays reliable.
Poorly done, maintenance can compromise reliability and safety. A system may be inherently
maintainable (i.e., good access, good diagnostics, etc.), but other factors can determine whether or
not the system can be maintained. These factorsinclude availability of trained personnel,
availability of spares and parts, and location of repair facilities for removed components.
Availability of personnel isafunction of the total number of maintenance personnel, the hours of
facility operation (dictates the number of shifts during which maintenance personnel may be
required), and training schedules. Availability of spares (to replace removed components) and
parts (to repair in-place or removed components) depends on the total number initially procured.
Replacement and repair then depends on the rate spares and parts are purchased and the rate at
which the spares and parts become obsolete. Location of repair facilities isimportant because if

311
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they are located a significant distance from the UPS, transportation may increase the time (and
the cost) to restore the UPS to operation. In many cases, the facility manager may choose to do
only that maintenance performed directly on the UPS (i.e., in-place repair and removal and
replacement) with internal resources. All other maintenance (i.e., repair of removed components)
would be done by the UPS manufacturer or athird party. Alternatively, the manager may
contract out all of the maintenance. This decision should be made primarily on the basis of cost
and availability. The cost of hiring and training personnel should be compared to that of
contracting out al or some of the maintenance. The expected number of repairs should be
considered. A study of high failure rate components and the stock levels needed to minimize
down time isaso important. Another party might be able to maintain the required stock levels at
alower cost and might be able to make repairsin a shorter time. On the other hand, many
contractors require time (typically 24 hours) to respond to aproblem. This additional time may
result in large losses of revenue. Even if internal repair is more expensive, the added cost may be
more than offset by the savingsin revenue.

h. Determineif the selected UPSis affordable. Although discussed asthe last step in the
selection process, affordability is often alimiting factor in the selection of an UPS. It is placed
last because the pricing of the UPS can only be done when the type, configuration, and sizing are
known. These parameters cannot be known until the steps in paragraph 3-1 have been completed.
When considering the cost of an UPS (or any product, for that matter), it is best to consider the
total cost, or life cycle cost, that will be incurred. (See figure 3-6 that describes the process for
determining affordability.) For an UPS, the total cost includes the purchase price, installation
cost, operating and support costs, and disposal costs. The acquisition and installation of the

Initially Develop Cast )
Selected UPE Estitnate 4/ ost Estithate #

A cgusition CostPurchase Price

Projected maintenance costs

Projected disposal costs

s Another Type of TP

unctionally A cceptable? GoToB

Take Llanagement & ction:
*  Reasszess items requiting TTP3
*  Reasgess duration of UF3

*  Increase budget

Figure 3-6. Determining affordability requiresthat all costs be considered
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UPS typically congtitute the greatest portion of the life cycle cost. A static UPS will cost between
$100 and $250,000 while the cost of arotary ranges between $5000 and $1,000,000 for single
units. The cost of any needed auxiliary equipment must also be considered. At aminimum, a
manual bypass switch is required to disengage the UPS from the input power and load during
maintenance or repair. These switches are typically integrated into a static UPS but are stand-
alone items with rotaries. In the latter case, the switches require additiona cabling and support
hardware. More sophisticated systems having automatic monitoring, switching, and control
functions requiring additional components, adding to the complexity and cost of the system(s).
As part of the installation costs, the costs associated with needed facility modifications should
also be considered. If the UPS is operated under adverse conditions, availability will suffer.
Specific precautions must be taken for dirty, hot, cold, corrosive, explosive, tropical and other
adverse conditions. Additional air conditioning might be required for the UPS (or for the facility
due to heat loads from the UPS). Rotary units may require additional or special ventilation
equipment to purge toxic fumes from working areas. Floor units (usualy static UPS for computer
system backup) may require strengthening of the floor to support their weight. Large UPSs may
require the construction of a separate building to house the unit. A rotary UPS or engine
generator used in a cold climate will probably require thermostatically controlled lubricating oil,
coolant heaters, and radiator louvers. All equipment manufacturers specify the temperature
extremes, humidity, and other conditions for which the UPS was designed. Operating and
support costs of the UPS are usually secondary to the costs of purchasing and installation.
However, they can be substantial and should be included as afactor in the final selection.
Operating and support costs include cost of fuel, maintenance, replacement parts, and taxes.
Finally, when an UPS reaches the end of itslife, disposal costs will be incurred. Disposal may
simply consist of dismantling the UPS and selling the parts to arecycling company or dumping it
at an approved refuse site. For UPSs containing dangerous or environmentally unsafe chemicals
or materials, disposal is much more complicated and expensive. For example, disposal of lead-
acid batteries must be performed according to all federal, state, and local regulations. Lead-acid
batteries should be reclaimed to avoid the regulatory requirements for hazardous waste treatment
and disposal facilities. Reclamation may be included as part of a procurement contract for
replacement batteries or contracts may be placed with a permitted reclaiming facility. In
disposing of spent batteries, the facility manager must ensure that batteries meet al radioactive
contamination requirements for uncontrolled release. A variety of UPS types and configurations
can be selected. The costs can vary widely depending on the specific type and configuration
selected. Itisimpractical to provide an all-inclusive cost comparison of al possible combinations
of types and configurations.

3-2. Static UPS system ratings and size selection

Presently, there are no standard ratings and performance characteristics for static UPS systems.
However, the typica performance specifications from various manufacturers are indicated in
tables 3-4, 3-5, and 3-6. The performance specifications are normally based on operating the
static UPS system under typical environmental conditions as shown in table 3-7. These ratings
only provide agenerd listing of typical ratings. The manufacturer's ratings shall be used to
determineif the UPS will perform in the specified environment. It may be necessary to derate the
equipment where the manufacturer's performance specifications are exceeded.

a. Determining static UPSsystemrating. In order to properly size and select a static UPS
system, the load kV A, load power factor, inrush kVA or current, load voltage, number of phases
and frequency, and required battery protection time should be determined for the load to be
served.

3-13



T™M 5-693

(1) Determining load kVA. In existing installations, the load kV A should be determined by
measuring the current with all equipment operating. In three-phase installations, the load current
should be measured at each phase. Theload kV A can then be estimated as follows.

Table 3-4. Typical rectifier/charger ratings

a Input
Voltage

Frequency

Power Factor (typical)
b. Output
Nominal Voltage

Equalize Voltage

208, 220, 240, 380, 415, or 480 V, = 10%, 3 phase/
120/220 V, = 10%, 1phase

50 or 60 Hz. + 0.5%

0.8

110 VDC, 220 VDC nominal
130VDC, 260 VDC nominal
+5% adjustment

140 VDC, 280 VDC

+5% adjustment

Ripple Voltage <2% RMS with batteries
Equalize Timer 1-100 hours, manual start, auto-reset
Capacity Sized to recharge the battery in 8 to 10 hours
Table 3-5. Typical inverter ratings
a Input
Voltage (range) 120,220V £ 20%
b. Output
Voltage 120V, single phase 280 V or 480 V, 3 phase,
3or 4 wire
Voltage Regulation + 2% for balanced load
+ 3% for 100% unbalanced |oads (3 phase only)
Sync range +0.5Hz
Load Power factor 0.8t01.0

Transient Recovery
Harmonic Distortion
Frequency

Overload Capacity
Crest factor

+ 3% within 10 milliseconds

* 1% within 30 milliseconds

3% maximum single harmonic

5% THD maximum up to crest factor 2
3% THD maximum for linear loads

50 or 60 Hz £0.1%

500% for 1 cycle, 120% continuous
3:1 at full load

Table 3-6. Typical static switch ratings

Transfer Time
Overcurrent Transfer
Overload Capacity

0 s (Make-before-break)
120% of rated full load current
1000% for 1 cycle

Table 3-7. Typical environmental ratings

ambient temperature range
relative humidity range
operating Altitude

audible noise

0°to 40°C

0 to 95% non-condensing
0 to 1200 meters

<67 dB(A) at 1.5 meters
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Single-phase loads

VI
1000

where:  V isthe system voltage in volts

| isthe measured current in amperes

Three-phase |oads

kVA=1. 73l
1000

where: V isthe phase-to-phase voltage in volts
| isthe highest measured phase current in amperes

In cases where the load current cannot be measured or when the installation is in the planning
stage, the load kV A should be calculated. Calculating the kV A requires obtaining the individual
load kV As from equipment manufacturers data. Thetotal load kV A is then obtained by
vectorially adding the individua load kVAs. However, when an individual load power factor is
not available, it can be estimated from the datain table 3-8. Also, an approximate but
conservative estimate of the load kVA may be obtained by arithmetically adding the individual
load kVAS.

Table 3-8. Typical load power factorsand inrush reguirements

Type of Load Power Factor | Inrush % Duration
Induction motor or MG set 0.75 500-800 1-30 sec.
Computer central processor unit 0.9-0.85 600-1000 2-6 cycles
Computer peripherals 0.8 500-800 1-30 sec.
Process instruments & controls 0.85 300-500 2-6 cycles
Fluorescent lights (corrected type) 0.95 300-600 1cycle
Incandescent lights 1.0 600-1500 2-6 cycles
Regulated DC power supply (or battery charger) 0.6-0.8 600-1000 2-6 cycles
Unregulated DC power supply 0.9 600-1000 2-6 cycles
Transformer Same as load 1000 1lcycle
Magnetic line regulators (auto-transformer) 0.6-0.8 200-300 lcycle
Ferroresonant type line 0.5lead

regulators (CVT) to 0.5lag 600-1000 1-3 cycles
Solenoids. Relays and Contactors 0.5 1000 2-3 cycles

(2) Determining load power factor. In existing installations, the load power factor should
be determined by actual measurements using a power factor meter. In cases where actual
measurements cannot be taken or when the ingtallation isin the planning stage, the load power
factors should be calculated. To calculate the load power factor, the kVA and power factor of the
individual loads should be obtained from the equipment manufacturers' data. When aload power
factor is not available, it can be estimated from the datain table 3-8. Thetotal |oad power factor
can then be calculated. Estimating the load power factor is necessary since the kV A rating and
performance parameters of most static UPS system designs are guaranteed only at a power factor
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range of 0.8 lagging to unity. The static UPS system kV A capacity and performance parameters
are affected at other power factors.

(3) Determining load inrush kVA. Determination of the load inrush kVA is particularly
important for static UPS configurations without a static transfer switch and bypass capability. In
these configurations, if theload inrush kV A requirements exceed the inverter capability, the
inverter will reach the “ current limit” mode causing the output voltage to drop. In configurations
with a static transfer switch and bypass capability, determining the load inrush current
requirementsis required for proper selection of overcurrent protective devices for the transfer
switch and coordination with other overcurrent protective devices. Theload inrush kVA or
current in existing installations should be determined by actual measurement using a high speed
storage oscilloscope or oscillograph. Since all loads are not normally started simultaneoudly, the
inrush KV A or current requirements should be determined by energizing the load with the highest
inrush kVA while al other loads are connected. In cases where measurements cannot be taken or
when the installation isin the planning stage, the load inrush requirements should be cal cul ated.
Data on individua load inrush kV A and duration should be obtained from equipment
manufacturers or estimated from the datain table 3-8. The maximum inrush current and effective
inrush current can be cal culated.

(4) Load voltage, number of phases, and frequency. The load voltage and frequency
requirements determine the UPS system output voltage and frequency. Three-phase |oads require
a system with three-phase output regardless of the kV A rating required. However, when all loads
are single-phase, a system with single-phase output is preferable up to arating of 75 kVA. When
the single-phase loads are higher than 75 kV A, a system with three-phase output is normally
used. In such acase, the loads should be distributed among the three phases to minimize the
phase unbalance effects on the inverter.

(5) Battery protection time. Battery protection time depends on the load type and
functions. Generally, a battery with a minimum protection time of one minute is necessary for
theinitial operation of the inverter without support from the power supply source, i.e., during the
walk-intime. Thereisno upper limit for the protection time. However, other considerations may
limit the length of battery protection time. Examples are the loss of the environmental control
support, which could limit the length of a computer operation time with power lossto 5, 10, or 15
minutes. In such acase, there is no need to select a battery protection time which can extend
computer operating time beyond the time for which a computer system can operate before it must
shutdown due to overheating.

b. Batterysizing. In order to properly size the battery, required discharge rate in kilowatt
(kW)/cell, required protection time, end of discharge voltage, and ambient temperature should be
determined.

(1) Dischargerate. For an UPS system battery, the discharge rate should correspond to the
highest inverter input power required to produce rated output at minimum input dc voltage. The
end of discharge voltage should be equal to or higher than the minimum dc input voltage required
by the inverter to maintain rated performance. The minimum dc voltage required by the inverter
isnormally published by the manufacturer. The maximum dc power required by the inverter can
be obtained from the manufacturer or can be calculated. In addition, it is recommended to
include amargin of 30 percent for the required capacity to account for load growth and battery

aging.
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(2) Lifetime. The expected lifetime of batteries on UPS duty is usually stated in terms of
years of service on continuous charge to an end of life defined as the failure to be able to deliver a
certain percentage of rated capacity. Initia capacity (unless specified as 100 percent capacity) is
usually in the range of 90 to 95 percent of rated capacity. Thiswill rise to 100 percent capacity in
normal service after severa charge-discharge cycles. |EEE 450 recommends that a battery be
replaced when its actual capacity dropsto 80 percent of rated capacity; however, some
manufacturers rate "end-of-life" at 50 percent of rated capacity. Obvioudly, the user needs to
check the initid capacity rating, the service life period, and the aging characteristics given in the
battery guarantee so as not to be unpleasantly surprised.

(3) End of discharge voltage. UPS batteries are not sized on so many ampere-hours of
capacity for an 8-hour period. Battery voltage is not constant, so if the load requires a constant
power output, which most UPS applications do, the current must increase as the voltage
decreases. Consequently, the battery is sized to supply a specific kW rate (usually the maximum
inverter kW requirement without recharging) for a specific period of time (usualy 5 to 15
minutes) to a minimum specific end voltage and, for lead-acid types, at a maximum specific
gravity (measured at 77°F).

(a) Lead-acid cells. A nominal system design may utilize minimum end voltage of
1.67 to 1.75 volts per cell and a maximum specific gravity of 1.215 at 77°F. The actual end
voltage should be the voltage which the UPS manufacturer, battery manufacturer, or the system
design requires, whichever is higher. In some cases, designs provide higher end voltages to meet
design concerns. A higher specific gravity may result in a battery installation needing less space,
but results in shorter life spans and higher cell losses and float voltages. The lower end voltage
that manufacturers recommend may cause the UPS to go to static bypass or, by overstressing
battery plates, shorten the life of the battery.

(b) Nickel-cadmium (ni-cad) cells. A nominal system design for ni-cad units will be to
aminimum end voltage of 1.14 volts at 77°F with the actual end voltage to meet both
manufacturers and system design regquirements. The specific gravity of anew cell will vary
between 1.160 and 1.190 at 77°F, depending upon the manufacturer. Lower specific gravities are
generally used in cells with larger electrolyte reserves. Higher specific gravities are typically
used for low-temperature applications. The specific gravity will decrease owly over the years
because of evaporation and other effects, even though the surface of the electrolyte is probably
covered with a protective layer of oil. Renewal will be necessary if the specific gravity decreases
to 1.130 to 1.160, depending upon the manufacturer's instructions.

(c) Temperature correction. Ratingsareat 77°F (25°C). Therefore, to determine
specific gravity, which is temperature sensitive, atemperature correction factor must be applied.
For both lead-acid and ni-cad batteries, add one point (.001) to the hydrometer reading for every
3°F above 77°F and subtract one point for every 3°F below 77°F.

(4) Ambient temperature. The usual controlled environment provided for batteries should
eliminate temperature correction while a 100 percent UPS inverter capacity normally allows an
adequate kW design margin. Thelife of a battery in comparison with an UPS system (which may
be outdated and replaced in much lesstime) may mean that the aging factor is not of such great
importance.

c. Computation sheets. Thetypical computation sheet in appendix B isintended for

calculating the kV A rating and inrush capability of a single-phase static UPS system with static
bypass switch. The methodology used in this computation sheet can be used to develop
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computation sheets for other system configurations. For example, for athree-phase system, the
step-by-step procedure should be followed for each phase. The system kV A rating should be
three times the largest single-phase kV A obtained. For systems without a static transfer switch,
the maximum inrush current obtained should be below the value at which the system reaches the
current limit mode.

d. Satic UPSsystem selection criteria. Selection of a static UPS system should bein
accordance with certain criteria. The system output voltage and frequency shall be as required by
theloads. The output shall be three-phase when any of the loads is a three-phase load, otherwise
a single-phase system should be used for ratings up to 75 kVA. The system output voltage and
frequency regulation and transient response shall meet the requirements of the most power-
sensitive load(s). The system rated kV A at the specific site shall be equal to the load kVA plusa
25 to 30 percent margin. The system shall be capable of supplying the load inrush demand
without reaching the current limit mode. The battery protection time shall not be less than one
minute and shall not exceed the maximum time the load can be operated with the loss of the
environmental support equipment as specified by the equipment manufacturer (normally in the
range of 1 to 15 minutes).

3-3. Rotary UPS system ratings and size selection

Similar to static UPS systems, there are no standard ratings and performance characteristics for
rotary UPS systems. Also, since the use of rotary UPS systems is much less common, the
number of manufacturers offering rotary UPS systemsislimited. Each rotary UPS system
configuration may have unigue performance characteristics. Performance characteristics of
typical configurations are shown in table 3-9.

Table 3-9. Updated typical rotary UPSratings

Induction Motor Asynchronous motor
Generator/ Kinetic Battery | generator/ induction coupling
Protection Time 12s 2s
Voltage Regulation +1% +1%
Voltage Drop or Rise for 50% Load Step +3% @ 1.0 pf +6%
Change from Full Load +4% @ 0.8 pf
Voltage Transient Recovery Time 150 msto +2% 250 ms
Frequency Regulation +0.5Hz +0.5Hz
Frequency Transient Recovery Time 05s 05s
Phase Angles, Unbalanced Loads up to 120° +1° 120° £ 1°
20 Percent
Harmonic Voltage 1.5 % THD (Ph-Ph) 4% max.
2.5 % THD (Ph-Ph)

a. Determining rotary UPSsystemrating. In order to properly size and select arotary UPS
system, the load kV A, load power factor, inrush kVA or current, load voltage, number of phases
and frequency, required battery protection time (if battery supported UPS), maximum permissible
frequency deviation (if inertia-driven UPS), and required ride-through time (if inertiaride-
through UPS) should be determined. Thisinformation can be determined in the same manner as
described in paragraph 3-2 for determining agtatic UPS system rating. The maximum permissible
frequency deviation and required ride-through time is required for sizing the flywheel inertia as will
be described in the following paragraph. The maximum permissible frequency deviation should
be the maximum deviation tolerated by the most senditive load. The required ride-through time depends
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largely on the nature of the power supply source. It should be longer than the longest momentary
interruption experienced or expected at the particular ingtallation. The longest momentary interruption
timeis usudly the duration of reclosng operations on the power supply digtribution feeders. In
addition, the nature and percentage of non-linear loads should be determined. Thisis necessary
to insure that the system's level of voltage distortion when supplying such loads is acceptable.

b. Motor and generator ratings. Motor and generator ratings and performance characteristics
are standardized by the National Electrical Manufacturers Association (NEMA) in ANSI/NEMA
Publication MG-1, 1978.

(1) Synchronous motors. The NEMA rating structure of continuous duty synchronous
motorsis based on horsepower output, maximum ambient temperature for which motor is
designed, speed at full load, frequency, number of phases, voltage, full load current, field current,
excitation voltage, power factor, and locked rotor (starting) kVA.

(2) Induction motors. The NEMA rating structure of continuous duty induction motorsis
based on horsepower output, maximum ambient temperature for which motor is designed, speed
at full load, frequency, number of phases, voltage, full load current, and lock rotor (starting) KVA.

(3) DC motors. The NEMA rating structure of continuous duty dc motorsis based on
horsepower output at base speed, maximum ambient temperature for which the motor is designed,
base speed at rated load, armature voltage, field voltage, armature load current at base speed, and
winding type - shunt, series, or compound.

(4) Synchronous generators. The NEMA rating structure at synchronous generatorsis
based on kV A output, output power (kW), power factor, maximum ambient temperature for
which the generator is designed, speed, voltage, full load current, number of phases, frequency,
excitation current, and excitation voltage.

c. Flywheed sizing. Theflywheel inertiais selected such that the stored energy is sufficient to
supply the generator while operating at rated power for a duration not exceeding 0.5 second while
keeping the speed from falling to maintain the frequency drop to a maximum of 0.5 Hz. The
flywheel inertia plus the inertia of the coupled motor(s) and generator make up the total inertia of
arotary UPS system. The flywhedl inertiais usually more than 95 percent of the total inertia and
the motor's and generator's inertias can be neglected. The required flywhes! inertia (WK?) can be
calculated asfollows.

KW x10°

WK? = H 02300 (b- ft?)

where: kW = generator rated power (kW)
n = generator rated rotational speed (r/min)

Theinertiacongtant (H) is determined based on the required ride-through time and minimum
frequency asfollows.
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where: t = required ride-through time (s)
Frmin = minimum frequency required at the end of the ride-through time (Hz)
f, = generator rated frequency (Hz)

Theoretically, aflywheel can be selected to provide 