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INTRODUCTION

Variablefrequencydrive (VFD) usagehasincreased
dramaticallyin HVAC applications.The VFDs are
now commonly applied to air handlers, pumps,
chillers and tower fans. A betterunderstandingdf

VFDs will lead to improved application and
seledion of both equipmentand HVAC systems
This paper is intended to provide a basic
understandingof common VFD terms, VFD

operationandVFD benefits.In additionthis paper
will discuss some basic application guidelines
regarding harmonic distortion with respect to

industrystandards.

CommonVFD Terms
Thereareseveratermsusedto describedeviceshat

control speed.While the acronymsare often used
interchangeablythetermshavedifferentmeanings.

Variable FrequencyDrive (VFD)

This device uses power electronicsto vary the
frequencyof input power to the motor, thereby
cortrolling motorspeed.

Variable SpeedDrive (VSD)

This more generic term applies to devices that
control the speed of either the motor or the
equipment driven by the motor (fan, pump,
compressor, etc.). This device can be either
electronicor mechanical.

AdjustableSpeedrive (ASD)

Again, a more generic term applying to both
mechanical and electrical means of controlling
speed.

This paperwill discussonly VFDs.



VED OPERATION control whenthe power may beginto flow, makingthis

Understanding the basic principles behind VFD type of rectifier useful for solid-state startersas well.

operation requires understanding the three basid ransistorsinclude a gate circuit that enables a
sections of the VFD: the rectifier, dc bus, and  Microprocessoto open or close at any time, making the
inverter. transistor the mostiseful device of the three.A VFD

usingtransistors in the rectifier section is said to have an

The voltage on an alternatingrrent (ac) power N act i ve

front end. o

supply rises and falls in the pattern of a sine wave

(see Figure 1). When the voltage is positive, y
currentflows in one direction; when the voltage
is negative,the current flows in the opposite

direction. This typeof power system ends
large amounts of energy tde efficiently
transmitted over great distances.

AC sine wave
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Fig. 1. AC sine wave

The rectifier in a VFD is usedto convert
incoming ac power into direct current (dc)
power.Onerectifier will allow power to pass
throughonly whenthe voltage is positive. A

second rectifier will allow power to pass
throughonly whenthe voltageis negative.Two
rectifiersarerequiredfor eachphaseof power.
Since most large power supplies are three
phase therewill be a minimum of 6 rectifiers
used(seeFigure 2). Appropriately,the term i6
pulsed is used to describe a drive with 6
rectifiers. A VFD may have multiple rectifier
sections,with 6 rectifiersper section,enabling
a VFD to be 12 pulsep fil8 pulse @r 24
pulseo The benefitof fimulti-pulse VFDs will

be describedaterin the harmonicssection.

Rectifiersmay utilize diodes,silicon controlled
rectifiers (SCR), or transistorgo rectify power.
Diodes arethe simplestdeviceandallow power
to flow any time voltage is of the proper
polarity. Silicon controlledrectifiersinclude a
gate circuit that enablesa microprocessorto
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Fig. 2. VFD basicsEXxisting technology

After the power flows through the rectifiers it is
storedon a dc bus. The dc bus containscapacitorsto
acceppowerfrom therectifier, storeit, andlater deliver
thatpowerthroughtheinvertersection.The dcbusmay
alsocontaininductorsdclinks, chokespr similar items
that add inductancethereby smoothingtheincoming
powersupplyto thedc bus. The final section of the
VFED is referred to as a ninvérter.0 The inverter
containstransistorsthat deliver power to the motor.
The filnsulated Gate Bipolar Transistoro (IGBT) is a
commonchoicein modernVFDs. ThelGBT canswitch
on and off sewral thousandtimes per secondand
preciselycontrol the powerdeliveredto the motor. The
IGBT usesa methodnamedipulsewidth modulationo
(PWM) to simulatea currentsine wave at the desired
frequency tahe motor.

Motor speed (rpm) is dependentupon frequency.
Varying the frequency output of the VFD controls
motorspeed:

Speedrpm) = frequencyhertz)x 120/ no.of poles

Example:
2-polemotoratdifferentfrequencies
3600rpm = 60 hertzx 120/ 2 = 3600rpm
3000rpm = 50 hertzx 120/ 2 = 3000rpm
2400rpm = 40 hertzx 120/ 2 = 2400rpm



BENEFITS OF VFD

AsVFD usagean HVAC applicationshasincreased,
fans, pumps,air handlers,and chillers can benefit
from speel control. Variablefrequencydrives pro-
vide thefollowing advantages:

Aenergysavings

Alow motorstartingcurrent

Areductionof thermalandmechanical

stressesn motorsand beltduring starts

Asimpleinstallation

Ahigh powerfactor

Alower KVA

Understandinghe basisfor thesebenefitswill allow
engineers and operators to apply VFDs with
confidence and achieve the greatestoperational
savings.

VFD Capacity Control SavesEnergy

Most applicationsdo not requirea constanflow of

a fluid. Equipment isizedfor a peak loadhat may
accountfor only 1% of the hoursof operation.The

remaininghoursof operatiomeedonly afraction of

the flow. Traditionally, devicesthat throttle output
havebeenemployedto reducethe flow. However,
when comparedwith speedcontrol, thesemethods
aresignificantlylessefficient.

MechanicalCapacityControl

Throttling valves, vanes, or dampers may be
employedto control capacityof a constantspeed
pumpor fan. Thesedevicesncreasahehead there

by forcing the fan or pumpto ride the curveto a
pointwhereit producedessflow (Figure 3). Power
consumptionis the product of head and flow.

Throttling the output increaseshead, but reduces
flow, andprovidessomeenergysavings.

Table A: Effects of Changes in Fan Speed

Pump —7
Curve
Throttled

System Curve
1360 GPM
10 Unthrottled
System Curve
1700 GPM, 1750 RPM

Total Head (FT)

P 200 300 400 500 600 700 800 900 1000 11001200 1300 1400 15001600 1700 1800

Flow (GPM)

Fig. 3. Mechanicalcapacitycontrol

Pumppower~ flow x head/ 3960
Variable SpeedCapacityContol

For centrifugal pumps,fans and compressorsthe
ideal fan (affinity) laws describehow speedaffects
flow, headandpowerconsumptior(TableA).

Whenusingspeedo reducecapacity boththe head
and flow are reduced, maximizing the energy
savngs. A comparisonof mechanicaland speed
control for capacityreduction(Figure4) showsthat
variable speedis the most efficient means of
capacitycontrol.

Efficiency
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Fig. 4. Comparison omechanicatapacitycontroland
speedcapacitycontrol

Flow changes linearly with speed

Flow Rates = Flow Rateq x (RPM2/RPM1q)

Head varies as the speed squared

Lifty = Lifty X (RPMo/RPM)2

Power varies as the speed cubed

Powery = Powerq x (RPMZ/RPMl)3

tAssumes fluid is fresh water, (specific gravity = 1).



Low Inrush Motor Starting

Motor manufacturergace difficult designchoices.
Designs optimized for low starting current often
sacrificeefficiency, powerfactor, size,and cost.
With theseconsiderationgn mind, it is commonfor
AC inductionmotorsto draw 6 to 8 timestheir full
load ampswhen they are startedacrossthe line.
When large amountsof currentare drawn on the
transformersa voltage drop can occuf, adversely
affecting other equipmenton the same electrical
system. Some voltage sensitive applicationsmay
eventrip off line. For this reason,many engineers
specifya meansof reducingthe startingcurrentof
largeAC inductionmotors.

SoftStarters

Wye-delta,partwinding, autotransformemndsolid-

statestartersare often usedto reduceinrushduring

motor starting.All of thesestartersdeliver power to
themotorataconstanfrequencyandthereforemust
limit the current bycontrolling thevoltagesupplied
to the motor. Wye delta, part winding, and autc

transformer starters use special electrical
connetions to reduce the voltage. Solid-state
startersuse SCRsto reducethevoltage. Theamount
of voltagereductionpossibleis limited becausehe

motor needsenoughvoltageto generatetorque to

accelerate. With maximum allowable voltage
reductionthe motorwill still drawtwo to four times
the full load amps (FLA) during starting.
Additionally, rapid acceleration associatedwith

wye-delta starterscan wear belts and other power
transmissioncomponents.

VFDsasStarters

A VFD is the ideal soft startersinceit providesthe
lowestinrushof any startertype as shownin Table
B. Unlike all othertypesof starters,the VFD can
use frequency to limit the power and current
deliveredto themotor.The VFD will startthe motor
by deliveringpowerat a low frequencyAt this low
frequencythemotordoesnotrequireahigh level of
current. The VFD incrementally increasesthe
frequencyandmotorspeedintil thedesiredspeeds

2This is a significant consideration for "soft" systems
such as backup generators.

met. The currentlevel of the motor neverexceeds
the full load amp rating of the motor at any time
duringits startor operationIn additionto the bendit
of low starting current, motor designscan now be
optimizedfor high efficiency.

Table B

Comparison of Starter Types Based on Inrush
Starter Type Starting Current (% of FLA)

VFD 100%

Wye-Delta Starter 200-275%
Solid State Soft Starter 200%
Autotransformer Starter 400-500%
Part Winding Starter 400-500%
Across the Line Starter 600-800%

Easy Installation

Many piecesof equipmentare factory shippedwith

unit mountedVFDs thatarrive pre-programmedand
factory wired. Motor leads, control power for

auxiliaries,and communicationlines areall factory
wired. The VFD cooling lines on unit-mounted
chiller VFDs are also factory installed. The
installing contractorneedsonly to connectthe line

powersupplyto the VFD.

High Power Factor

Power convertedto motion, heat, sound, etc. is

calledrealpowerandis measuredh kilowatts (kW).

Power that chargescapacitorsor builds magnetic
fields is called reactive power and is measuredn

Kilovolts Amps Reactive(kVAR). The vector sum
of thekW andthekVAR is the Total Powe (enegy)

and is measuredin Kilovolt Amperes (KVA)

(Figureb). Powe factoris theratio of KW/KVA.

Motors draw reactive current to support their
magnetic fields in order to cause rotation.
Excessivereactivecurrent is undesirableecauset
createsadditionalresistancdossesand can require
the use oflargertransformerandwires.In addition,
utilities often penalize owners for low power
factor. Decreasingreactive current will increase
powerfactor.



KVA =vkW?>+ kVAR?

Energy used to
build / decay
magnetic fields
in motors,
transformers, etc.

kW
S

Power consumed
as heat, sound,
work, etc.

Fig. 5. Measuringpower

Typical AC motorsmayhaveafull loadpowerfactor
ranging from 0.84 to 0.88. As the motor load is
reduced,the power factor becomedower. Utilities
may require site power factor valuesrangingfrom
0.85to 0.95 and impose penaltiesto enforcethis
requirementPowerfactor correctioncapacitorscan
be addedto reducethe reactive current measured
upstream of the capacitors and increase the
measuredpower factor. To preventdamageto the
motor, powerfactorcorrectioncapacitorshouldnot

exceedthemotorma n u f a adcammendabions.

In most cases,this resultsin maximum corrected
valuesof 0.90to 0.95.

TheVFDsincludecapacitorsn the DC Busthatper
form the samefunction and maintain high power
factor on the line side of the VFD. This eliminates
theneedto addpowerfactorcorrectionequipmento
the motor or use expensivecapacitor banks. In
addition,VFDs oftenresultin higherline sidepower
factor valuesthan constantspeedmotors equipped
with correctioncapacitors.

Low Full Load KVA

Total Powe (KVA) is oftenthelimiting factorin the
amountof energythatcanbetransmittedhroughan
electricaldeviceor system.If the KVA requiredby
equipmentcan be reducedduring periodsof peak
demand,it will help alleviate voltage sags,brown
outs, and power outages.The unit efficiency and
powerfactor are equallyweightedwhen calculating
KVA. Therefore,equipmentthat may be equal or
worsein efficiency, but higherin powerfactor has
significantlylower KVA (TableC).

In this example,equipmentwith a higher power
factor uses 15% less KVA while performing the
samegjob. This can lower electrical systemcoston
new projectsandfree up KVA capacityon existing
sydems.

Table C

Power Factors and Energy Usage
Input Power Amps Volts KVA
kw Factor
350.4 .84 502 Nominal 480 417
350.4 .99 426 Nominal 480 354

NOTE: KVA = Volts x Amps x 1.732

Backup generatorsare typically sized to closely

matchthe load. Lowering KVA canreducethe size

of the generatorrequired.When VFDs with active

front ends are used, the generaimecan approach
an ideal 1:1 ratio of kW/KVA becausehe power

factor is near unity (1.0) and the harmonics
producedby the VFD areextremelylow.

Lower KVA alsobenefitsutilities. Whenthe power
factoris higher,more power (kW) canbe delivered
throughthe sametransmissiorequipment.

HARMONIC DISTORTION AND INDUSTRY
STANDARDS

A discussiorof the benefitsof VFDs often leadsto

a questionregardingharmonics.When evaluating
VFDs, it is importantto understandow harmonics
are provided and the circumstancesunder which

harmonicsareharmful.

Harmonic Definition
In theUnited StatesthreephaseAC power typically

operatesat 60 hertz (60 cyclesin onesecond).This
Is calledthefundamental frequency.



A harmonic is any current form at an integral
multiple of thefundamentafrequencyForexample,
for 60-hertz powesuppliesharmonicsvould be at
120 hertz (2 x fundamental),180 hertz, 240 hertz,
300hertz,etc.

What CausesHarmonics?

VFEDs draw currentfrom theline only whentheline
voltageis greateithanthe DC Busvoltageinsidethe
drive. This occursonly nearthe peaksof the sine
wave.As aresult,all of thecurrentis drawnin short
intervals (i.e., at higher frequencies)Variation in
VFD design affects the harmonicsproduced.For
example,VFDs equippedwith DC link inductors
producedifferent levels of harmonicsthan similar
VFDs without DC link inductors.The VFDs with
activefront endsutilizing transistoran therectifier
section have much lower harmonic levels than
VFDs using diodesor silicon controlled rectifiers
(SCRs).

Electronic lighting ballasts, uninterruptible power
supplies, computers, office equipment, ozone
geneators,andotherhigh intensitylighting arealso
sourcef harmonics.

Rocksand Ponds

Obviously, the magnitudeof the contributingwave
forms has an effect on the shapeof the resultant
wave form. If the fundamentalwave form (60 Hz)

has a very large magnitude(5,000 amps)and the
harmonicwaveforms arevery low (10 amps),then
the resultantwave form will not be very distorted
and total harmonic distortion will be low. If the
harmonicwave form currentvalueis high relative
to thefundamental, theffect will be moredramatic.

In nature,we seethis effectwith wavesin water. If
you continually throw baseballsize rocks into the
ocean, yowould not expecto changehe shapeof
the wavescrashingontothe beach However,if you
threw those samesize rocks into a bathtub, you
would definitely observethe effects. It is similar
with electricalwavesandharmonics.

®The neutral wire sizing should account for 3 order
harmonic current.

When you calculateharmonicsyou are calculating
the effect of the harmonicson the fundamentatur-
rent wave form in a particulardistribution system.
There are several programs that can perform
estimatectalculationsAll of themtakeinto account
the amountof linear loads (loadsdrawing power
throughoutthe entire sine wave) relative to non
linear loads (loads drawing power during only a
fraction of the sinewave). The higher the ratio of
linear loadsto nonlinear loads, the lesseffect the
nortlinear loadsvill haveonthe currentvaveform.

Are Harmonics Harmful?

Harmonicsthat are multiples of 2 are not harmful
becausethey cancelout. The sameis true for 3¢
orderharmonicq3¢, 6", 9" etc.).Becauseéhe power
supplyis 3 phasethe third orderharmonicscancel
eachotheroutin eachphase®. Thisleavesonly the
5n 7, 11" 13" etc.to discussThe magnitudeof the
harmonicsproducedby a VFD is greatestfor the
lower order harmonics(5", 7" and 11") and drops
quickly as you move into the higher order
harmonicq13" and greater).

Harmonicscancausesomedisturbance electrical
systemsHigher orderharmonicscaninterferewith

sensitiveelectronicsand communicationssystems,
while lower orderharmonicscan causeoverheating
of motors, transformers, and conductors. The

opportunity forharmonicsto be harmful, however,
is dependentupon the electrical systemin which

they are presentand whetheror not any harmonic
sensiive equipment is located on that same
electricalsystem.

Understanding IEEE 519

IEEE (Institute of Electrical and Electronics
Engineersireatecarecommendatiofor evaluating
harmonics. The IEEE-519 standard provides
recommended limits for harmonic distortion
measuredat the point of common coupling. The
point of common couplingis the point at which the
C U st o mlecrridalsystemis connectedto the
utility.



Although the IEEE standardecommenddimits for
both voltage distortion and current distortion,
specifications that reference a 5% harmonic
limitation are generally referring to current
distortion. In mostcasesjf the currentdistortion
falls within IEEE-519 requirements,the voltage
distortionwill alsobe acceptable.

Determiningcompliancewith IEEE-519requiresan
actualmeasuremenf the systemduring operation.
Predictingcompliancein advanceoften requiresa
system study that accounts for all electrical
equipgment (transformers, wires, motors, VFDs,
etc.) in thesystem.

Introduction To Harmonic Terms

Total Harmoni \WltageDistortion - THD (V)

As harmonic currentsflow through deviceswith
reactancer resistancea voltagedropis developed.
Theseharmonicvoltagescausevoltagedistortionof
the fundamental voltage wave form. The total
magnitudeof the voltagedistortionis the THD (V).
The IEEE-519 standardrecommenddessthan 5%
THD (V) at the point of common coupling for
generakystems$9 kV andunder.

Total HarmonicCurrentDistortion - THD (l)

This value (sometimeswritten asTHID) represents
the total harmonic current distortion of the wave

form at the particular moment when the

measureentis taken.It is theratio of the harmonic
currentto the fundamental(northarmonic) current

measired for that load point. Note that the

denominatomusedin this ratiochangesvith load.

Total DemandDistortion- TDD

Total DemandDistortion (TDD) is the ratio of the
measured harmonic current to the full load
fundanental current. The full load fundamental
currentis the total amountof non-harmoniccurrent
consumedy all of theloadson thesystemwhenthe
systemis at peakdemandThe denominatousedin
thisratiodoesnot changewith load. Although TDD
canbe measureat any operatingpoint (full or part
load), theworstcaseTDD will occuratfull load. If
the full load TDD is acceptablethen the TDD

measuredt partload valueswill alsobe acceptable.
To use our rock analogy,the full load fundamental
currentis the size of our pond and the harmonic
currentis thesize of our rock. (SeeTableD.)

Table D
Comparison of TDD and THD(I)
Fundamental Harmonic THD(l) TDD
Current (rms) Current (rms )
1000 50 5% 5%
800 43.8 5.4% 4.4%
600 36.3 6.1% 3.6%
400 29.7 7.4% 3.0%
200 20.0 10% 2%
100 134 13.4% 1.3%

TDD - Total Demand Distortion
THD(I) - Total Harmonic Current Distortion

ShortCircuit Ratio

Shortcircuit ratio is the shortcircuit currentvalue of
the electrical systemdivided by its maximumload
current. Standard IEEE-519 Table 2 defines
different acceptancdevels of TDD dependingon
the short circuit ratio in the system.Systemswith
small short circuit ratios have lower TDD
requirementshan systemswith larger short circuit
ratios. This difference accountsfor the fact that
electrical sygemswith low shortcircuit ratios tend
to have high impedances,creating larger voltage
distortion for equivalentharmoniccurrentlevels.
(SeeTableE.)

Mitigating Harmonics

Someutilities now imposepenaltiesfor introducing
harmonicsonto their grid, providing incentivesfor
ownersto reduceharmonics.In addition, reducing
harmonic levels can prevent potential damageto
sensitiveequipmentresiding on the samesystem.
Therearemanyapproaches mitigatingharmonics.
Severacommonlyusedmethodsarediscussedhere.

Line Reactors

Line reactorsadd reactanceand impedanceto the
circuit. Reactanceand impedanceact to lower the
currentmagnitudeof harmonicsin the systemand
therebylower the TDD. Line reactorsalso protect
devicesfrom large current spikes with short rise

8



Table E

Table 2 - Current distortion limits for systems rated 120 V through 69 kv
Maximum harmonic current distortion in percent of I
Individual harmonic order (odd harmonics) P
Isc/IL 3 O<11 11317 1 7323 2 3h335 3 51350 TDD
<20¢ 4.0 2.0 15 0.6 0.3 5.0
20<50 7.0 3.5 2.5 1.0 0.5 8.0
50<100 10.0 4.5 4.0 15 0.7 12.0
100<1000 12.0 55 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 25 14 20.0

a8 Even harmonics are limited to 25% of the odd harmonic limits above.
b Current distortions that result in a dc offset, e.g., half-wave converters, are not allowed.
¢ All power generation equipment is limited to these values of current distortion, regardless of actual Isc/I. where

Isc = maximum short-circuit current at PCC

IL = maximum demand load current (fundamental frequency component) at the PCC under normal load operating conditions.

times.A line reactorplacedbetweenthe VFD and
themotorwould help protectthe motorfrom current
spikesA line reactorplacedbetweerthe supplyand
VFD would help protect the supply from current
spikes. Line reactors are typically only used
between the VFD and the motor when a
freestandingvFD is mountedmore than fifty feet
from the motor. This is doneto protectthe motor
windings from voltagepeakswith extremelyquick
risetimes.

Passivd-ilters

Trap Filters are devicesthat include an electrical
circuit consisting of inductors, reactors, and
capacitorglesignedo providealow impedanceath
to ground atthe targetedfrequency.Since current
will travel throughthe lowestimpedancepath,this
preventsthe harmonic current at the targeted
frequency from propagatingthrough the system.
Filters canbemountednsidethedrive cabinet or as
free standing devices. Trap filters are typically
guotedto meeta THD(I) valuethatwould resultin
compliancewith IEEE-519 requirementsif the
systemwere othemwise alreadyin compliance.

ActiveFilters

Some devices measure harmonic currents and
quickly create opposite current harmonic wave
forms. The two wave forms then cancel out,
preventingharmoniccurrentsfrom being observed

9

upstreanof thefilter. Thesetypesof filters generdly
have excellent harmonic mitigation characteriscs.
Active filters may reduce generator size
requirements.

VFDsUsingActiveFront End TechnologyAFE)

SomeVFDs aremanufacturedvith IGBT rectifiers.
The uniqueattributesof IGBTs allow the VFD to
actively control the power input, therebylowering
harmonicsjncreasingoowerfactor and makingthe
VFD far moretolerantof supplysidedisturbances.
TheAFE VFDs haveultralow harmonicsapableof
meeting IEEE-519 standardswithout any external
filters or line reactors.This significantly reduces
installation cost and generatorsize requirements.
An AFE drive provides the best way to take
advanageof VFD benefits and minimizbarmonics.

Multi-PulseVFDs(Cancellation)

Thereare a minimum of six rectifiers for a three

phase AC VFD. There can be more, however.
Manufacturers offet 2,18, 24, and30 pulsedrives.
A standardsix-pulse drive hassix rectifiers, a 12-

pulsedrive hastwo setsof six rectifiers,an 18-pulse
drive hasthreesetsof six rectifiersandso on.If the
power connectedo eachsetof rectifiersis phase
shifted,thensomeof theharmonicgproducedoby one
setof rectifierswill be oppositein polarity fromthe
harmonicgproducedy theothersetof redifiers.



The two wave forms effectively canceleach
other out. In order to use phaseshifting, a

special transformerwith multiple secondary
windings must be used.For example,with a

12-pulseVFD, a Delta/DeltaWye transformer
with eachof the seondaryphasesshifted by

30degreesvould beused.

CONCLUSION

AVFDs provide the mostenergy efficient
meansof capacity control.

AVFDs havethe loweststarting current of
any starter type.

AVFDs reducethermal and mechanical
stresseson motors and belts.

AVFD installation is assimple asconnecting
the power supply to the VFD.

AVFDs with AFE technologycan meeteven
the most stringent harmonic standardsand
reduce backup generatorsizing.

AVFDs provide high power factor,
eliminating the need for external power
factor correction capacitors.

AVFDs provide lowerK VA, helping
alleviate voltage sagsand power
outages.

NOTE: It is the responsibility of the userto
evaluate the accuracy, completeness or
usefulnessof any contentin this paper.Neither
Carrier nor its affiliates make any
representationsor warranties regarding the
contentcontainedin this paper.Neither Carrier
nor its affiliates will be liable to any useror
anyoneelsefor anyinaccuracyerrororomission,
regardlesf causepr for anydamagesesulting

from anyuse, reliancer referencdo the content

in this paper.
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